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a b s t r a c t

We investigate the stabilizing effect of insoluble surfactant monolayers on thin aqueous films. We first
describe an experimental platform that enables the formation of aqueous films laden with dipalmitoyl-
phosphatidylcholine (DPPC) monolayers on curved silicone hydrogel (SiHy) substrates. We show that
these surfactant layers extend the lifetime of the aqueous films. The films eventually ‘‘dewet’’ by the
nucleation and growth of dry areas and the onset of this dewetting can be controlled by the surface rhe-
ology of the DPPC layer. We thus demonstrate that increasing the interfacial rheology of the DPPC layer
leads to stable films that delay dewetting. We also show that dewetting can be exploited to controllably
pattern the underlying curved SiHy substrates with DPPC layers.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

Drainage and dewetting dynamics of biological liquid films are
prevalent throughout the human body. Prominent examples
include the saliva in the oral cavity [1], pulmonary lung surfactants
[2], and the tear film on our eyes [3]. This paper explores the last

case, where the stability of the tear film is important to ocular
comfort and protection of the corneal epithelium.

The tear film on our eyes is a thin (<10 lm) and complex multi-
layered lubricating structure. This film can be broadly classified
into an aqueous layer burdened with an insoluble lipid layer.
Together this structure achieves an average surface pressure in
the vicinity of 25 mN m!1 [4]. However, precise details regarding
the composition, thickness and functions of the these layers con-
tinue to be the subject of ongoing research [5–11]. In modern
healthcare applications, a silicone hydrogel (SiHy) contact lens
may be placed on the corneal surface, resting in the aqueous phase
as shown in the schematic in Fig. 1. During the duration of a blink-
cycle, the tear film diminishes in thickness due to the action of
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simultaneous evaporation, and osmotic and capillary flows, result-
ing in a thin film that can potentially break up and dewet on the
anterior surface of the contact lens. This tear film dewetting subse-
quently leads to depositions of naturally occurring tear film con-
stituents and is an ongoing clinical problem with acute
ophthalmological repercussions including symptoms of dry eyes
and reduced vision for the contact lens wearer [12–15].

Modeling the dewetting of the tear film is challenging due to its
complexity and the various processes involved. It is thus beneficial
to begin with simplified models that can be systematically aug-
mented. We start with an experimental model that consists of a
simple aqueous subphase layered with a monolayer of insoluble
material. We choose dipalmitoylphosphatidylcholine (DPPC) due
to its extensive use as an analog tear film phospholipid [16–20]
and its well studied phase behavior and interfacial rheology [21,22].

It has been shown that insoluble lipid layers possessing signif-
icant interfacial rheology retard drainage and stabilize thin films
[23]. Excellent review articles that cover decades of research on
thin-film stability [24], thin-film dynamics [25], wetting and
spreading [26], and role of structural forces on dewetting films
[27], are available. However, the role of interfacial rheology in
dewetting dynamics has received less attention [28–30].

Dewetting of liquid films can be accompanied by the deposition
of constituents, both soluble and insoluble, and can provide a
means for controlled patterning of surfaces [31,32]. Previous work
on dewetting and deposition has almost exclusively considered
planar, rigid surfaces. This paper concerns the dewetting of surfac-
tant-laden aqueous films from curved, soft surfaces and the subse-
quent deposition of these surfactant layers. The surface rheology of
the insoluble layers is systematically varied and shown to influ-
ence the onset of dewetting. We further highlight our ability to
vary the morphology of the depositions by controlling the drainage
process leading up to dewetting.

2. Materials and methods

2.1. Silicone hydrogel (SiHy) lenses

We use a single type of commercial SiHy soft contact lens for
this study: PureVision (Balafilcon A, Bausch & Lomb, Rochester,
NY). Low dioptric power of !0.50 lenses are chosen to ensure uni-
form thickness across the lens surface. To leach out blister-pack
surfactants, we use the following protocol. Using soft Nylon twee-
zers, we carefully transfer the lenses into a glass vial containing
5 mL of phosphate buffer solution (PBS, Gibco Life Technologies,
Grand Island, NY). This vial is then gently agitated at room temper-
ature for 20 min. The lenses are then transferred to a second vial
containing fresh PBS and subject to further agitation for 20 min.
Finally, the lenses are transferred to a third vial with fresh PBS
and agitated over-night.

