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Repelling liquid using squishy surfaces

ABSTRACT

The ability to create surfaces with extreme repellency for both high and low surface tension
liquids has broad technological implications in areas ranging from fuel transport, drag reduction
to anti-icing, anti-fouling applications. Here, I will look into the ability of four classes of squishy
surfaces to repel an impinging liquid droplet or jet: 1) surfaces grafted with ‘liquid-like’ polymer
brushes , 2) lotus-effect surfaces, 3) lubricated surfaces, and 4) soft gels. In each case, there is an
element of ‘squishiness’ in the material that leads to unusual wetting properties. In a lubricated sur-
face, this comes in the form of a mobile interface (liquid droplet-lubricant oil) that can deform in
response to capillary forces, resulting in the absence of any contact-line pinning. A soft gel, which
contains up to 90 wt% liquid, is inherently squishy; as a result, a liquid jet can stably bounce off a
sufficiently soft gel, by following the contour of the dimple created due to pressure upon impact, ir-
respective of the wetting properties of the liquid. I will describe in details the mechanisms of these
liquid-repellencies and show how the squishiness of such surfaces results in qualitatively different
behavior from their hard, rigid counterparts. While the focus of this dissertation is on repelling liq-
uid, many of the experimental approaches and analysis described here can be more broadly applied

to other subjects, ranging from ice-repellency to self-assembly of colloids into a photonic crystal.

iii



Contents

1 INTRODUCTION 1
2 FLAT SURFACES: LOW-HYSTERESIS DROPLET 9
3 LOTUS-EFFECT SURFACES: FAKIR DROPLET 18
4 LUBRICATED SURFACES: SESSILE DROPLET 29
S LUBRICATED SURFACES: OLEOPLANING DROPLET 37
6 SOFT GELS: BOUNCING JET 56
7 OUTLOOK AND CONCLUSIONS 66
8 APPENDIX 75
Al  Accurate contact angle measurement . . . . ... e e e e e e e e e e e 75
A2  Cantileverforcesensor . . . . . . . . o i e e e e e e e 76
A3 Dissipation force for low-hysteresis droplet on flat surfaces . . . . . . ... ... 79
A4 Reflection Interference Contrast Microscopy (RICM) . . . . . . . ... .... 79
AS  Whitelightinterferometry . . . . . . ... ... ... ... .. L0 L 84
A6  Optical set-up forbouncingjet . . . .. . ... ... .. .. .. ... ... 88
REFERENCES 96

iv



Author List

The following authors contributed to Chapter 2: JV.I. Timonen, M.J. Kreder, R. Li, S. J. Velling,
and A. Tetreault

The following authors contributed to Chapter 3: JV.I. Timonen, R. Lj, S. J. Velling, and A. Tetreault
The following authors contributed to Chapter S: JV.I. Timonen, R. Li, S.]. Velling, and A. Tetreault
The following authors contributed to Chapter 6: M. Brenner and X. Yao

The following authors contributed to Chapter 7: E. Shirman, S. Sunny, and M.J. Kreder



Publication List

Portions of Chapter 4 have appeared in the following publication:

D. Daniel, M.N. Mankin, R.A. Belisle, T.-S. Wong, and J. Aizenberg. Lubricant-infused micro/nano-

structured surfaces with tunable dynamic omniphobicity at high temperatures. Appl. Phys. Lett.,
102 (23): 231603, 2013.

Portions of Chapter 7 have appeared in the following publications:

J. Cui, D. Daniel, A. Grinthal, K. Lin, and J. Aizenberg. Dynamic polymer systems with self-
regulated secretion for the control of surface properties and material healing. Nat. Mater., 14 (8):
790-795, 2015.

S. Sunny, G. Cheng, D. Daniel, P. Lo, S. Ochoa, C. Howell, N. Vogel, A. Majid, and J. Aizenberg.
Transparent antifouling material for improved operative field visibility in endoscopy. Proc. Natl.
Acad. Sci. USA, 113 (42): 11676-11681, 2016.

Portions of Chapter 5 are under consideration for the following publication:

D. Daniel, JV.I. Timonen, R. Li, S.J. Velling, and J. Aizenberg, Oleoplaning droplet on lubricated

surfaces. Nat. Phys.

Portions of Chapters 2, 3, 4, 6, and 7 are presently unpublished, but likely to be included in one or

more academic publications in the future

vi



1.1
1.2
1.3
1.4

2.1
22
2.3
24
2.5
2.6

3.1
3.2
3.3
3.4
3.5
3.6

4.1
4.2
4.3
4.4

Listing of figures

Contactangle hysteresis . . . . .. ... ... .. .. ... ... .. . ... 3
Different liquid-repellent surfaces . . . . . ... ... ... ... ... ..... 4
Jetbouncing offalotus-effectsurface . . . . . ... ... .. Lo 0L S
Jetbouncingoffasoftgel . . ... ... ... o o o oo 7
Flat surfaces: three-phase contactline . . ... ... ... ... .. ... .... 10
Flat surfaces: grafted with polymerbrushes . . . . . ... ... ... ... ... 12
Flat surfaces: visualizing contactline . . . . . ... ... .. .. ....... .. 13
Flat surfaces: contactline distortion . . . . . .. ... ... ... ... ..... 14
Flat surfaces: measuring pinningforces . . . . . .. ... ... ... ... .... 16
Flat surfaces: forcescaling . . . ... ........ ... ... .. .. .... 16
Lotus-effect surfaces: overview . . . . . . . ... ... Lo oL 20
Lotus-effect surfaces: visualizing contactline . . ... ... ... ........ 22
Lotus-effect surfaces: capillary bridge break-up . . . . .. ... ... ... ... 23
Lotus-effect surface: measuring pinning forces . . . . . ... ... ... ... .. 23
Lotus-effect surface: forcescaling . . . ... ................... 24
Lotus-effect surface: scaling of contact angle hysteresis . . . ... ... ... .. 26
Lubricated surface: geometry ofasessiledroplet . . . . .. .. ... ... .... 30
Lubricated surface: visualizing cloaking . . . .. ... ... ... ... ..... 31
Lubricated surface: apparent contactangle . . . . ... ... ... ... ..... 33
Lubricated surface: Youngsequation . . . . . .. ... .. ............ 33

vii



4.5
4.6

5.1
5.2
S.3
54
S.5
5.6
S.7
S.8
5.9

6.1
6.2
6.3
6.4
6.5

7.1
7.2
7.3
7.4
7.5
7.6

8.1
8.2
8.3
8.4
8.5
8.6
8.7

Lubricated surface: Furmidge’srelation . . . . ... ... ... ... ...... 35
Lubricated surface: dropletmotion . . . . . ... ... ... ... ... ..... 36
Lubricated surfaces: schematic and properties . . . . ... ... ... ...... 39
Lubricated surfaces: visualizing intercalated lubricantfilm . . . . . ... ... .. 41
Lubricated surfaces: lubrication states for flat surfaces . . . . . . ... ... ... 42
Lubricated surfaces: lubrication states for textured surfaces . . . . ... ... .. 45
Lubricated surfaces: lubricant film stabilized under motion. . . . . . . . ... .. 48
Lubricated surfaces: dissipative force on oleoplaning droplets . . . . . . ... .. 49
Lubricated surfaces: wetting-dewetting transition . . . . . ... ... ... ... 50
lubricated surfaces: dissipative force and initial film thickness . . . . . . ... .. 52
Lubricated surfaces: dissipative force on non-oleoplaning droplets . . . . . . .. 54
Softgels: jetrebound . . . . . .. ... . L oo 57
Soft gels: dimple formation . . . . . ... ... Lo o L oo 60
Soft gels: absence ofairlayer . . . .. ... ... ... .. o L L 61
Soft gels: conditions for stable jetrebound . . . . . . ... Lo oL 62
Soft gels: lubricatedgel . . . . . ... ... ... . o Lo o 64
Characteristic force curves for different classes of liquid-repellent surfaces . . . . 67
Droplet motion on different surfaces . . . . . . ... ... ... Lo 69
Self-secreting lubricatedgel . . . . ... ... ... ... . o0 L 69
Iceonalubricatedsurface . . . ... ... ... ..o o Lo Lo L 72
Fibroblasts on a lubricated surface . . . . . ... ... .. ... . ... .. ... 73
Colloidal self-assembly of photonic crystal on a lubricated surface . . . . . . . .. 74
Cantileversensor: set-up . . . . . .. .. ... L oo 76
Cantilever sensor: sensitivityanderror . . . . . . ... ... . o0 L. 77
Dissipation force on different flat surfaces . . . . ... ... ... .0 L. 79
Reflection Interference Contrast Microscopy: set-up and verification . . . . . . . 82
Reflection Interference Contrast Microscopy: measuring lubricant thickness . . . 83
White-light interferometry: set-up and verification . . . ... ... .. .. ... 85
White-light interferometry: measuring lubricant thickness . . . . ... ... .. 86

viii



8.8  Optical set-up for bouncing jet

ix



NANI GIGANTUM HUMERIS INSIDENTES. ] DEDICATE THIS TO MEN WHO CAME BEFORE ME.



Acknowledgments

To complete a doctoral thesis, one requires a mentor (or two) to act as a guide. Lest one be lost
in the fog and miss the rainbow in the sky. I would like to therefore thank my foremost mentor and
thesis advisor, Prof. Joanna Aizenberg, who gave me the freedom to develop my own ideas and
the space to grow intellectually as a scientist. I must also thank my unofficial mentor and esteemed
colleague, Dr Jaakko Timonen, who taught me how to do science. I could not have asked for a
better labmate.

For better or worse, science is a social activity, and I have had the pleasure of interacting and
working with a great many talented people in Harvard, including Prof. Michael Brenner, Prof. L.
Mahadevan, Dr Tak-Sing Wong, Dr Philseok Kim, Dr Jiaxi Cui, Dr Xi Yao, Dr Alison Grinthal, Dr
Kyoo-Chul Park, Dr Elijah Shirman, Dr Solomon Adera, Jack Alvarenga, Onye Ahanotu, Michael
Kreder, Reena Paink, Steffi Sunny, and Cathy Zhang. I have also had the privilege of mentoring
three precocious undergraduate students (Ruoping Li, Seneca Velling, and Adam Tetreault) who
have helped me tremendously with the experiments described in this thesis.

To wax lyrical about life is the job of a poet or a philosopher; to this physicist, life seems but a
series of accidents and accidental encounters. Occasionally, one may chance upon a person who
is good and alike in virtue; to a friend who shall remain unnamed, I thank you for making the
drudgery of existence that little bit more (in)tolerable.

Finally, I would like to thank my parents—simple merchants who never quite understood why
anyone would be interested in rolling drops or bouncing jets. But they are wonderful, patient peo-

ple, and I owe everything that I am to them.

xi



Introduction

In Nature, the ability to repel water is often a matter of life and death. This is the case for insects who
must avoid getting trapped by falling raindrops, as well as plants who need to keep their leaves dry
for efficient gas exchange through its stomata [ 1-3]. Similarly, the tendency of water and complex
fluids, such as blood and oil, to stick to surfaces pose many problems in various industries, ranging

from fuel transport, biomedical devices to drag reduction in ships [4, 5]. Hence, there is a huge



interest in developing robust, highly liquid-repellent surfaces.

THE ORIGIN OF CONTACT ANGLE HYSTERESIS. The ability of a solid substrate to repel a probe
liquid is typically quantified by its contact angle hysteresis AO = 0,4y — Orec, where 0,4y, rec are the
advancing and receding contact angles, respectively. The pinning force experienced by the droplet

Fpinning is related to 0,4y, rec by Furmidge’s relation:

Fpinning = kR2ayA cos 0 = kf2a7(cos Orec — €08 O,ay), (1.1)

where 7 is the surface tension of the liquid, a is the droplet base radius, and k; ~ 1 is a propor-
tionality constant, which depends on the exact shape of the contact line (Fig. 1.1a) [6-8]. 8.4y, rec
can be determined by measuring the contact angles of a sessile droplet at the advancing and reced-
ing contact line, as liquid is being pumped out and in slowly (Fig. 1.1b) [6, 9]. See also Appendix
Al for a brief note on accurate contact angle measurements. It was recognized as early as 1878
by Gibbs in his magnus opus Equilibrium of heterogeneous substances—in which he attributed the
“frictional resistance to a displacement of the [contact] line”—that pinning at the three-phase (lig-
uid/solid/air) contact line gives rise to contact angle hysteresis and Fyinning (Fig. 1.1¢) [10]. On
most substrates, surface roughness and chemical heterogeneities are the main sources of pinning
points; for example, organic contaminants are easily adsorbed onto metallic surfaces, resulting in
high A8 > 30° for a water droplet [11]. The origin of A@ ~ 10° on ideally smooth and chemically
homogeneous surfaces, e.g. a silicone wafer, is less well-understood, but is believed to be the result

of viscous dissipation and absorption-desorption processes at the contact line [12-14].