As disclosed by the manufacturer, PureVision lenses are silicone
hydrogels with 36% water-content and 64% principal monomers

that include N-vinylpyrrolidone (NVP), tris(trimethylsiloxysilyl)
propylvinyl carbamate (TPVC), N-vinyl amino acid and poly
(dimethysiloxy) di (silylbutanol) bis(vinyl carbamate) (PBVC).

2.2. Insoluble materials and fluorescence microscopy

For the dewetting experiments, DPPC is procured from Avanti
Polar Lipids Inc. (Alabaster, AL) in 25 mg mL!1 vials. We create
stock solutions of 1 mg mL!1 in chloroform (Sigma–Aldrich, St.
Louis, MO), which are kept in a freezer until required.

For the deposition experiments and fluorescence imaging, DPPC
is doped with Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine, triethylammonium salt (TR-DHPE) (Avanti Polar
Lipids). We choose a recipe of 99 mol% pure DPPC and 1 mol% TR-
DHPE [33–35].

To visualize the lipid deposition patterns on the SiHy substrates,
we carefully slice each lens into four quadrants. We then sandwich
each quadrant between a clean glass slide and a coverslip. To pre-
vent desiccation of the lens samples, we first fill the excess gap
between the coverslip and slide with PBS and then we seal the
edges of the coverslip with clear nail polish. Fluorescence images
were obtained using a two-photon laser scanning microscope
(Ultima IV, Prairie Technologies, WI) fitted with a titanium:sap-
phire laser (Mai Tai HP Deep See, Spectra Physics,CA). An upright
water-immersion 20X objective (0.9 numerical aperture, XLUM
Plan Fl W, Olympus) was used in conjunction with a green filter
(Chroma Set 49005).

2.3. Surface pressure-area isotherm and interfacial shear rheology

To measure the surface pressure versus area isotherms, DPPC is
spread at the air–water interface in a Langmuir trough by touching
microdrops of lipid stock solution (1 mg mL!1) using a clean Ham-
ilton syringe. We use deionized-distilled water as the subphase
from a Milli-Q filtering system (EMD Millipore, Billerica, MA) with
a resistivity of 18.2 MX cm and surface tension of 72 mN m!1. The
surface pressure is monitored using a platinum Wilhelmy plate
connected to a surface pressure sensor (KSV NIMA Ltd., Helsinki,
Finland). The volume of DPPC spread is " 35 lL, and the spreading
pressure is less than 0.5 mN m!1. After chloroform is allowed to
evaporate for 15 min, the interface is compressed using symmetric
Teflon barriers at a speed of 1.5 cm2 min!1.

We use an interfacial shear rheometer (KSV NIMA Ltd., Helsinki,
Finland) to measure the interfacial shear rheology of DPPC [36,37].
We follow the protocol described in detail previously [23,38]. All
the measurements are conducted at room temperature
(23# 1 $C) and at a frequency of 1 Hz.

2.4. Experimental setup: i-DDrOP

To conduct dewetting experiments, we use the Interfacial
Dewetting and Drainage Optical Platform (i-DDrOP) developed

(a) (b)

Fig. 1. Schematic (not to scale) illustrating the dewetting of the tear film in the presence of a SiHy contact lens on our eyes.
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in our laboratory. A photograph and schematic of the device are
shown in Fig. 2. The i-DDrOP enables measurements of both
drainage and dewetting of thin aqueous films laden with insolu-
ble surfactant layers on curved substrates. These insoluble layers
can possess complex interfacial rheological properties that may

couple to the thin film drainage and dewetting dynamics. The
drainage dynamics were reported in an earlier paper [23]. To
investigate the impact of insoluble surfactants on dewetting and
deposition experiments, the instrument is assembled in the fol-
lowing way.