- -~

droplet L liquid

solid solid

Figure 1.1: Contact angle hysteresis. a, The pinning force acting on a droplet depends on the
contact angle hysteresis Af = 0,4y — Orec, Where 8,4y, rec are the advancing and receding contact
angles, respectively. b, 0.4y, rec Can be measured readily by pumping the liquid in and out of a
sessile droplet. ¢, Schematic of the three-phase (liquid/solid/air) contact line.

LOW-HYSTERESIS, FLAT SURFACES. More recently, a class of smooth but chemically heteroge-
neous surfaces was developed and shown to exhibit ultra-low A@ < 2° [15-17] (Fig. 1.2a). Glass
slides or silicon wafers that are grafted sparsely with polymer brushes (typically silicone-based) can
repel both water and liquid hydrocarbons with minimal pinning; in contrast, a dense packing of the
same polymer brushes does not exhibit ultra-low A0. It is believed that the polymer brushes when
sparsely grafted are free to rotate and exhibit “liquid-like” properties. In chapter 2, I will discuss the
origin of contact angle hysteresis in more detail and present experimental characterization of this

new class of low-hysteresis surfaces.

LOTUS-EFFECT SURFACES. Another method—which also happens to be Nature’s approach—to
achieve extreme liquid-repellency is to decorate a surface with micro-/nano-structures. Aslong as
the structures are able to trap a stable air film (Cassie-Baxter state, iridescence seen in Fig. 1.3),
a liquid droplet experiences minimal Fpining and A < S5°, and an impinging liquid jet is able to

bounce off the surface stably (Fig. 1.3) [4]. The origin of A are the solid-liquid contact points
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Figure 1.2: Schematic of the different classes of liquid-repellent surfaces

at the top of the structures, which act as pinning defects to resist the droplet motion (Fig. 1.2b).
In this case, the three-phase contact line still exist, but much reduced when compared to its flat
counterpart by a factor of d/p, where d is the lateral size of the micro-/nano-structures and p is the
spacing between two neighboring structures. In chapter 3, I will discuss how optical interferometry
techniques can be used to visualize the details of the pinning-depinning process at the contact line
and how this relates to Fyinning ~ N measured directly using a cantilever-based force sensor.
Despite the enormous progress that has been achieved, there remain, however, obstacles to
wide-spread adoption of such surfaces: the droplet can penetrate into the structures, displace the
air layer and become highly pinned (Wenzel state) [18-20]; the micro-/nano-structures also lack
mechanical robustness, and solid-liquid contact points, though minimal, serve as nucleation / at-

tachment points for ice formation and fouling organisms [21, 22].

LUBRICATED SURFACES, on the other hand, do not suffer from these limitations [23, 24]. By



air layer

Figure 1.3: Extreme liquid repellency of a silicon wafer with a thin (= 200 nm) coating of
nanostructures. Water droplets bead up into little spheres, while a water jet can bounce off it
stably. Vivid blue and purple colors—due to thin film interference—are seen wherever there is
an air cushion sandwiched between water and the underlying substrate.



coating a solid substrate with a liquid-lubricant, a foreign droplet immiscible with the underlying
lubricant layer can slide off at a small tilt angle < 2°, even when the underlying solid substrate is
damaged. The shape that a sessile droplet takes on such a surface will be discussed in Chapter
4. The extreme liquid-repellency of lubricated surfaces is attributed to a thin lubricant film (sub-
micron/micron) sandwiched between the droplet and solid substrate, but this has not been ob-
served experimentally [25, 26]. In chapter 5, I will discuss how to visualize and rationalize the wet-
ting/dewetting transition of this intercalated film for different material combinations for both flat
and structured surfaces. Depending on the relative magnitudes of the liquid droplet’s surface ten-
sion 7, the lubricant oil’s surface tension 7y, and the droplet-lubricant interfacial tension ¥, , there
could either be a liquid-liquid-air contact line or no contact line as the lubricant wraps around the
droplet (Fig. 1.2¢). In any case, there is no liquid-solid-air contact line, unlike the other classes of
surfaces; the resistance to droplet motion is instead dominated by viscous dissipation in the lubri-
cant layer. I will further demonstrate how lubricant flow can generate sufficient hydrodynamic lift
to levitate the droplet over the solid substrate; the droplet is therefore oleoplaning—akin to tyres
hydroplaning on a wet road—with minimal dissipative force (down to 0.1 yN for a 1 yl droplet)

and no contact line pinning.

SOFT GELS are the last class of surfaces discussed in this dissertation. In chapter 6, I will show
how the deformability of the gel’s interface can lead to an interesting phenomenon: the stable re-
bound of liquid jets after impacting a gel (flat), irrespective of their wetting properties (Fig. 1.4).
Unlike other jet rebound phenomena, which are sensitive to the surface tension of the liquids, soft

gels can repel both high and low surface tension liquids, e.g. water and ethanol, respectively.



Figure 1.4: Water jet bouncing off a soft gel (flat and unstructured).

DIFFERENT MANIFESTATIONS OF SQUISHINESS. For the different classes of liquid-repellent sur-
faces, there is some element of ‘squishiness’ in the system (Table 1.1). For a low-hysteresis flat
surface, it is the presence of freely-rotating, ‘liquid-like’ polymer brushes, whereas for a lotus-effect
surface, it is the presence of a stable air film. For lubricated surface, the resistance to droplet motion
is dominated by viscous dissipation in the stable, intercalated lubricant layer. Finally, a soft gel that
contains up to 90 wt% liquid is inherently squishy, with a low Young’s modulus E ~ kPa. As will
be discussed in the various chapters, the liquid-repellency behaviors observed are directly related

to the ambiguous semi-solid, semi-fluid natures of the different surfaces.

SCIENTIA POTENTIA EST. Finally, I'will give a short outlook in Chapter 7, and conclude by show-
ing how the ideas and techniques outlined in the various chapters can be applied more broadly to

seemingly disparate subjects, ranging from ice-repellency to self-assembly of colloids into a pho-



Table 1.1: Characteristics of the different surface classes

Surface Liquid-repellent?  solid-liquid contact? Element of squishiness
flat (conventional) no yes -
flat (polymer brushes) yes yes mobile brushes (molecular)
lotus-effect yes partial air layer (nm/pm)
lubricated yes no lubricant layer (nm/ym)
soft gel yes (jets) yes soft, deformable solid

tonic crystal.



Not even Herakles could sink a solid ...

Huh & Scriven (1971)

Flat surfaces: low-hysteresis droplet

The origin of contact angle hysteresis is a problem that has occupied the greatest minds in science,
such as JW. Gibbs and more recently P-.G. de Gennes [10, 27, 28]. At the crux of the problem
is how to model the droplet motion at the three-phase (liquid/solid/air) contact line. It was rec-
ognized early on that a purely continuum hydrodynamical approach is insufficient; applying the

Navier-Stokes equation at the vicinity of the contact line with the conventional no-slip boundary
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Figure 2.1: Three-phase contact line at different length scales. 8, is the apparent macro-
scopic contact angle, which is typically larger than the true nanoscopic contact angle 6g.

condition leads to a divergence in shear stress and an infinite tangential force, which led Huh &
Scriven (1971) to remark that “Not even Herakes could sink a solid if the physical model were en-
tirely valid” [29]. To alleviate this, typically a cut-off length scale (molecular) is introduced, above
which the continuum hydrodynamical model applies (Fig. 2.1a,b), and below which the molecu-
lar/atomic nature of the liquid-solid interactions has to be accounted for (Fig. 2.1¢).

For an ideally flat surface, in the absence of strong defects, the molecular nature of the contact-
line can be described by the Molecular-Kinetic Theory (MKT) [12-14]. The movement of the
contact line is modelled as a thermally-activated absorption-desorption process, with a series of

small jumps of size £ and frequency K,, (Fig. 2.1c). The dynamic contact angle 0 at speed U'is given

by:

2kgT U
cosf) = cos B, — _32 arcsinh ( ) , (2.1)
7/2 ZKOE

where 8, is the contact angle just before the contact line starts moving. For a moving droplet, the

10



dissipative force Fygr is then given by:

F,
MKT _ cos 0rec — cos 0,4y
2ay
2k T U U
= €08 Orec,o — €OS agyo — —B2 [arcsinh (— ) — arcsinh ( )] (2.2)
7 2K, 2K,
4ksT U
= Acosl, + _32 arcsinh ( > ,
7€ 2Ko¢

where a is the droplet’s base-radius and A cos 0, is the limit of A cos 8 as U — 0. Table 2.1 sum-
marizes the experimental values of £ ~ nm and K, = 10°> — 10* s™! obtained by tensiometer

measurements, as reported in the literature.

Table 2.1: Values of £ and K, reported in the literature for typical flat surfaces (high-hysteresis)

Liquid Solid £(nm) K,(s7') Reference
water PET plastic  1.02  1.19 x10* Ranabothu et al (2005) [30]
glycerin PET plastic  0.88  3.12 x10° Ranabothu et al (2005) [30]
ethylene glycol PET plastic  1.47  1.96 x10° Ranabothu et al (2005) [30]
water PET plastic 1.9 1.1 x103 Hayes et al (2005) [31]

For most flat hydrophobic surfaces, a water droplet will have A6, > 10° and A cos 8, > 0.2.
There have been reports—through various surface functionalization techniques—oflow-hysteresis
flat substrates that have comparable A, < 5° and A cos 0, < 0.1 to lotus-effect surfaces, but they
were mostly not reproducible either by us or by other groups [15, 32, 33]. One exception is the
technique developed primarily by McCarthy and co-workers, whereby a flat substrate, such as sil-
icon wafer or glass, is grafted sparsely with mobile polymer brushes (typically silicone) [15-17].
It is believed that the polymer brushes when sparsely grafted are free to rotate and exhibit “liquid-

like” properties, leading to minimal pinning of both water and liquid hydrocarbons; in contrast, a

11
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Figure 2.2: When grafted sparsely with polymer brushes, a flat surface can become highly
repellent to droplets.

Table 2.2: Contact angle values for a water droplet on low-hysteresis surfaces

Surface type Opp AO Acos0 Reference
PDMS brushes 100° 1-3° 0.02-0.05  Wangetal (2016) [16]
PDMS brushes 106°  5° 0.08 Dalton et al (2012) [35]
PDMS brushes 104° 2-4° 0.03-0.07 Krumpfer etal (2016) [15]
Alkyl brushes 104°  9° 0.14 Urata et al (2012) [36]
Fluorinated brushes 95°  10° 0.17 Urata et al (2013) [37]

dense packing of the same polymer brushes does not exhibit the same repellency (Fig. 2.2) [34].
The dynamical behavior of droplet motion on such surfaces has not been characterized fully.
Typically, only contact angle values are reported for the different surfaces (see Table 2.2), with
the contact angle hysteresis as a measure of liquid-repellency, without distinguishing between the
dynamic and static cases, i.e. between A cos §(U) and A cos 6,(U — 0); the exact conditions un-
der which the contact angle measurements were made are often not reported, which makes direct
comparisons difficult. This distinction is important because, as we will demonstrate, the force act-
ing on a droplet and hence A cos 6 can be a strong function of U. In this chapter, I will rationalize
the dependence of A cos 0 on U using MKT theory, and hence better understand the origin of the

resistance to droplet motion for these low-hysteresis surfaces.

12



First, we observed the contact line dynamics of moving droplets on a glass substrate grafted
with silicone polymer brushes using confocal microscopy (reflection mode). See the end of the
chapter for details on material preparation. The microliter droplet was held by a needle, while the
substrate was moved at a controlled speed U using a motor. Simultaneously, we raster-scanned the
surface with focused monochromatic light of wavelength 2 = 633 nm, and captured the reflected
light through the pinhole of a confocal microscope; as a result, only light from the focal plane, i.e.
reflected off the interface of interest, was able to reach the photomultiplier tube of the microscope
(Fig. 2.3a). The contact line of a water droplet moving at U = 0.2 mm/s is smooth, without any
visible strong pinning points (Fig. 2.3b-1,2). There are, instead, numerous weak pinning points,
consistent with MKT, which cause the overall shape of the contact line to be elongated (Fig. 2.1c,
Fig. 2.3b-1). Occasionally, there are micron-sized defects on the surface, which lead to highly-

distorted contact line, in which case MKT no longer applies (Fig. 2.4).

a b
P

¢ ¢ (CRCHENEREERENERENEN ¢ ¢
«—Uu

Figure 2.3: a, Visualizing the contact line of a moving droplet. b-1, Shape of the contact line
for a microliter droplet moving at U = 0.2 mm/s. The scale bar is 0.1 mm. b-2, A zoomed-in
image of the contact line at the receding front in the absence of strong defects. Scale bar is 20
pm.

To measure the force acting on the moving droplet, we used a custom-built cantilever force sen-

13



defect

1

Figure 2.4: Contact line distortion due to a strong 4 ym defect. Scale bar is 50 ym.

®

sor (Fig. 2.5a). Briefly, the substrate was moved by a motor at controlled speed U, while the force
on the droplet F was determined from the deflection of the cantilever Ax, since F = kAx where
k = 6-30 mN/m is a known spring constant. Details of the set-up can be found in Appendix A2.
Fig. 2.5b shows a characteristic force curve F(t) with k = 12 mN/m, obtained using this method.
The motor was started at time ¢ = 0 s; to maintain the droplet motion at U = 0.2 mm/s requires
a force F; = 14 yN. Finally, when the motor was stopped at t = 50 s, F; decays slowly with a
characteristic a decay time tgec.y & S0 s. The cantilever did not return to its original position, i.e.
Ax = AxXpyin > 0,and the droplet was pinned in place with F;, =4 yN. Experimentally, we found
that F,(t) can vary between substrates, even with the same surface treatment, but nonetheless the
different F;(t) curves have the same qualitative behavior described above (See Appendix A3).

We also found that F,; increases monotonically and non-linearly with U = 0.05-0.9 mm/sfora 1

uldroplet. On Fig. 2.5¢c, we have included the data for tilting angle measurements: the same surface
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was tilted at 85 = 20-90° and the resulting velocity of the droplet U was measured optically, while
F,; was assumed to be mgsin ;.. We also note thatas U — 0, F; — Fp,, consistent with the
measurement in Fig. 2.5b. For water and 30 wt% aqueous sucrose solution droplets of different
volumes V = 1-$5 ul moving at different speeds U = 0.1-1 mm/s, F; is well-explained by MKT
(Fig. 2.6 and equation (2.2)). Dashed line on Fig. 2.6 shows the best-fit curve, with A cos 6,, §, and
K, as fitting parameters. The value obtained for K, = 7500 s~ is close to what were reported in
the literature for moving contact lines on other flat surfaces (Table 2.1)[30, 31]; the value for £ =
3 nm is slightly larger than previously reported, which probably reflects the fact that the silicone
polymers are sparsely grafted. The value for A cos, = 0.07, on the other hand, is much lower
than typically encountered in most flat surfaces. For example, a flat glass or silicon surface that is
rendered hydrophobic by vapor phase silanization using fluorosilanes typically has 6,,, = 110°
and A6 = 15-30°, or equivalently A cos 6, = 0.3-0.5 [38].

In the examples given, viscous dissipation is unimportant, and F; is indistinguishable between
water and 30 wt% sucrose droplets, despite their different viscosities, 7 = 1 and 4 cP, respectively.
In general, however, viscous dissipation can become important, in particular for high-viscosity
droplets and/or small contact angles, in which case a combination of a continuum hydrodynamic
model and MKT at the contact line is required to account for the functional form of F4(U).

To conclude, we have demonstrated how droplet motion on surfaces grafted with polymer brushes
is well-explained by molecular-kinetic theory, but with ultra-low A cos 8, < 0.1. Whether or not
this is due to the mobility of polymer chains remain speculations, but we note the following ob-
servations that support this hypothesis: 1) the most repellent flat surfaces are grafted with silicone

polymer brushes, which are well-known for their highly flexible siloxane backbone [39], and 2)

15



10

a b C 2
sto
ire = P
F =k Ax 124 g 15 B s
- i '
210- E:L ) .
=B =104
=8 ~10 i
- L
Ax 61 g+
U 4 i:rﬁin 5_0 :
o e cantilever
U=0.2mm/s O tilting
D T T T T T T T T T D T T T T T
0 10 20 30 40 60 80100120 0.0 0.2 0.4 0.6 0.8
t (s) U (mm/s)
Figure 2.5: a, Schematic of a custom-built cantilever force sensor. The substrate was moved

by a motor at controlled speed U, while the force acting on the droplet F can be determined
from the deflection of the cantilever Ax, since F = kAx where k = 6-30 mN/m is a known spring
constant. b, A characteristic force curve obtained using this method for a flat surface (k = 12
mN/m). To maintain a speed U = 0.2 mm/s for a 1 uL droplet, the motor was started at t =0
s and stopped at t = 50 s. ¢, The average dissipation force F,; increases non-linearly with U for
a 1pL droplet. Error bars are standard deviation from at least 3 measurements. Dash-dot line

is a guide to the eye.
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Figure 2.6: The dissipation force on droplets moving on a low-hysteresis surface is consistent

with MKT (equation (2.2)).
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these surfaces are better able at repelling liquid hydrocarbons (good solvent for silicone brushes)
than water droplets [37]. Finally, we would like to stress that although the polymer-brushes have
been described as ‘liquid-like’ in this context, this is a purely molecular description; they do not
behave as bulk-liquid, a distinction that will be apparent when compared to lubricated surfaces in

Chapter S.

MATERIAL AND SAMPLE PREPARATION. We used two different methods to graft silicone polymer-
brushes onto flat glass and silicon substrates. In the first approach, the substrate was coated with a
micron-thick film of silicone oil (Sigma Aldrich, 10 cSt), and kept at 100°C for 24 h. The silicone
oil film was then removed by rising the substrate with copious amount of toluene [15]. The second
approach entails dip-coating the substrate in an isopropanol solution of Me,Si(OMe), and sulfu-
ric acid, drying at room temperature (70% humidity), and then thoroughly rinsing the substrate
with toluene [16]. The resultant substrates (using either method) are highly liquid-repellent, with
contact angles of about 105° and contact angle hysteresis of A = 5-10° and A cos 6 = 0.1-0.2. In
both approaches, itis crucial that the initial substrates are clean and free from organic contaminants.
Alternative approaches of grafting the polymer-brushes have also been proposed in the literature

[35-37].
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One who performs his duty without attachment, surrendering
the results unto the Supreme God, is not affected by sinful ac-

tion, as the lotus leaf is untouched by water.

Bhagavad Gita

Lotus-efect surfaces: fakir droplet

For centuries, the lotus has been held as a symbol of purity by various Eastern traditions—the
lotus grows on muddy water, yet its leaves remain unsullied and untouched by water. Yet, it was
only in the 1990s that the origin of this water-repellency or lotus-effect superhydrophobicity was
understood [4]. The leaf of alotus and of many other plants are covered by hydrophobic micro- and

nano-roughness, such that a water droplet can bead up into a ball that sits on top of the protrusions,
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like a “fakir on a bed of nails” (Fig. 3.1a~c) [40, 41]. The resulting fakir droplet has a high contact
angle 0,,, > 150° and can roll away at the slightest tilt 0 < 5°.

One easy method to create a lotus-effect surface is by depositing soot on glass [43, 44]. This
was noted as early as in 1908 by A.M. Worthington who wrote in his seminal book The Study of
Splashes: “If, however, the inside surface of the watch-glass be first carefully smoked in the flame
of a candle, then even water or milk will roll over it without sticking, and the drop thus made up
will retain a spheroidal form ...” [45]. Since then, numerous other techniques, ranging from pho-
tolithography, electrospun-fibres to sol-gel chemistry, have been developed to create artificial lotus-
effect surfaces [46]. In this study, I will look into micropillar surfaces with well-defined geometry
made using photolithography and then rendered superhydrophobic by chemical functionalization
(typically fluorinated); nano-roughness can be further added onto surface to create an even more
highly-repellent surface. Fig. 3.1d is one such example, where a hexagonal array of micropillars (di-
ameter D = 1.5 pm, pitch p = 3 pm) are uniformly covered by nanoplates of thicknesses ~ 20 nm,
and spaced ~ 100 nm apart. Methods used to fabricate such surfaces have been described in the
literature and will be summarized at the end of this chapter [47, 48].

To understand the origin of the liquid-repellency in lotus-effect surfaces, it is useful to visual-
ize the pinning-depinning process as a droplet moves across the surface. In the literature, there
have been attempts to visualize this process. Studies using confocal fluorescence microscopy usu-
ally require dyes to be added to the water droplet—which can affect its wetting properties—and
can only achieve a temporal resolution of At of several seconds [49]. Environmental SEM can
achieve sub-micron spatial resolution, but again with poor At of about 1 s [ S0]; moreover, the high-
vacuum and low-temperature conditions of SEM may introduce artefacts. Here, we used confocal

reflection interference contrast microscopy (RICM) to visualize the base of a droplet moving on
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droplet

EHT = 2.00 kV Signal A = SE2 Date :9 Jan 2017
WD = 7.7 mm Photo No. = 4061 Time :12:17:17

Figure 3.1: a, A millimetric-sized water droplet sitting on a lotus leaf (taken from [42]). b,
Micro-/nano-roughness observed on a lotus leaf (adapted from [40]). Scale bar is 20 ym. c,
Schematic of a fakir droplet sitting on structured solid surface (lotus-effect). d, SEM image
of an artificial lotus-effect surface used in this study, which consists of a hexagonal array of
micropillars (diameter D = 1.5 ym, pitch p = 3 um and height & = 10 um) covered by nanoplates
of thicknesses ~ 20 nm and spaced ~ 100 nm apart.
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a transparent micropillar surfaces with a much improved temporal resolution of At < 0.1 and un-
precendented detail. Briefly, we raster-scanned the surface with focused monochromatic light of
wavelength A = 633 nm, and captured the reflected light through the pinhole of a resonant scan-
ning confocal microscope; as a result, only light from the focal plane, i.e. reflected off the interface
of interest, is able to reach the photomultiplier tube of the microscope.

From the resultant interference fringes, we were able to confirm the presence a stable micron-
thick air film beneath the droplet (Cassie-Baxter state) and to visualize the details of the contact
line for a droplet moving at U = 0.1 mm/s on a lotus-effect surface, decorated with a hexagonal
array of micropillars, with diameter d = 25 ym, pitch p = S0 ym, and height h = 30 ym (Fig. 3.2b).
The droplet base is once again elongated, just as the case on a flat surface (Fig. 2.3). The advancing
contact line is smooth and continuous, while the receding contact line is jagged and discontinuous.
Most of the pinning therefore occurs at the receding front [ 25, 51, 52]. At the receding front, micro-
droplets are left behind due to break-up of capillary bridge—as the droplet moves from one post
to another—which then evaporates away (Fig. 3.3).

To measure the force acting on the moving droplet, we used a custom-built cantilever force sen-
sor (Fig. 3.4a). Details of the set-up can be found in Appendix A2; see also Fig. 2.5 in Chap-
ter 2. With this technique, a resolution of AF; < 0.2uN can be achieved, which corresponds to
Acos® < 0.01 and A@ < 1°—a resolution that is difficult to achieve using typical contact angle
goniometry measurements.

Fig. 3.4b shows a characteristic force curve F,(t), obtained using this method. The motor was
started at time t = 0's, and to jumpstart the droplet motion, a force of magnitude F,,, must be ap-

plied to the droplet; to maintain the droplet motion, however, requires a smaller force Fy < Fpeax
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Figure 3.2: a, A water droplet was held by a capillary tube, while the substrate beneath it
was moved at controlled speed U. Contact line of the droplet moving relative to a transparent
lotus-effect surface can then be visualized using reflection interference contrast microscopy. b,
The presence of a thin air film trapped between the micropillars (diameter d = 25 ym, pitch p =

S0 um and height h = 30 um) beneath the moving droplet (U = 0.1 mm/s) results in interference
fringes. Scale bar is 100 pm.
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Figure 3.3: At the receding contact line, micro-droplets are left behind due to capillary bridge
break-up, as the droplet moves from one post to another (indicated by an arrow). Break-up
of capillary bridge occurs within less than t = 0.07 s, while the microdroplet of size ~ 10 pm
evaporates within t = 0.64 s. Scale bars are 25 um
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Figure 3.4: a, Schematic of a custom-built cantilever force sensor. b, A characteristic force
curve obtained using this method for a 1 ul droplet. To maintain a speed U = 0.2 mm/s, the
motor was started at + = 0 s and stopped at t = 50 s. ¢, The average dissipation force Fy
increases with increasing solid fraction ¢, but is independent of substrate speed U. Error bars
are standard deviation from at least 3 measurements, while the scale bar on inset is 50 ym.
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Figure 3.5: For different micropillar surfaces, the average dissipation force F; is proportional

to 2a7<p1/2, where a is the droplet base radius, 7 is the surface tension of the water droplet, and

¢ is the solid surface fraction.

(Fig. 3.4b). The measurement noise observed for F, is probably due to discrete nature of the pin-
ning points and the resulting ‘stick-slip’ motion of the droplet. Finally, when the motor was stopped
att = 50 s, the cantilever did not return to its original position, i.e. Ax = Axy;, > 0, and the
droplet was pinned in place, even though a force of magnitude Fpn, = kAxp, < F;was acting on
it. Experimentally, we also found that F, is independent of the imposed velocity U=0.02-0.9 mm/s
for all the micropillar surfaces (Fig. 3.4c). The energy dissipation due to the pinning-depinning
process at the receding front is therefore independent of U, and is fundamentally different from
the contact line pinning on a flat surface, which is dependent on U (Fig. 2.5).

We can model F;; for by assuming that each post (diameter d, pitch p) exerts a force f, ~ yd and

that the number of posts in contact at the receding frontis N, ~ 2a/p, i.e.