Langmuir Trough 

Barrier 

Insoluble surfactants 

CCD 

Dome  
Light 

2 

1 

Fig. 2. Photograph (L) and schematic (R) of the Interfacial Dewetting and Drainage Optical Platform (i-DDrOP). A contact lens is placed on an anodized aluminum dome
(inset). Both are initially submerged in the PBS-filled Langmuir trough (white, Teflon container). DPPC is then spread at the air–liquid interface and compressed with the
barrier to the desired surface pressure. Surface pressure is monitored using a Wilhelmy plate connected to a surface pressure sensor (1). The lens is then elevated through the
air–liquid interface using a computer controlled motorized stage (2) and captures a thin layer of fluid coated with the insoluble material. The dewetting dynamics are then
captured using a CCD camera coupled with a white LED illumination dome.
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Fig. 3. (a) Surface pressure isotherm for DPPC, exhibiting a phase transition at 6 mN m!1. (b) Interfacial shear rheology for DPPC as a function of surface pressure. The solid
and open symbols represent the surface shear elastic (G0) and shear viscous (G00) moduli respectively. DPPC demonstrates viscoelastic behavior and its shear rheology is
viscous-dominated. Data is measured at a frequency of 1 Hz.
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A mini-Langmuir trough made from Teflon is fixed onto a sta-
tionary support structure. This trough allows the spreading of
insoluble layers such as DPPC on top of an aqueous subphase at a
controlled surface pressure. This control is important since it is
well established that the interfacial rheology is a strong function
of this variable. For most insoluble amphiphiles, increasing the sur-
face pressure will increase the surface viscosity and surface moduli
[28,38]. Surrounding the trough is a motorized platform that can
elevate a hemispherical surface (supporting a SiHy contact lens)
from an initial position slightly beneath the interface at a range
of speeds (0.001–25 mm s!1).

A typical experiment is conducted as follows: the trough is
filled with a buffer solution and a lens is placed on the hemispher-
ical dome. The dome is recessed beneath the air–liquid interface.
DPPC is then spread at the air–liquid interface from a stock solu-
tion and then compressed manually, using a single barrier and the
surface pressure is monitored using a Wilhelmy balance (KSV
NIMA Ltd., Helsinki, Finland). After the desired surface pressure
is achieved, the dome is elevated upwards, which results in the
capture of a thin aqueous film covered with a DPPC layer. Surface
pressures in the range of 5–20 mN m!1 are used. This thin aque-
ous film laden with DPPC drains and subsequently dewets on the
SiHy substrate, depositing the DPPC monolayer on the lens
surface.

By simple geometry, as a dome of radius R is elevated through
the interface by a distance h, the change in area normalized by
the original area is h=ð2R! hÞ. In our experiments, this local
change in area is kept below 0.16. However, the area of the total
free surface of the trough is changed by a negligible amount as
evidenced by changes of less than ±0.5 mN m!1 in surface pres-
sure during our experiments. The inset photograph on the left
side of Fig. 2 shows the lens placed onto an anodized aluminum
dome, which has the same base curvature as a commercial SiHy
contact lens (R = 8.6 mm). A white LED array illuminates the
dome, enabling a CCD camera to acquire high quality images of
dewetting films on the SiHy substrates. All the dewetting and
deposition experiments reported here are at room temperature
(23# 1 $C).

3. Results and discussion

3.1. Surface rheology of DPPC

The surface pressure versus mean molecular area (MMA)
isotherm for DPPC is shown in Fig. 3a. The isotherm measures
the surface pressure, P ¼ r0 ! r of the insoluble layer as a func-
tion of decreasing surface area, where r0 and r are the surface ten-
sion of the subphase in the absence and presence of a monolayer,
respectively. As the layer is compressed, DPPC shows a character-
istic transition from a liquid-expanded state (LE) to a liquid-con-
densed state (LC) at 6 mN m!1, evidenced by the presence of a
plateau in the curve. In this LE–LC transition, DPPC monolayers
exhibit a biphasic microstructure at the air–water interface that
is clearly visualized by the addition of small amounts of fluores-
cently tagged molecules, as shown in the inset of Fig. 3a [34,35].
These domains ("30 lm) serve as useful markers to observe the
lipid depositions on the SiHy surfaces and are discussed in
Section 3.3. Upon further compression of the monolayer, DPPC
molecules pack closer together, resulting in a steep rise in the sur-
face pressure.

The interfacial rheology for DPPC is presented in Fig. 3b. Over
the range of surface pressures accessible to our instrument, the vis-
cous interfacial modulus of DPPC remains greater than its elastic
modulus. Additionally, the elastic modulus for DPPC becomes mea-
surable only above 25 mN m!1 [22].

3.2. Dewetting dynamics

3.2.1. Onset of dewetting instability for bare and DPPC-laden films
A characteristic dewetting experiment is shown in Fig. 4. We

quantify the dewetting phenomenon by measuring the wetted area
and normalize it by the total area as a function of time. The inset
images in the figure show actual video frames and their corre-
sponding black-and-white binary images converted using Matlab"

(Supplementary Information Movies M1 and M2). The black spot in
the center of the images is a reflection of the camera and is sub-
tracted from the area calculations. The ratio of wet to dry area is

Drainage  Dewetting 

TONSET 

Fig. 4. Dewetting instability of thin aqueous films on a SiHy surface: the dewetting images are digitized and the wet area normalized by the total area, is plotted as a function
of time. A characteristic dewetting curve for PBS shows both drainage and dewetting regimes. During the drainage regime, the film thins out and the area ratio remains unity.
The dewetting regime is marked by a critical tonset, when the film spontaneously breaks up, and dewets, reducing the area ratio with time until the entire exposed surface is
dry.
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initially unity as the film drains under gravitational stresses until a
critical onset time tonset, when the dewetting occurs. This is
referred to as the drainage regime and has been discussed in detail
in a previous publication [23]. At tonset, dewetting ensues, and the
film breaks up by the formation and growth of dry areas. Conse-
quently, the wet area ratio decreases as the contact line retracts
in time. This is referred to as the dewetting regime. For a bare
aqueous layer, the entire dewetting process takes places very
quickly (<20 s) and evaporation does not play a significant role.

For the case of a bare aqueous layer, dewetting proceeds by the
growth of a single or at most two holes. Interestingly, we observe
that the dewetting instability primarily occurs in the vicinity of the
periphery, and not at the apex as one of might expect. This is seen
clearly in the attached Supplementary Information Movie M1. Film
breakup near the periphery of the elevated dome indicates that the
film thins faster at the edge compared to the center. Hartland
[39,40] demonstrated conclusively using experiments and theory,
that the draining film adjacent to a curved surface is thinnest at
the outer edge, forming a dimple at the apex. This curvature
induces a dynamic Laplace pressure that ultimately leads to a min-
imum thickness towards the outer edge. It is noted that the dew-
etting shown in Fig. 4 is asymmetric, which may result from
small but unavoidable imperfections on the SiHy lens surface.

In contrast to a bare film, the dewetting of DPPC-laden films
proceeds through the nucleation and growth of a large number
of holes. This is shown in Fig. 5 and the corresponding video can
be found in the Supplementary Information Movie M3. It is impor-
tant to distinguish between the dewetting behavior observed in
lipid-laden films to that of bare films. The dewetting fronts of bare
films rapidly sweep across the substrate carrying liquid in their
rims as described by Redon et al. [41]. However, the dewetting
fronts of DPPC-laden films do not collect liquid in their rims as they
move. Due to the longer time scales ("5 min) of dewetting in these
cases, the process of evaporation becomes evident. The conse-
quences of evaporation can be seen in Fig. 5, where a small wet
island is tracked in time and observed to disappear.

Dewetting curves for DPPC-laden aqueous films and the corre-
sponding tonset times are shown in Fig. 6. The tonset is defined to
be the time when the area ratio drops to " 0:95. The digit(s) fol-
lowing DPPC labels in both plots refer to the surface pressure of
the monolayers. Each curve in Fig. 6a represents the mean dewett-
ing response obtained by averaging five independent trials. The
experiments are quite reproducible as evidenced by the error bars
(< 15%). An interesting trend in the tonset is observed. This time
increases dramatically from 10 to 85 s, as soon as a small amount
of insoluble surfactant is added (DPPC 5). Further increases in the
surface concentration continue to postpone the onset of dewetting
to a maximum of 140 s for DPPC at 20 mN m!1.

We attribute this increase in stability to the increase in the sur-
face rheology of the DPPC monolayer. This problem has been ana-
lytically examined by Ruckenstein and Jain [29] and Narsimhan
and Wang [30]. These authors include the effects of both shear
and dilatational surface viscosities and find a postponement in
the onset of dewetting times by a factor of approximately 4, as
one transitions from a purely mobile (js ¼ ls ¼ 0, where js is
the dilatational viscosity and ls is the shear viscosity) to a com-
pletely immobile interface (js; ls !1). What we find here exper-
imentally, as seen in Fig. 6, is an increase by approximately a factor
of 14 in the dewetting onset time, as we transition from a bare
interface to that with a surface pressure of 20 mN m!1 with a cor-
responding ls ¼ 7:65 lN s m!1.