Fy = Nyf, ~ (2a/p)yd ~ 2aye'”?, (3.1)
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where g is the droplet-base radius and ¢ is the solid surface fraction. We confirmed the validity
of equation (3.1) experimentally for water droplets of different volumes V = 0.5-8 ul moving at
U = 0.2 mm/s on micropillars surfaces, with different pillar dimensions: d =2-18 ym, p = 5—
50 ym, h = 10-30 ym, and ¢ = 0.04-0.25 (Fig. 3.5). The surfaces were treated in three different
ways, leading to different prefactors f = 0.1-0.7 in the scaling law, F; o< 2a7/<p1/ 2 and the differ-
ent corresponding slopes in Fig. 3.5. Details of the surface treatments—vapor-phase silanization
(blue), grafting mobile silicone polymer brushes (red), and fluorinated nano-plates on micropillars
(green)—can be found at the end of this chapter. Since  depends on the details of the contact-
line pinning, it should therefore be a function of A cos 0;, where A cos; = co0s O,ec — cOs Oagy
is the intrinsic contact angle hysteresis of a flat surface (no micropillars) for the different surface
treatments.

For equation (3.1) to be consistent with Furmidge’s relation (F; ~ 2ayA cos6;) when ¢ = 1,
i.e. for a flat surface, we may naively expect that B ~ A cos 0;. This assumption is, however, not
well-supported experimentally; the prefactor for the hierarchical micropillars (green) is smaller
than that for micropillars with silicone polymer brushes (red), despite its larger A cos 6; (Fig. 3.5).
Once again, this suggests the pinning-depinning process at the micropillar is fundamentally differ-
ent from contact line pinning mechanism for its flat surface counterpart.

Comparing equation (3.1) and Furmidge’s relation (equation(1.1)), we also expect that the
contact angle hysteresis for micropillar surfaces should scale as A cos § = c0s 0,ec — €08 O,y X
¢'/2. This is well-verified by independent data reported in the literature by other groups (Fig.3.6a)
[50, 51]. Once again, we attribute the different prefactors/slopes for the two data sets to different
chemical functionalization/treatments.

An alternative and well-known model for describing A cos 0 in micropillar surfaces is the classi-
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Figure 3.6: a, b Data for Acos@ = cosrec — cos 8,4y taken from the literature [50, 51] are
plotted against two possible scaling laws, ¢'/2 and ¢log(£/e), respectively.

cal theory by Joanny and de Gennes [27, 51]. In this model, the distortion of the contact line on
each post is modeled as a linear spring of stiffness K, = 2y/log(2p/d), and hence is associated
with an energy of deformation ¢ = 1/2Ku?, where u,, ~ dlog(2p/d) is the maximum deforma-
tion of the contact line. Unlike our model, which assumes that the force on each post f, is constant,
fp is modeled instead as increasing linearly from zero and a maximum of ~ yd, as the contact line
gets progressively deformed from u = 0 to u,,. As the droplet moves by an amount dx, there are
~ 2a¢/d* dx depinning events, each with an associated energy dissipation of size ¢, i.e.

2a¢¢
42

F dx ~ dx

Fy ~ 2ayeplog(2p/d) (32)

= 2ayplog(¢/e),

where £ is some geometrical factor. For a square and hexagonal array of posts, { = = and 27/+/3,
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respectively. Within experimental error reported in our work and in the literature, it is not possi-
ble to say which of the two models are more accurate, but despite the simplifications taken in our
model, it explains the data for A cos 0 as well as the theory developed by Joanny and de Gennes
(Fig. 3.6).

In summary, we have described how RICM can be used to visualize the details of the depin-
ning process for a water droplet moving on micropillar surfaces. The dissipation occurs due the
formation of capillary bridges and the distortion of the contact line around the micropillars at the
receding front. We measured the dissipation force F; directly using a cantilever force sensor with
a resolution of about 0.1 yN, and came up with a new simple scaling law to account for F,;. For
micron-sized pinning points that are non-circular in shape, a similar scaling should be observed
but with some geometrical correction factor. It is not clear, however, if the model can be extended

for lotus-effect surfaces with nanostructures or complex fractal geometry.

MATERIAL AND SAMPLE PREPARATION. To make an artificial lotus-effect surface, micropillars
were etched onto a silicon (Si) wafer using conventional photolithography techniques. Transparent
micropillar surfaces could be made from the silicon masters through the replica molding method,
using UV-curable NOA 61 polymer [47]. The micropillar surfaces can be made hydrophobic by
3 different methods: 1) vapor-phase silanization, 2) Radio-Frequency (RF) plasma sputtering of
fluorinated polymer coating [53] or 3) by grafting mobile silicone polymer brushes [16]. A flat
Si wafer treated using methods 1) and 2) typically has 0,4, ..« = 112°, 84° or Acos 6; = 0.5. In
contrast, when treated using method 3), 6,4y, rec = 110°, 100° and A cos §; = 0.15.

Nano-roughness can be added onto the micropillars by depositing a thin S0 nm Al film by plasma

sputtering and boiling it in DI water at 60 °C for 30 min. The resulting surface is conformally coated
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by boehmite nanoplates of size ~ 20 nm and spaced ~ 100 nm apart (See Fig. 3.1d) [54]. Similar
nanostructures can be created by depositing alumina layer by sol-gel method and boiling it in water
[48]. A fluorination layer (molecular-thick) can be added onto the nanostructures by dipping the
surface in an ethanol solution of 1 wt% fluoroaliphatic phosphate ester fluorosurfactant (MASURF

FS-100) at 70°C (95 EtOH: S H,0: 1 FS-100). For such a hierarchically structured surface, i.e.

micropillars covered with nanoplates, 0,4y rec = 170°, 150° or A cos = 0.12. In the absence
of micropillars, i.e. a flat surface covered by nanoplates, 8,4y, .c = 160°, 135° with an intrinsic
Acosf; = 0.22.
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Lubricated surfaces: sessile droplet

Since the first initial publications in 2011 on lubricated surfaces [23, 24], there have been much
interest in using such surfaces for various liquid-repellency applications. The great majority of the
follow-up work—with few exceptions [25, S0]—has so far been concentrated on outlining various
methods to fabricate such surfaces, with less emphasis on reaching a fundamental understanding

of the system. The origin of liquid-repellency will be discussed in Chapter S. Here, I will discuss
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Figure 4.1: a, b. Droplet shape and geometry in the absence and presence of a cloaking film.
¢, The size of the wetting ridge / for different water droplets (Volume V = 5-20 ul) depends on
the droplet base size a and the initial lubricant film thickness hjnit = 1.7-10 pm.

some of the fundamental questions that remain for lubricated surfaces, such as the shape a sessile
droplet takes on alubricated surface and the physical interpretation of an apparent contact angle. In
particular, I will show how conventional equations in wetting, such as Young’s equation for contact
angle and Furmidge’s relation, have to be modified for a sessile droplet sitting on a semi-liquid,
semi-solid substrate.

When a sessile droplet is placed on a lubricated surface, a wetting ridge of size [ is formed due
to capillarity effects, and its shape is determined by the competition between the liquid droplet’s
surface tension ), the lubricant oil’s surface tension ¥, and the droplet-lubricant interfacial tension
Y- 7, < 7, + 7, 2 distinct three-phase contact line (liquid-liquid-air) will exist, with the three
surface tension vectors satisfying Neumann’s triangle, i.e. ¥, + 7, + 7, = 0 (Fig. 4.1a) [6,26]. If
Y, > 7, + 7, the droplet is instead cloaked with a thin micron/sub-micron thick lubricant layer,

whose existance can be confirmed by thin-film interference techniques (Fig. 4.1b and Fig. 4.2).
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Figure 4.2: a, The presence of a cloaking film around a water droplet can be confirmed by thin-
film interference effects, by shining monochromatic light (wavelength A = 405 nm) and capturing
its reflection. b, In the absence of a cloaking film (lubricant: mineral oil), no interference fringe
is observed. c, In contrast, when there is a cloaking film (lubricant: silicone oil), interference
fringes are observed. Scale bar is 0.1 mm.

If we assume that the lubricant from the wetting ridge comes from the lubricant film displaced
beneath the droplet, then by conservation of volume, 2wal* ~ 7a*hipy, ie. | ~ al/ Zhiln/if (Fig.4.1¢).
For millimetric sized droplet siting on micrometric thick lubricant film, [ is small compared to the
droplet size R. Note that a low pressure region exist in the ridge (AP ~ —y, /1), which will cause
the lubricant film around the droplet to thin out and the wetting ridge to grow in size. At mechanical
equilibrium, I = I, = (y,/ pog)l/ 2, where the capillary length I, is millimetric in size. However,
this is never observed in practice for typical hyyy << I, because of the long time-scale involved
and insufficient lubricant volume required to form the equilibrium microliter wetting ridge. For
the rest of the discussion, it is assumed that a stable sub-micron lubricant film exist beneath the

droplet, which gives rise to the repellency behavior of the surfaces. The condition for this stability

is discussed in Chapter S.

LUBRICATED SURFACE IS IDEAL, WITH A WELL-DEFINED YOUNG’S CONTACT ANGLE. For a ses-
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sile droplet on an idealized solid surface (flat and no-pinning), the apparent contact angle 6,
is obtained by balancing the various interfacial tensions and is given by Young’s equation: y, =
7, €08 O,pp + 7, [6]. In reality, because of contact angle hysteresis, the observed 6,,, can take on
a range of values on a real solid and deviate from the prediction of Young’s equation. Interestingly,
a lubricated surface approaches an idealized surface for a vanishingly small wetting ridge, since the
liquid-liquid interface is atomically smooth and there is no contact-line pinning. Hence, 0, is
given by a modified Young’s equation, with the solid phase (s) replaced with the lubricant oil (o)

phase, i.e.

Yo = Vet €08 bapp + 74,
(4.1)

Oapp = COS_I(?’U = 70)/ Ve

where y_ = 7, 0ry, + 7, for a non-cloaked and cloaked droplets, respectively (Fig. 4.3). We
measured 0, for the two cases, and found that 6,,, = 10S =& 1° for a non-cloaked droplet (wa-
ter droplet, lubricated with mineral oil) and 0,,, = 110.3 £ 0.4° for a cloaked droplet (water
droplet, lubricated with silicone oil) are independent of droplet size, and are consistent with the
predictions from equation (4.1) of 104.9° and 109.5°, respectively. Contact angle values reported
in the literature for other droplet/lubricant combinations are also consistent with equation (4.1),

and are independent of the choice of the solid substrate (Fig. 4.4 and Table 4.1).
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Figure 4.3:

a, b. Sessile water droplets sitting on surfaces lubricated with mineral oil and
silicone oil, respectively. There is cloaking of droplet for silicone oil, but not for mineral oil. The
thickness of the lubricant was kept below at about 1 ym. Scale bars are 0.5 mm
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Figure 4.4: Plot of measured 6,,, values as reported in Wong et al (2011) and Schellenberger
et al (2015), against predictions of equation (4.1) [23, 25]. Droplets for filled and unfilled circles
are cloaked and not cloaked, respectively. See Table 4.1 for data used.
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Table 4.1: Contact angle values. PMP stands for polymethylpentene and FC-70 is a perfluo-
rinated oil.

Solid Droplet Lubricant 7y, Y, 7, cloaking cos™'(y, —7,)/7s  Oapp
epoxy water FC-70 724 17.1 56 No 122.5° 113.1°
epoxy Ci6Hiq FC-70 272 171 82 Yes 69.4° 70.5°
epoxy Ci3Hyg FC-70 259 171 7.7 Yes 67.7° 63.5°
epoxy CioHa, FC-70 23.6 17.1 6.7 No 64° 60°
epoxy CgHg EC-70 214 17.1 44 No 53.6° 50.7°
epoxy CeHiy FC-70 186 17.1 2.6 No 38.8° 40.1°
epoxy CsHy, FC-70 172 171 2S5 No 31.9° 30.8°
silica water FC-70 72.1 179 528 Yes 119.6° 124.3°
silica ethylene-glycol ~ FC-70  47.3 179 282 Yes 102.9° 89.6°
silica hexadecane FC-70 28 179 71 Yes 64.4° 58.5°
PMP water siliconeoil  72.4 20.6 41.3 Yes 109.5° 110°
boehmite water mineraloil 724 30 48.6 No 104.9° 105.4°
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Figure 4.5: The Furmidge's relation is experimentally verified for water droplets of volume V
= 4-30 yl moving at tilt angles Oyiy = 5 and 7° on surfaces lubricated with mineral oil (open
circles) and silicone oil (closed circles).

MopIrIED FURMIDGE'S RELATION. As discussed in equation (1.1), a droplet moving on a solid
substrate experiences a dissipative force F, that is proportional to the droplet’s surface tension 7, its
droplet diameter 24, and its contact angle hysteresis A cos 6 (Furmidge’s relation). For a lubricated
surface, the Furmidge’s relation is well-obeyed as long as 7, is replaced by 74, in particular for
cloaked droplets (Fig. 4.5). For example, using 7, = 72.4 mN/m for a water droplet cloaked with
silicone oil instead of y, = 7, + 7,, = 62 mN/m would overstimate F; significantly by a factor
of 7,/7. = 1.2 (filled circles). If the silicone oil is replaced by a mineral oil, where there is no
cloaking, then y_; = 7,. The slope in Fig. 4.5 (1.55) is consistent with a proportionality factor of

7/2 ~ 1.57,ie.

Fy = may g\ cos 0, (42)

35



Incr@asing
Viscomity
fste)

K-100

FC
770

-10 K-105'QK-10

\

0.4s

Figure 4.6: Time-lapsed image (Total time-lag At = 0.4s) of a 20 yl water droplets down a
50° incline for Teflon membrane infused with perfluorinated lubricants with increasing viscosity
n = 1-1000 cP.

and reflects the fact that the droplet base is circular in shape. See also Fig. S.5.

We emphasize that a finite A cos § > 0 does not indicate the presence of contact line pinning,
but instead originates from viscous dissipation in the lubricant layer. Another curious feature of
lubricated surfaces is how a droplet with the same tilt 8, and hence A cos 0 can move at com-
pletely different speeds (Fig.4.6). A cos 0 does not therefore fully capture the dynamical behavior

of droplet motion on lubricated surfaces, a point which I will return to in Chapter S.
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The subject [lubrication] is of such fundamental importance ...
that it may well be a matter of surprise that any general laws

should have for so long escaped detection.

O. Reynolds (1886) [55]

Lubricated surfaces: oleoplaning droplet

The idea of applying liquid lubricant on surfaces to reduce adhesion and friction coefficient be-
tween solids is an old one and has been known ever since antiquity [S6]; examples include the
ubiquitous use of lubricant oil between moving parts of a machine and the synovial fluid found
naturally in the joint cavities of our bodies [55, 57-61]. The idea of using a lubricated surface to

repel other liquids, on the other hand, is relatively new and was probably first mentioned by Quéré
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in a 2005 review paper, where he briefly described how a “slippery composite surface”, consisting
of a textured solid filled with a liquid between the microstructures, can repel another immiscible
liquid with “non-measurable” contact angle hysteresis [62].

In 2011, based on a similar idea, our group introduced a new class of omniphobic surfaces,
termed slippery liquid-infused porous surfaces (SLIPS), which emphasized the importance of a
stable lubricant overlayer covering the substrate [23] and showed that when designed correctly,
lubricated surfaces not only repel a wide variety of liquids such as water and crude oil, but can also
self-heal, and exhibit excellent ice-repellent and anti-biofouling properties (Fig.5.1) [63-67]. The
same principle also explains the trapping mechanism of some carnivorous Nepenthes pitcher plants,
whose outer rim becomes slippery to insects when wetted with water [23, 68]. A large number of
publications discussing lubricated structured surfaces followed—known variously in the literature
as SLIPS [23], slippery pre-suffused surfaces [24], lubricant-infused surfaces [25], or lubricant-
impregnated surfaces (LIS)[26].

The exceptional liquid repellency was hypothesized to arise from the absence of droplet-solid
contact due to a thin intercalated lubricant film beneath the droplet, but this has not been observed
experimentally. Previous studies, utilizing confocal fluorescence microscopy, did not conclusively
confirm the presence of a stable intercalated lubricant film that separates the liquid droplet from
the solid substrate [25, 26]. Here, we make use of thin-film interference effect instead to probe
the static and dynamical states of the intercalated film at a resolution down to a few nanometers
(compared to some hundreds of nanometers/micron for confocal fluorescence microscopy). This
technique also does not require the addition of a dye to the droplet or lubricant, which may af-
fect the wetting properties of the liquids and hence skew the results. Briefly, we raster-scanned

the surface simultaneously with two focused beams of monochromatic lights of wavelengths 4, ,
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Figure 5.1: a, Schematic of a lubricated surface with porous/textured solid. b-d, A porous
Teflon membrane when infused with perfluorinated oil is able to repel crude oil, blood, and ice,
respectively. Figure is adapted from Wong et al (2011) [23].
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=458 and 633 nm, and captured the reflected light through the pinhole of a confocal microscope;
as a result, only reflected light from the focal plane, i.e. the interface of interest, was able to reach
the photomultiplier tube of the microscope (Fig. 5.2a). This is crucial, because the weak refrac-
tive index contrast between solid, lubricant, and droplet leads to a weak reflection signal that can
be overwhelmed by stray light. In the presence of a thin lubricant film, the light reflected off the
solid-lubricant and lubricant-droplet interfaces will then interfere with one another constructively
or destructively to give bright or dark fringes, respectively. From the reflection intensities of the
two wavelengths, the lubricant film profile can be deduced unambiguously (See Appendix A4 for
details). This technique, known as dual-wavelength RICM, has been used previously to study the
thin air film beneath a droplet as it impacts a solid substrate, as well as the focal adhesions of cells,
with nanometric resolution [ 69-72].

First, we studied the equilibrium state of the lubricating thin film under a static (non-moving)
droplet of another liquid and observed three different distinct lubrication states: L1-3. The first
lubrication state (L1) corresponds to a stable lubricant film and was observed in the case of silicone
oil of viscosity = 10 cP, sandwiched between a 1 ul water droplet and a flat, transparent poly-
methylpentene (PMP) substrate (Fig. 5.2b). Without the droplet, the initial lubricant thickness
hinit, as measured using white light interferometry, was about S ym, but this was being continu-
ously drained out due to capillary pressure. Within 15 min, the film thickness eventually stabilized
by van der Waals’ interactions to its equilibrium value of hy4,, = 25 & S nm (Fig. 5.2c). Thus, we
confirm that the hypothesized stable, continuous lubricating thin film can indeed exist (Fig. 5.3a).

However, this film can easily be destabilized, for example, by replacing the water droplet with

60 wt% aqueous sucrose solution (lubrication state L2). Silicone oil dewets under the sucrose
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Figure 5.2: Visualization of the lubricant film profile between the droplet and the solid using
dual-wavelength, confocal Reflection Interference Contrast Microscopy (RICM). a, Thin-film
interference effects due to the intercalated lubricant film under dual-wavelength, confocal RICM.
b, Fringes observed at wavelengths 1;, = 458 nm and 633 nm are due to a silicone oil film
sandwiched between a water droplet and a flat polymethylpentene (PMP) substrate at times
t = 10 s, 10 min, and 15 min after the droplet was deposited. Droplet size is decreasing due
to evaporation. Scale bar is 0.1 mm. b, The corresponding film thickness profiles along the
mid-section (lines in b) deduced using interference fringes at ; = 458 nm and 1, = 633 nm
(blue and red dots, respectively). Right-side figure is a magnified plot of the left-side figure for
pos = 0—0.1 mm, with a horizontal line to indicate the equilibrium film thickness hyqy = 25+£5
nm.
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Figure 5.3: Equilibrium lubrication states L1-3 of an oil film sandwiched between a droplet
and a flat solid surface. a, L1: stable lubricant film (silicone oil) beneath a water droplet (0.1
mm scale bar, 6,5, = 90°), with inset 1 (10 ym scale bar) showing the absence of a contact line.
b, L2: lubricant film is unstable beneath 60 wt% sucrose solution and form discrete pockets
(0.3 mm scale bar, 8,5, = 90°). Inset 1 (15 ym scale bar) shows the three-phase contact line,
while inset 2 (40 ym scale bar) is a zoomed-in image of the lubricant pockets. ¢, L3: lubricant
is completely displaced from beneath a dodecanol droplet (0.1 mm scale bar, 6,5, = 23°). Solid
substrate is PMP for a—c. d, Phase diagram of the lubrication states L1-3 (shaded blue, red,
and green, respectively) determined for 26 different combinations of substrate, lubricant oil,
liquid, and surface treatment. Data points corresponding to droplets in a—c are marked with
arrows. S =y, — (7, + 7, is the spreading constant and determines the stability of a micron
thick film; A is the Haamaker constant and determines the stability of a nano-scale film. Error
bars in S comes from uncertainty in measuring 6.
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solution and forms small lubricant pockets that are stable in time (Fig. 5.3b). In addition, a clear
contact line becomes visible at the droplet base for L2 (Fig. 5.3b-1), which in contrast is missing in
L1 (Fig. 5.3a-1). We note that despite the very different lubricant behavior at the microscopic scale,
droplets in the two lubrication states L1 and L2 still exhibit the same apparent macroscopic contact
angle 0,,, = 90°, and are thus practically impossible to distinguish using conventional contact angle
instrument. Note that 0,p,,, can be very different from the microscopic 0y, which is obscured by the
wetting ridge around the droplet but has been observed using confocal fluorescence microscopy
[25]. See also Chapter 4. In the third lubrication state (L3), lubricant is completely displaced
under the droplet. This was the case for a dodecanol droplet on the same PMP substrate lubricated
with silicone oil. The dodecanol droplet was irregularly shaped, highly pinned to the substrate
with contact angle 0,,, = 23° (Fig. 5.3c). In addition to these examples, we looked at 23 other
combinations of solid, lubricant oil, liquid, and surface treatment, and found that all of them could
be classified into these three lubrication categories.

We rationalize the lubrication states for different material combinations (solid, lubricant, and
liquid droplet) and surface treatments to originate from a combination of 1) interfacial tensions
effect and 2) short-ranged van der Waals’ interaction (Fig. 5.3d). The former is represented by the
spreading constant S = 7, — (y,, +7,.), where 7., 7,,, and 7, are the liquid-solid, liquid-lubricant
oil, and lubricant oil-solid interfacial tensions; the latter by the Hamaker constant A. For § < 0, S
can be determined by measuring the contact angle of the droplet §; < 180° while submerged inside
the lubricant oil, and using the relation S = —7, (cos 6, + 1) [6, 67]. When 6, = 180°, S > 0.
Earlier work has pointed out that for a lubricant film to be stable, S > 0 [24, 26]. This, however,
is not a sufficient condition, since S > 0 is the stability condition for a micron-thick film in the

absence of other external destabilizing forces. A lubricant film beneath a droplet of radius R, on the
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other hand, is being continuously squeezed out with pressure P ~ y/R, and can only be stabilized
if the disjoining pressure due to van der Waals’ interaction in the lubricant film I1(h) = A/(6xh?)
is positive, i.e. if A > 0 [6, 73]. The coeflicient A can be estimated by using non-retarded Hamaker

constant in Lifshitz theory:

3 £, — & & — &
A= -KgT +
4 &g+e &+ & 1)
3nhy, (n2 —np)(n2 — n?) (s.

0

W2 S+ )+ ) )+ ( + )]

where v, &~ 4 x 1057 is the plasma frequency of free electron gas, while ¢ /o/s and ny/,/; are the
dielectric constants and refractive indices of the liquid droplet, oil lubricant, and solid substrate,
respectively [74].

Hence, for a stable, continuous lubricant layer, i.e. lubrication state L1, two criteria must be met:
S > 0and A > 0. In all of our schematics, the droplet is ‘cloaked’ by a lubricant layer, in which
case y = 7, + 7, where y_ is the surface tension of oil; for a water droplet, this is usually the
case, because water has a high surface tension y, > 7, + 7,. Itis possible, however, for the droplet
not to be ‘cloaked’ when using a high-surface-energy lubricant, in which case y = 7, [25, 26]. In
any case, for typical material combinations, ¥ ~ 50 mN/m—whether or not there is cloaking—
and |A| ~ 107?! J; therefore at equilibrium, when IT = P, the equilibrium thickness A4, ~
(RA/y)"/? is about tens of nm, in agreement with our experimental observations (Fig. 5.2c). If the
two criteria are not met, the lubricant film will dewet either partially (L2) or, in the extreme case
when S < —30 mN/m, completely (L3), as summarized in the phase diagram of Fig. 5.3d. Note
that the second term in equation (5.1) typically dominates since /iv, > KT at room temperature,

and A > 0 when the optical properties of the lubricant oil, in particular its refractive index, are
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Figure 5.4: Lubrication states for lubricant-infused surfaces bearing a hexagonal array of micro-
posts with diameter D = 26 ym, pitch p = 50 ym, and height h, = 30 ym. The liquid droplet is
water, while the solid substrate is made from UV-cured polymer (NOA 61, Norland), lubricated
with perfluorinated oil. Different wetting states are achieved by different surface treatment:
SL1, 200 nm fluorinated polymer coating; SL2, vapor-phase silanization with perfluorosilane;
SL3, no surface treatment. Scale bar is 25 ym.

intermediate of those of the liquid droplet and the solid substrate, i.e. n, > n, > n; (equation
(5.1)) [6, 74]. This is the case for stable silicone oil, n, = 1.41, sandwiched between a water
droplet, n; = 1.33, and PMP substrate, n, = 1.46 (Fig. 5.3a), but not when the water droplet is
replaced with a 60 wt% sucrose solution, n; = 1.44 (Fig. 5.3 b). Hence, the silicone oil dewets into
pockets under the sucrose droplet, even though S > 0. Note that we have confined our discussion
to the stability of the intercalated lubricant film beneath the droplet. Other possible wetting states,
in particular those involving droplet ‘cloaking’ by a lubricant film, have been discussed previously
in the literature [25, 26].