t=166s t=215s t=250s 

Fig. 5. Dewetting instability for a DPPC-laden aqueous film at 20 mN m!1. The snapshot images highlight the film dewetting via nucleation and growth of holes. The red
arrows point to a wet island disappearing in time through evaporation. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. (a) Dewetting curves for DPPC-laden aqueous films as a function of surface
pressure from 0 to 20 mN m!1 on a SiHy substrate. (b) Increasing the surface
pressure increases the tonset, reflecting increasingly stable films. Standard deviation
and averages are calculated from five independent trials.
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3.2.2. Growth dynamics of dry areas: influence of surface rheology
Once a hole has been nucleated, it expands in time at a rate that

is sensitive to the liquid viscosity, interfacial energy and receding
contact angle. This problem was studied by Brochard-Wyart et al.
[41,42] for thin layers of silicone oils of various viscosities on
grafted silicon wafers. Holes in this non-volatile liquid were found
to grow linearly in time at a rate inversely proportional to the bulk
viscosity. We will refer to this process that occurs in the absence of
evaporation as hydrodynamic dewetting. The influence of evapora-
tion on dewetting was reported by Elbaum and Lipson [43], who
studied completely wetting aqueous films on mica surfaces. In
these experiments, dewetting occurred primarily through evapora-
tion and again led to linear growth rates of the dry holes until
hydrodynamic instabilities produced a breakup of the drying front.
We refer to this process as evaporative dewetting.

To reveal the growth kinetics for our experimental results, we
track the nucleation and growth of different patches of dry area,
AðtÞ, and calculate an equivalent radius R(t). The progression of a
dry patch with time for an aqueous film laden with DPPC at
20 mN m!1 is shown in Fig. 7a. It is noted that the holes are irreg-
ular in shape and a multitude of these holes appear across the
surface.

We present the growth kinetics for the dry holes for three cases:
DPPC 0, DPPC 5 and DPPC 20 in Fig. 7b. Each data set corresponds
to the equivalent radius obtained by averaging the time evolution
of five holes at the same surface pressure. These data are shown as
functions of t ! t0, where t0 corresponds to the time at which
nucleation of a particular hole is initiated. These results are all
obtained using an elevation velocity of Ve ¼ 10 mm s!1. As dis-
cussed below, this places the dewetting dynamics in a regime we
refer to as spontaneous dewetting.

The holes for the bare aqueous films (DPPC 0) grow much faster
than the films laden with DPPC and grow linearly with time. Fitting
this data yields an average speed of 0:80# :01 mm s!1. When DPPC
is introduced to the free surface, the growth rates are dramatically
slowed down. At 5 mN m!1, the growth rate RðtÞ is again linear in

time, but the rate is almost two orders of magnitude slower than
DPPC 0. At 20 mN m!1, the mean growth rate is surprisingly similar
to the rate at 5 mN m!1, however a large distribution in the rates of
growth of different holes is observed as evidenced by the large
error bars at this higher surface pressure. Not shown in this figure
are growth dynamics for surface pressures of 10 and 15 mN m!1.
At 10 mN m!1 which is at the upper boundary of the LE–LC coexis-
tence region, the rates of propagation are narrowly distributed
about mean values as in the case of 5 mN m!1. However, at
15 mN m!1, above the LE–LC phase transition, the growth dynam-
ics of the holes are broadly distributed in a manner similar to the
surface pressure of 20 mN m!1.

3.2.3. Growth dynamics of dry areas: influence of elevation velocity
(Ve)

The growth dynamics of the dry holes are very sensitive to the
elevation velocity of the curved substrate through the interface.
We find two regimes: one at low elevation speeds where the dew-
etting front occurs at the latitudinal boundaries between the
exposed portion of the hemispherical dome and the surrounding
fluid interface, and a second one, at high elevation velocities, where
dewetting occurs spontaneously over the exposed surface of the
elevated substrate. These are called the controlled and spontaneous
dewetting regimes, respectively.

The controlled dewetting regime is best revealed by plotting the
growth of the dry area AðtÞ, as a function of t ! t0 where t0 is the
hole nucleation onset time, as shown in Fig. 8a. From geometric
considerations, the area grows linearly in time according to
AðtÞ ¼ 2pRVeðt ! t0Þ. The data at the two lowest elevations speeds
of 0.005 and 0.01 mm s!1 are in good correspondence with this
simple relationship. The offset time shown in Fig. 8a arises due
to the finite amount of time required for the drainage and nucle-
ation to occur above the rising substrate.