Many lubricated surfaces reported in literature have nano/microstructures on them to hold the
lubricant oil in place for durability [23, 24, 26, 64, 65]. For a solid substrate with a hexagonal array
of microposts, we observed three lubrication states SL1-3 for different solid-lubricant-droplet com-

binations (Fig. 5.4): there can be a stable, intercalated lubricant film (SL1), micron-sized lubricant
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pockets on top of posts (SL2), or complete displacement of lubricant under static conditions.
While we have discussed the lubrication states under static conditions, we also observed very
different lubricant dynamics under motion; for example, for droplets in L1 and L2—where, under
static conditions, there is a stable nanometric and partially dewetted film, respectively—micron-
thick lubricant film was instead observed for moving droplets, i.e. the droplet is oleoplaning when
mobilized. The thickness of this film increases with increasing velocity and follows the Landau-
Levich-Derjaguin (LLD) law; this is analogous to liquid films entrained during the dip-coating
process and the bubble-rise in a capillary tube [6, 75-78]. At the rim around the droplet base of
size |, there is a capillary pressure-driven flow (see the schematics in Fig. 5.5a). The film thickness
hgim can thus be predicted by balancing VP and V?U in this region, i.e. 7, /Rl ~ nU/hf,, and
matching the curvature in this transition region 0*h/0x* ~ hgyy, /I* with that of the main droplet

1/R, i.e. hgy/I* ~ 1/R. This gives:

[~ RCa1/3,
(5.2)
hgim = hip ~ RCa*?,

where Ca = nU/y, is the capillary number. For a typical Ca = 107% h < | < R, and hence
justifies the use of lubrication approximation in this analysis.

Experimentally, we found that the LLD law was well-obeyed for a droplet of volumes V' = 5-10
ul moving at speeds U = 0.05-0.6 mm/s on fluorinated, flat substrate infused with perfluorinated
oil with = 30-60 cP (filled circles, Fig. 5.5a). We measured hgy,, using white-light interferometry:
a white-light was shone from beneath a moving droplet and its reflected signal was captured by an
optical fiber into a spectrometer. Depending on the wavelength of the light, there can either be

constructive or destructive interferences, resulting in a characteristic oscillations of the reflected
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intensity I with A (See schematic in Fig. 5.5a and Appendix AS). From these oscillations, the thick-
ness of gy, along the mid-section of the droplet— where it is flattest—can be determined with an
accuracy of Ahg, < 0.2 ym. Fig. 5.5b shows an interferogram of a 1 yl water droplet oleoplaning
at U = 0.4 mm/s over a lubricant film (perfluorinated oil, = 30 cP) of thickness g = hpip.
For the same substrate decorated with microposts of height h,, g, = hyp aslongas hyip > h,
(Fig. 5.5c and open circles, Fig. 5.5a). However, if h, > hiip, haim is then set by hy, i.e. hg, = hy,
with only a sub-micron intercalated lubricant film between the droplet and the top of the posts
(Fig. 5.5d and open squares in Fig. 5.5a). Note that our simplified LLD analysis ignores the three-
dimensional nature of fluid flow at the droplet base; in particular, the asymmetry of the droplet
base observed in Figs 5.5b, cis important in generating an asymmetric pressure field and a lift force
that balances the capillary force and gravitational force pulling the droplet down.

To characterize the differences in droplet mobility between the two oleoplaning states, i.e. when
hgim = hiip and hgy, = hy, we built a customized cantilever force sensor and measured the dis-
sipative force F, acting on a moving droplet with a sensitivity of about 0.1 yN (Fig. 5.6a). Similar
set-ups have been reported elsewhere [79-81]. Briefly, the droplet was attached by its own cap-
illarity to an acrylic tube with inner and outer radii of 0.29 and 0.36 mm, respectively, while the
substrate was moved at a controlled speed U in the range of 0.01-1 mm/s (See Appendix A2 for
details of the set-up). F; can then be inferred from the deflection of the capillary tube Ax, since
F; = kAx, where k= 6-30 mN/m for tube lengths L = 6-10 cm.

We observed that F, increases monotonically with U for oleoplaning droplets, with F; oc U*/3
and o< U for hgm, = hyip and hg, = hy, respectively (Fig. 5.6b). Note that for lubrication states

L1 and SL1, we observed no pinning of the droplet even at lowest experimentally realizable velocity
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Figure 5.5: Micron-thick lubricant film stabilized under motion. a, The film thickness in the
middle region of water droplets (V = 5-10 ul) moving at controlled speeds U = 0.05-0.6 mm/s
is measured using white light interferometry. The thickness predicted by the Landau-Levich-
Derjaguin law, hi p ~ RCa?/3, is shown by the full-line, where R is the droplet radius and
Ca = ynU/y,, is the capillary number. For most data points, there are 3 repeats with a standard
deviation of 0.2 ym. b, For a flat substrate, a 1 ul water droplet moving at U = 0.4 mm/s,
oleoplanes over a lubricant film, whose thickness is determined by Landau-Levich-Derjaguin law
htiim = hip. ¢, The same law applies for a microposts surface with post height h, = 2 ym
< hip- d, In contrast, when h, = 10 ym, hgim = h, with only a sub-micron, intercalated
lubricant film between the droplet and the top of the posts. For b-d, the interferograms are
taken at 2, = 633 nm and the scale bar is 0.1 mm.
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Figure 5.6: Dissipative force F; acting on oleoplaning droplets. a, Schematic of the cantilever
force sensor used to measure F;. b, Plot shows F; acting on 1 ul water droplets moving on flat,
lubricated substrates (lubrication states L1 and L2), as well as on lubricated, micropost surfaces
(hy = 30 ym). The lubricant is perfluorinated oil with n = 30 cP. ¢, When h¢jm = hiip, Fq
follows equation (5.3) for water droplets of volumes V = 1-5 yl oleoplaning over silicone oil and
fluorinated oil of different viscosities 7 = 5-60 cP. d, In contrast, when h¢jm = h,, F; follows
equation (5.4). For b—d, each data point is repeated at least 3 times, with a standard deviation
AF; < 0.3 uN, unless otherwise indicated by the error bars.
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Figure 5.7: For lubrication state L1, the intercalated lubricant film is always stable. In
contrast, for L2, the lubricant film is unstable below a critical velocity Ueit &~ 100 ym/s; above
Ucrit, micron-thick lubricant film can be stabilized, with a thickness that follows the Landau-
Levich-Derjaguin law, i.e. hfm = hup. Scale bar is 0.1 mm.

of 10 ym/s, and F; — 0as U — 0. We attribute this behavior to the stable lubricant layer that
prevents pinning and gives rise to velocity-dependent, viscous dissipative force. For lubrication
state L2, the droplet is also oleoplaning when U > 0.2 mm/s, and F,;(U) is indistinguishable
between L1 and L2 for the same droplet (1 ul water droplet) and lubricant (perfluorinated oil,
n = 30 cP). This also explains why droplets in L2 remain mobile and have low 0y, However, at
lower velocity, the lubricant film dewets and the droplet becomes pinned, with F; = 9 = 1 yN as
U — 0 (See Fig. 5.7 for interferograms showing the wetting-dewetting transition).

The functional form of the dissipative force F, for oleoplaning droplets can be derived as follows.
First we note that the lubricant is more viscous than the droplet in our experiments, and thus the
droplet rolls while oleoplaning. This can be confirmed by seeding the droplet with tracer particles.

Beneath the droplet (region 1, Fig. 5.6a), there is therefore plug flow of the lubricant (in the refer-
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ence frame of the stationary droplet), i.e. V.U = 0, and hence minimal viscous dissipation. Most
of the viscous dissipation occurs instead at the small transition region 2 of size / at the rim of region
1, where there is a capillary pressure-driven flow, as discussed previously. F; can then be estimated
by integrating the viscous stress 7U/h over the area 2wal ~ 27RI. For a Landau-Levich film, where

hgim = hizp ~ RCa?3 and | ~ RCa'/3, this gives:

F,; ~ (qU/h)2mal ~ 2z, RCa*. (83)

This scaling of F; was confirmed experimentally, with a prefactor of 2.6, for V' = 1-5 ul water
droplets moving at U = 0.01-5S mm/s on PMP substrate lubricated with silicone oil of = 5-20
cP, as well as on glass coated with a fluorinated polymer layer and lubricated with perfluorinated oil
of 7 = 30-60 cP. (Fig. 5.6c). Note that the presence of micropillars (Diameter D = 18 ym, pitch p
=50 ym) of h, =2 ym < hyrp does not change the scaling of Fy, though AF, is larger and is likely
due to defects/roughness on the microposts.

For micropost surfaces with taller 4, > hyip, hgim = hy. Assuming further that £, /P ~ 1/R,

F,; is now given instead by:

Fq~ (nU/hy)2nal ~ ZWVIORCQ(R/hp)I/Z- (54)

This scaling was confirmed experimentally, with a prefactor of 3.5, for V = 0.5-3 ul water droplets
moving at U = 0.01-1 mm/s on surfaces with hp = 30 ym and different perfluorinated oils with
different viscosities 77 = 25-60 cP (Fig. 5.6d).

Despite the approximation of the 3D lubricant flow as a 2D Hele-Shaw flow, we have neverthe-

less captured the main physics of viscous dissipation in oleoplaning droplets; this simplification
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Figure 5.8: Dissipative force acting on 2 ul droplets on a PMP substrate lubricated with
different initial thicknesses of 10 cP silicone oil. Scale bar is 0.5 mm.

also probably accounts for the prefactors of 2.6 and 3.5 in equations (5.3) and (5.4), respectively.
We also note that the predicted scaling of F, is independent of the initial lubricant film thickness
hinit 7 hgim or the size of the wetting ridge (region 3, Fig. 5.6a), which we also confirmed experi-
mentally (Fig. 5.8).

For oleoplaning droplets on lubricated surfaces, there is no three-phase (liquid/solid/air) con-
tactline and hence the conventional concepts in contactline pinning, such as the Joanny-de Gennes
model or Molecular Kinetic Theory, no longer apply [13, 14, 27]. Comparing equations (5.3) and
(5.4) with Furmidge’s relation F; = wyaA cos 0, we can define an expression for the contact an-
gle hysteresis (force per unit length): Acosf ~ Ca*? or Ca(R/ hp)l/ * depending on whether
heim = hip or hgm = hy, [6, 7]. As summarized in Table 5.1, for typical Ca = 107°-107*
and R/h, = 100, A cos ¢ ~ 10—, which is significantly lower than most lotus-effect surfaces.
For example, a lotus-effect surface with advancing and receding angles of 6, , = 175° and 165°, has

A cos 0 = cos 0. — cos 0,4, =0.03.
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Finally, we would like to add that the discussions above are valid only when droplets oleoplane
over a continuous lubricant layer. So far, we have discussed the cases where there is no contact
between the droplet and the microposts, in which case F; is dominated by viscous dissipation
(Fig. 5.9a-1). It is possible, however, for there to be solid-liquid contact, clearly visible in Fig. 5.9a-
2. In such a case, the microposts act as pinning defects, and F; is dominated by contact line pin-
ning for all experimentally tested velocities up to U= 1 mm/s (Fig. 5.9b). Energy is dissipated due
to distortion of the contact line as the droplet retracts from one post to the next, and Fj is inde-
pendent of U. We can estimate F; by assuming that the force due to each post ~ yD, and hence
F4 ~ (2a/p)yD = 8 uN. This is in reasonable agreement with experimentally observed F; = 15+ 5
uN and 1.8 &= 0.5 uN for microposts with h, = 2 and 30 yum. We attribute the difference to the
exact details of contact line distortion and number of posts to which the droplet was pinned. This
is reminiscent of the contact line pinning observed in lotus-effect surfaces (cf. Fig. 3.4).

In summary, we have observed and explained the main static and dynamic wetting states on lu-
bricated surfaces. We provide unequivocal evidence that a stable nanometric lubricant film can ex-
ist between a solid surface and a stationaryliquid droplet when the film is stabilized by short-ranged
van der Waals’ interaction. Furthermore, we also demonstrated how a micron-thick lubricant film
appears and can be stabilized under motion, even when it dewets partially under static conditions.
We rationalized how the lubricant film thickness is set by either Landau-Levich-Derjaguin law or

the height of the microstructures, leading to different scaling laws for the dissipative force F;, which

Table 5.1: Acos6 ~ F;/27yR in oleoplaning droplets

Film thickness A cos 6 |A cos 6]
hLLD ~ Ca2 3 0.5-2 % 10_3
h, ~ Ca(R/h,)"/* 0.1-1x1073

53



With pinning F4 with pinning

No pinning

20 L 1 ¢I 1 1 B
15 - ¢ —
10+ hy=2um ° |
4 4 B
w2 | 4’ + + t b r
[11]

14 hp = 30 um -

O 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

U (mm/s)

Figure 5.9: a, Interferograms of 1 ul water droplets moving at U = 0.4 mm/s on microposts
surfaces (diameter D = 16 uym, pitch p = 50 ym and height h, = 2 ym), with and without
pinning. The lubricant is perfluorinated oil with viscosity, 7 = 30 cP. Scale bars are 100 ym
and 30 ym for the main figures and insets respectively. b, Force acting on a 1 ul water droplets
moving on microposts surfaces (diameter D = 16 ym, pitch p = 50 ym) with different post
heights, h, = 2 and 30 ym. In both cases, there is contact between droplet and the top of the
microposts.
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we then verified experimentally. Finally, our results have wide implications beyond motion of
droplets on lubricated surfaces: stabilization of the lubricant thin film is crucial, for example, to
prevent adhesion of ice, biomolecules, and living micro-organisms on lubricated surfaces, a point

which I will return to in Chapter 7.

MATERIAL AND SAMPLE PREPARATION. The plastic substrates (PMMA: polymethylmethacry-
late, PMP: polymethylpentene, PI: polyimide, PP: polypropene) were used as received without
further modification. Organic contaminants on glass were removed using a piranha etch, by sub-
merging it in a mixture of H,SO, : H,0, (3:1) at 120°C for 30 min, rendering the glass hy-
drophilic. It can then be made hydrophobic by vapor-phase silanization with dodecyltrichlorosi-
lane (Gelest) or tridecafluorotrichlorosilane (Gelest) for 2 h. Alternatively, the hydrophobicity of
glass can be tuned by flowing C,Fg under vacuum and RF plasma for different times (1-8s) [53].
The resulting fluorinated polymer coating is 5-10 nm thick (measured using ellipsometry). A much
thicker polymer layer up to ~ 200 nm can be deposited this way by increasing flow time to 15 min.
The microposts surfaces were made from silicon masters through the replica molding method, us-
ing UV-cured NOA 61 polymer [47]. The microposts were then be made hydrophobic by either
vapor-phase silanization or RF plasma sputtering as described previously. The thickness of the lu-
bricant film was controlled by spin-coating and was kept at ~ 3 ym thickness for a flat substrate. For
microposts surfaces, the lubricant covers the posts completely with a lubricant overlayer of ~ 1 ym,
measured using white-light interferometry. The dissipative force acting on the droplet is however

quite insensitive to exact lubricant film thickness.
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An army without flexibility never wins a battle.

A tree that is unbending is easily broken.

The hard and strong will fall.

The soft and weak will overcome.

Lao Tzu

Soft gels: bouncing jet

In all the examples discussed previously, the solid substrate typically has a Young’s modulus E ~
GPa, which is much larger than the pressure exerted by an impinging jet or a millimetric-sized
droplet moving with a characteristicspeed U = 1 m/s: pU* ~kPaand pR*U/R*t = U,/py/R ~
0.1 kPa, respectively. The solid substrate can therefore be thought of as a rigid, unyielding surface.

Gels, on the other hand, have E = 0.1-10 kPa and can therefore deform in response to the exerted
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pressure, resulting in interesting wetting phenomena.

Water

a

b Water Soap water

- ——T
@ =
SH ;
Surface .

Figure 6.1: (a) A water jet can bounce off a hydrophilic gelatin gel that is 98.5 wt% water. The
inset shows the resulting contact angle of 16° for a 10 yuL water droplet. (b) A soft PDMS gel (E
= 1.2 kPa) can repel both water and soap water, while a superhydrophobic (SH) surface loses
its liquid repellence for soap water. The corresponding contact angles of 10 uL water/soap-water
droplets shown in the insets are (left to right, top to bottom): 90°, 30°, 150°, and 60°.

The behavior of soft material in contact with a liquid droplet has been widely studied [82-85];
in particular, the coupling of interfacial tension effects and the mechanical deformation of the solid
can cause dramatic departures from the classical theories of wetting (Young-Dupré) and adhesion
(Johnson-Kendall-Roberts) [86]. The interactions of a liquid jet with a soft material, on the other

hand, has not been studied. Here, I will describe how aliquid jet can stably bounce off a sufficiently

S7



soft gel by following the contour of the dimple created due to pressure upon impact. I will also
demonstrate how this behavior is qualitatively different from other jet rebound phenomena, such
jet bouncing off a superhydrophobic surface and jet bouncing off another liquid bath [87-89].

We observed a stable jet rebound for various liquids over a wide range of surface tensions y = 24—
72 mN/m, and intriguingly even when the gel contains the same liquid as the impinging jet, such
as the case of a water jet (diameter D ~ 1.0 mm, velocity U ~ 1 m/s) bouncing off a gelatin gel that
is 98.5 wt% water (Fig. 6.1(a)). The inset of Fig. 6.1(a) shows a 10 uL water droplet sitting on the
gel with a contact angle of 16°, i.e. the gel is hydrophilic. The same rebound phenomenon was ob-
served for other hydrogels, such as polyacrylamide, and also for hydrophobic polydimethylsiloxane
gels (PDMS, 78-82 wt% silicone oil, contact angle of water = 90 & 5°). Unlike superhydrophobic
(SH) surface that loses its repellence for low y liquid, the PDMS gel was able to repel liquid jet with
y as low as 24 mN/m. Fig. 6.1(b) illustrates this: soap-water jet (D = 0.3 mm, U ~ 2m/s, y = 30
mN/m) could bounce off the PDMS gel (78 wt% silicone oil), but not the SH surface. The water
jet, in comparison, was repelled by both surfaces. The insets show 10 pL droplets of either water or
soap-water sitting on the corresponding surfaces. The SH surface was a hexagonal array of micro-
pores monolayer of size ~ 1 um, with static contact angle for water 6 = 150° and contact angle
hysteresis AG = 10°. Detailed methods to fabricate the SH surface and PDMS gel are described
elsewhere [90, 91].

To avoid the complications of a hydrogel expanding/contracting due to absorption/evaporation
of water, we chose to concentrate on jet rebound behavior on PDMS gels. Silicone oil is immiscible
with water/ethanol and has a low vapour pressure ~ S mm Hg. The Young’s modulus E of a PDMS
gel can also be varied easily by using different wt% of silicone oil. In our experiment, we used 78, 80,

and 82 wt% silicone oil gel to obtain E = 0.640.1, 1.540.3, 511 kPa, respectively. The ratio (mass)
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of Sylgard 184 PDMS base and curing agent was kept at 1:1. For data presented below, the value
of E for each gel sample was measured individually using a rheometer. The PDMS gels used here
behave mostly as elastic solids; the viscous component can be safely ignored, since G” /G’ ~ 0.05,
where G” and G’ are the loss and elastic moduli.

When a jet impacts a PDMS gel obliquely at an angle 6; and speed U, a dimple of depth h and
width w is formed on the gel (inset I, Fig. 6.2). The jet can then follow the contour of the dim-
ple and bounce off at an angle 6,, while retaining its cylindrical shape. After travelling a certain
distance, the liquid jet then breaks up into droplets of size ~ D, as well as satellite droplets of
size < D, due to Plateau-Rayleigh instability (inset II, Fig. 6.2). A similar mechanism—dimple
formation, followed by rebound—has been observed in the case of a liquid jet (Newtonian and
non-Newtonian) bouncing off a bath of the same liquid, but such rebound is only possible for low
surface tension liquids, where there is a stable air layer separating the liquid jet and bath [89, 92—
94]. The existence of this air layer is crucial for liquid-liquid rebound; without it, the liquid jet (e.g.
water) simply merges with the liquid bath [89, 95, 96].

In comparison, jet rebound off a soft gel does not require an air layer; experimentally, no air
layer was detected. For low 7 liquids, such as ethanol solution (70 wt%, y = 24 mN/m), a three-
phase contact line was always observed where the jet exited the dimple, ruling out existance of a
continuous air layer (Inset 11, Fig. 6.2). For water jet, this three-phase contact line was not readily
observable. However, we were able to confirm the absence of the air layer by shining laser light
into the the water jet (Details of the set-up can be found in Appendix A6). If there were an air
layer—as is the case for a liquid jet (e.g. silicone oil) bouncing off a liquid bath (Fig. 6.3(a))—the
liquid jet would act as an optical fiber and the laser light would remain inside the jet, following

its contour, due to total internal reflection. For water jet bouncing oft a PDMS gel, however, the
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Figure 6.2: The pressure of impacting jet creates a dimple of depth h and width w on the
PDMS gel (Inset 1), facilitating jet rebound. Inset Il shows the eventual break-up of jet into
droplets (Plateau-Rayleigh instability). Inset Il shows the presence of three-phase line at the
exit point for 70 wt% EtOH, ruling out the existence of an air layer separating jet and gel.

laser light passed through undeflected into the PDMS gel (Fig. 6.3(b)). This suggests that either
there is no air layer or that the air layer is sufficiently thin, i.e. < A ~ 500 nm, such that there is
evanescent wave coupling between the liquid jet and the gel. The latter seems implausible since at
such a thickness, the air layer can easily be destabilized by van der Waals’ interactions. Note that
a small amount of alumina particles and milk (0.05 wt% and 0.01 wt%, respectively) was added
to silicone oil and water jets to act as light scatterers so that the laser path inside the jet could be
visualized, with insignificant change to the surface tension (measured Ay < 0.2 mN/m).
Intuitively, we should expect the rebound behavior of jet to depend on the size and geometry
of the dimple. For example, just to accommodate the jet, there should be a threshold dimple size

Himins Wmin ~ D for jetting to occur. For small dimple, (w/2)/h ~ tan 6, ie. w ~ 2htan ;. This
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@ Silicone Jet bouncing off B Water Jet bouncing off

silicone bath PDMS gel

Figure 6.3: (a) Laser light (red) followed the contour of the silicone oil jet as it bounced off
a silicone oil bath, because of a stable air layer that separated the two. (b) In contrast, there
was no air layer separating water jet bouncing off a PDMS gel. Hence, the laser light passed

through undeflected into the PDMS gel.
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Figure 6.4: (a) Dimple width w plotted against 2htan 6;, where h is the dimple depth and 6; is
the incident angle for liquid jets (diameter D = 0.29-1.1 mm) impacting PDMS gels (young's
moduli E = 0.6-1.5 kPa) at flow rates Q = 5-250 ml/min. The liquid used was water, except for
the data-points labeled with green diamonds, which were obtained for 30 wt% ethanol (surface
tension, y = 35 mN/m). (b) h increases with increasing flow rate Q, albeit at different rates
depending on exact experimental conditions. (c) The results in (b) can be collapsed into one
curve, when h/D is plotted against pU? /E, where p is the density of the liquid and U, is the
perpendicular component of the jet speed, i.e. Ucos6;. (d) The rebound angle 6, for a fixed
0; is a function of the ratio h/D. The transition from a bouncing jet (inset |) to a trailing jet

(inset 1) occurred at around h/D = 1.4.
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is well-obeyed when w < 2 mm for a wide range of experimental conditons (Fig. 6.4(a)). Since
this indentation is an elastic response to the pressure of water impact ~ pU?, we expect h/D to
depend on pU? /E,ie. h/D ~ (pU% /E)", where p is the density of the liquid, U; = Ucos 6 is
the perpendicular component of the jet speed, and v is an unknown scaling exponent. Note that
according to the Buckingham-Pi theorem, there can only be two dimensionless groups, which we
have chosen here to be 4/D and pU? /E.

The raw data (Fig. 6.4(b) ) shows that hislinearly proportional to flow rate Q, which suggests that
the correct scaling should be h/D ~ (pU? /E)"/?,ie. v = 1/2. This was verified experimentally
for liquid jets (water and 30 wt% ethanol solution, y = 72 and 35 mN/m, respectively) with D =
0.29-1.1 mm impinging on PDMS gels of E = 0.6-5 kPa for §; = 30-50° and flow rates Q = 5-250
ml/min (Figs. 6.4(b), (c)). The best-fit line on Fig. 6.4(c) is the relation h /D = 1.25(pU? /E) /2,
Gels of different E are differentiated by different marker colors (See legend in Fig. 6.4(a)). hpin/D
was found to be 1.4, below which jet rebound becomes unstable (dashed black line, Figs. 6.4(c),
(d)).

There is some departure from the general trend /D = 1.25(pU? /E)"/? for h > 2.0 mm (see
purple and green unfilled circles in Figs. 6.4(b), (c)), because h starts to approach the thickness
of the PDMS gel, which was kept at 7.5 mm for all the experiments. For a given incident 0;, the
rebound angle 6, is simply a function of h/D (Fig. 6.4(d)), and below h/D = 1.4 (dashed vertical
line), 6, approaches 90° precipitiously, i.e. jet transitions from bouncing (inset I) to trailing (in-
set IT). Upon landing on the gel, the trailing jet initially moves in a straight line before starting to
meander [97].