Fig. 8. (a) The evolution of dry hole areas with time, AðtÞ / ðt ! t0Þ at 0.005 and
0.010 mm s!1. The areas grow linearly in time with their slopes corresponding to
2pRVe as shown with the dashed lines. (b) A master curve highlighting the shift
from the controlled to spontaneous dewetting regimes as a function of the elevation
velocity, Ve. These data were taken for surface pressures in the range 4.5–
6.5 mN m!1.
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Fig. 7. (a) Snapshots of a hole opening on an aqueous film laden with DPPC at
20 mN m!1 on a SiHy substrate. (b) Radius RðtÞ of the dewetting holes as a function
of time is shown for films with DPPC at different surface pressures. Influence of
DPPC: The holes for the bare aqueous films (DPPC 0) grow faster than the films laden
with DPPC. The curves are fitted to a linear equation RðtÞ / t ! t0 revealing constant
growth velocities. The inset shows the growth of DPPC 0 in detail.
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The transition between the two dewetting regimes is high-
lighted in Fig. 8b. This figure plots the average slopes of the growth
of dry area patches normalized by 2pRVe. This ratio transitions
from a value of unity for the low elevation velocities in the con-
trolled dewetting regime to very small values at higher elevation
velocities in the spontaneous regime, indicating the dependence
of the dewetting dynamics on the elevation velocity. In this latter
regime, liquid films are captured and held above the surrounding
flat air–liquid interface and allowed to drain to a critical film thick-
ness before nucleation can occur. Dewetting then proceeds from
numerous nucleation sites through a combination of hydrody-
namic and evaporative processes as shown above in Fig. 5.

3.3. Deposition of insoluble surfactants

The deposition of DPPC onto substrates can be controlled by the
elevation velocity which, directly controls the hole growth. This is
illustrated in Fig. 9a and b for DPPC at 6.5 and 4.5 mN m!1, ele-
vated at velocities of 0.005 and 10 mm s!1, respectively. The corre-
sponding movies are found in the attached Supplementary
Information Movies M4 and M5. At lower elevation velocities,
the substrates move upwards slowly and the dewetting fronts
move at speeds that are directly coupled to the elevation velocities
in a process driven by controlled dewetting. At these lower eleva-
tion velocities, the substrate reaches the interface and deflects it
prior to the initiation of dewetting. In this regime, the deposition
of the DPPC proceeds in a controlled fashion resulting in the
domain morphologies that are deformed and oriented azimuthally
and perpendicular to the moving contact line (Fig. 9a).

In the regime of spontaneous dewetting, the elevation velocity
and hole growth dynamics are uncoupled. The domed substrate
is able to rise through the interface before nucleation sites are
formed. The trapped liquid film thins under the action of gravity
and multiple nucleation sites appear across the surface, at loca-
tions other than the apex. As discussed in the previous section,
these spontaneously developed dry holes grow at much slower
rates. These slow growth rates provide an opportunity for the
liquid to evaporate as evidenced by the shrinking wet islands
(Fig. 5). Spontaneous dewetting proceeds through a combination
of hydrodynamic and evaporative processes.

The DPPC monolayer is again deposited, however, the domains
are distorted in response to the local flows induced by the receding
contact lines. As wet islands shrink through evaporation, they
induce local biaxial surface velocity gradients that distort and ori-
ent the lipid domain structure. This is evident in Fig. 9b where the
domains align and converge towards the location of a disappearing
point of an evaporating wet island.

4. Conclusions

We have shown that the presence of DPPC monolayers post-
pones the dewetting of thin aqueous films draping curved SiHy
substrates. This enhancement of film stability is accomplished
through the interfacial viscoelasticity of these monolayers. This
finding can be exploited in the design of artificial tear solutions
to improve ocular comfort. We also demonstrate that dewetting
processes on curved surfaces ultimately lead to deposition of insol-
uble layers. The resulting morphologies of the deposited layers can
be directly influenced by the elevation velocity, where we observe

t=90s t=180s t=210s 

t=60s t=156s t=240s 

(a) Ve = 0.005 mms-1 : Controlled Dewetting

(b) Ve = 10 mms-1 : Spontaneous Dewetting

Disappearing point of evaporating wet island 

Fig. 9. (a) (L) Dewetting instability of a DPPC film at 6.5 mN m!1 elevated at Ve ¼ 0:005 mm s!1. This elevation velocity provides the necessary time for the film to drain. As a
consequence, the film dewets through a single nucleation site at the apex, and the dry area grows proportionally to Ve. (R) Fluorescence image showing the DPPC deposition
along the contact line on the SiHy substrate. (b) (L) Dewetting instability of DPPC at 4.5 mN m!1 at Ve ¼ 10 mm s!1. (R) Fluorescence image of deposited DPPC domains.
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two regimes: a controlled dewetting at low elevation velocities,
where the speed of the dewetting front is directly coupled to the
elevation velocity, and spontaneous dewetting at higher velocities,
where this coupling does not occur. This facile technique opens up
new opportunities for controllably patterning flexible and curved
substrates with insoluble amphiphilic molecules.
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