Looking at the data for 30 wt% ethanol solution (green diamonds), we see that y does not affect

dimple size/shape and rebound direction. This is because h and w ~ mm; the effect of ¥ becomes
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important only when the dimple size approaches the elasto-capillary length, |S|/E, where |S| is the
spreading parameter [6, 83]. Typically, |S| ~ 10 mN/m, and for E ~ 1 kPa, this length ~ 10 ym
[98]. We would also like to emphasize that the behavior described here is reversible. The gel will
revert to its original shape when there is no liquid-jet impact, and a liquid jet impacting the same
spot as a previous jet behaves in a similar way.

We would also like to point out that many strategies used in designing liquid-repellent surfaces,
such as adding roughness and infusing surface with lubricant [23, 24], can be applied to soft sub-
strates to create surfaces that can repel liquid droplets and jets. To illustrate this, we swella PDMS
gel by placing it in a petri-dish of silicone oil. After two days, the gel has absorbed some of the sil-
icone oil, causing its weight to increase by 22%. There is also now a silicone oil layer on top of the
gel, resulting in a decrease in apparent contact angle hysteresis A8 from 30° to 5°. The tilting angle
for 30 uL droplets (Fig. 6.5) has also decreased from 20° to 4°. The detailed mechanism for this
droplet repellence has been described elsewhere [23, 24, 26] and in Chapter S. Such surfaces have
been used for numerous applications, including anti-icing and anti-fouling surface [64, 65, 99].

In conclusion, we have shown that aliquid jet with a wide range of y =24-72 mN/m can bounce

Swollen gel

Figure 6.5: 30uL droplets on unswollen, dry (left) and swollen (right) PDMS gels at tilting
angles of 20° and 4°, respectively, just before they start to slide down. The contact angles
hysteresis A6 is determined from the droplet images to be 30° and 5°, respectively.
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off a soft gel, by following the contour of the dimple formed upon impact. The size and geometry of
the dimple determine 1) whether jetting is possible and 2) the direction of jetting. We have further
shown that this jet rebound phenomenon is possible even when there is direct liquid-gel contact,
which is unlike other jet rebound phenomena that require a stable air layer separating the jet and
the substrate. In this work, we have demonstrated how liquid-solid interactions can be controlled
by changing the Young’s modulus; this can have wide-ranging implications for the development of

liquid-repellent surfaces and the science of wetting.
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Outlook and conclusions

LIQUID-REPELLENCY: FLAT, STRUCTURED OR LUBRICATED? As discussed extensively in Chapters
2-§, the physical origins of dissipation in droplet motion for the three classes of surfaces are very
different, ranging from thermally-activated microscopic jumps for flat surfaces to bulk viscous dis-

sipation in lubricated surfaces. It should not be surprising, therefore, that the behavior of droplets
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should be qualitatively very different, depending on the nature of the surfaces. Yet, the great major-
ity of workers in the field of wetting characterize these disparate surfaces by the the contact angles
(Oapp, A, and Byy) of some probe liquid, e.g. water—an approach which does not capture the

dynamic behavior of droplet motion adequately.
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Figure 7.1: Characteristic force curves obtained using a cantilever force sensor (k = 12 mN/m)
for the different surfaces. To maintain a speed U = 0.2 mm/s for a 1L droplet, the motor was
started at t = 0 s and stopped at t = 50 s.

In the literature, the tilt angle 0y is typically reported when the liquid droplet starts to move.
For flat and lotus-effect surfaces, 0y is well-defined, since F; > 0as U — 0; this is not so for a
droplet on alubricated surface, which will start moving even at the slightest 6, > 0, since F; — 0
as U — 0. These qualitative differences in droplet motion are reflected in the force curves F;(t)
obtained using the cantilever force sensor (Fig. 7.1). When the motor was stopped att = 50's, the
cantilever returns to its original position (Ax = 0) and F;, — O for a lubricated surface (wetting
state L1); in contrast, for a flat and lotus-effect surfaces, F;, — Fp, > 0, albeit with very different

decay times. Table 7.1 summarizes the different characteristics of the force curves. In Chapters 2—
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S, we further derived analytic expressions for F; for the different surfaces as summarized in Table

7.2. Note that the force per length of droplet base F,;/way is equivalent to A cos 6.

Table 7.1: Force curve characteristics for different surfaces

Surface Fpeak Fpin Dependence on U
flat non-distinct finite and can be < F; non-linear
Lotus-effect distinct finite and < Fy no dependence
Lubricated non-distinct 0 non-linear

Table 7.2: Nature of dissipation

Surface Physical origin Acos ~ Fy/may Comments
flat microscopic jumps A cos 0,+ F;/may — Acos0,,
4kpT /7€ arcsinh(U/2K§) as U—0

Lotus-eftect contact-line pinning ~ gl/2 no dependence on U

Lubricated  viscous dissipation ~ ~ Ca*?® or Ca(R/ hp)l/ 2 F;,—-0U—0

Asaresult, a droplet behaves very differently when the different surfaces are tilted. A 10 yl water
droplet was pinned on a flat and lotus-effect surfaces when 0Oy, is below a critical angle 8 ~ 5°;
above 0., the water droplet moved at constant velocity Uconst = 8 mm/s on the flat surface, whereas
it accelerated at a = 0.4 m/s” on the lotus-effect surface (Fig. 7.2a, b). In contrast, for lubricated
surfaces, the droplet was never pinned and moved with increasing U with increasing 0y (Fig. 7.2c).

With the experimental results and analysis outlined in the Chapters 2—5, we hope we have gone
some way in clarifying the physics behind the various classes of liquid-repellent surfaces. Further-
more, in Chapter 6, we demonstrated how liquid-solid interactions can be controlled by changing
the Young’s modulus of material. All these ideas can have wide-ranging implications for the devel-

opment of liquid-repellent surfaces and the science of wetting.
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Figure 7.2: Droplet motion on tilted surfaces with 0y = 5° and 15° for the different surfaces.
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Figure 7.3: a, b Confocal fluorescence image of a gel matrix embedded with micro-droplets of
lubricant oil. ¢, When the lubricant overlay is stripped away, the gel matrix is able to reconfigure
itself to release the lubricant inside the micro-droplets, and restore the thickness of the overlay.
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CoMmPLEX FLUID. In all the examples discussed so far, the probe liquid and the lubricant oil
used are simple Newtonian fluids. Yet, in real-life applications, we often encounter complex non-
Newtonian liquids. In previous publications, we have demonstarted how lubricated surfaces can
be used to repel complex fluids, such as crude oil, blood, and mucus [99, 100]; the ideas described
in this thesis are highly relevant to studying such examples, but require modifications, such as using
the right boundary conditions at the various interfaces. Many interesting phenomena can also arise
when using a complex fluid as part of a solid-lubricant system. For example, in a previous publi-
cation, we showed how we can encapsulate lubricant oil as micro-droplets inside a supramolecular
gel matrix (Fig. 7.3a, b) [101]. The gel was chosen such that the gel matrix could reconfigure itself
through bond disassembly and assembly, and this allows the encapsulated micro-droplets to act as
areservoir; when the lubricant overlay is stripped away, the gel is able to secrete lubricant onto the

bare surface controllably and restore the original thickness of the overlay (Fig. 7.3¢).

BEYOND LIQUID-REPELLENCY. So far, I have confined my discussion to liquid-repellency, when
in fact many of the ideas and techniques outlined are relevant to various other problems, ranging
fromice-repellency to self-assembly of colloids into a photonic crystal. Here, I shall briefly mention
some of the interesting phenomena we have observed on lubricated surfaces. Fig. 7.4 shows how
a stable lubricant film can exist between ice and the underlying substrate. It is likely that a similar
oleoplaning phenomenon (Chapter S) will occur for a moving ice droplet, but with a modified
scaling law because of the no-slip boundary condition. We also found that mammalian cells exhibit
different behavior and morphology on lubricated surfaces, because of a presence of the intercalated
lubricant film (Fig. 7.5). Finally, because of the absence of contact line pinning, a photonic crystal

was formed when a water droplet containing 1 wt% (initial) of colloidal polystyrene nanoparticles
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had evaporated (Fig. 7.6).
ScIRE QuUoOD ScIENDUM. Wetting phenomena have always been a rich and fertile ground for

the great(est) minds in science; with the introduction of the new classes of surfaces, such as those

described in this thesis, I expect they will remain so for a long time to come.
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Figure 7.4: Stable lubricant film sandwiched between ice and the solid substrate, visualized
using RICM.
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Figure 7.5: Different cell morphologies on a non-lubricated and lubricated surfaces. Scale bars
are 20 ym.
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t =20 min t =30 min

Figure 7.6: Colloidal self-assembly of photonic crystal on lubricated surfaces. a, No pinning
of an evaporating water droplet containing 1 wt% (initial) colloidal polystyrene nanoparticles,
because of a stable lubricant layer. Snapshots towards the end of the evaporation process. Scale
bar is 150 ym. b, After all the water has evaporated, a photonic crystal of the nanobeads was
left behind. Scale bar is 100 ym.
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Appendix

Al ACCURATE CONTACT ANGLE MEASUREMENT

For accurate contact angle measurements, uniform lighting and high-quality optical components
are crucial to ensure that the geometry of the dispensed droplet is correctly captured by the camera.
This is particularly true for high contact angles of > 160°, where a small error in determining the

position of the droplet base results in a large error in contact angle measurements [102]. In our
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case, we use a commercial contact angle instrument, Kruss DSA-100. The choice of model-fitting
is also crucial for reproducible measurements. For axi-symmetric droplets, we typically use the
Young-Laplace model to fit the droplet geometry, whereas for non axi-symmetric droplets, we use

a snake-based approach to determine contact points and contact angles accurately [103].

A2  CANTILEVER FORCE SENSOR
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Figure 8.1: Measuring F; using a cantilever-based force sensor. a, Experimental set-up of the
cantilever-based force sensor. Fj is linearly proportional to the deflection of the capillary tube
Ax: F; = kAx, where k is the effective spring constant. b, k can be determined experimentally
by placing droplets of different sizes and measuring the deflection due to the droplet weight W.

F, is directly measured using a cantilever force sensor. A brush-less DC motor rotates the sub-
strate with angular velocity w = 0.1-5.0 deg/s. The droplet is placed at at r = 1-2 cm away from
rotation axis, and attached to an acrylic capillary tube with inner and outer radii, r;, r, = 0.288,
0.360 mm, respectively, and Young’s modulus E = 0.25 GPa (Fig. 8.1a). The deflection of the
capillary tube Ax can be captured optically using a high-resolution camera and automatically de-
tected using auto-correlation algorithm with a resolution better than Axp;, = 10 ym [104]. Fyis

linearly proportional to Ax, i.e. F; = kAx.
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k can be determined by placing droplets of different sizes on the capillary tube and measuring
the defection, Az, due to the droplet weight, W. Fig. 8.1b shows the deflection for capillary tubes
of different length L. The experimentally determined k matches the values expected from Euler-
Bernoulli beam theory, i.e. k = 3EI/L*and I = 0.78(r* — r}). For L = 10 cm, k = 6 mN/m,
which allows us to measure F, as small as kAx;, = 0.1 yN. Since k is inversely proportional to L?,

a much more sensitive force sensor can be made by choosing a larger L.
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Figure 8.2: Sensitivity of the instrument. a, Images of the same cantilever (k = 6 mN/m)
taken at long-time exposure (100 s) with and without draft in the room. b, We can quantify
the noise in the measurement, AF,, with and without by looking at amplitude of the oscillations
in a, Axnoise, i.€. AF; = kAxpoise-

For small k < 10 mN/m, we found that the force measurement is very sensitive to the presence
of draft in the room, which can be minimized by covering the instrument with a big plastic sheet.
Fig. 8.2a shows the images of the same cantilever (k = 6 mN/m) taken at long-time exposure (100
s) with and without draft, in the absence of any external applied force. In the presence of draft,
the image looks blurry because the cantilever oscillates about its mean position, with amplitude

Axpoise &~ SO pm, corresponding to AF; < 0.5 uN (red dots in Fig. 8.2b). Once the draft is
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minimized, Axpoise & 10 ym is significantly smaller and AF; < 0.1 yN (blue dots in Fig. 8.2b).
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A3 DISSIPATION FORCE FOR LOW-HYSTERESIS DROPLET ON FLAT SURFACES
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Figure 8.3: F vs t for different liquid-repellent flat surfaces measured using the cantilever force
sensor described in appendix A2. The motor was started at t = Os and stopped at t = 50s.

A4  REFLECTION INTERFERENCE CONTRAST MiCcROscOPY (RICM)

Sub-micron lubricant film thickness can be determined unambiguously using dual-wavelength,
confocal Reflection Interference Contrast Microscopy (RICM) [69, 72]. The schematic of the
optical set-up can be found in Fig. 5.2a. Briefly, we raster scanned the surface simultaneously, with
two focused monochromatic light of wavelengths 4, , = 458 and 633 nm, using a galvanomet-
ric mirror (GM), and captured the reflected light through the pinhole of a confocal microscope.
The dwell-time on each pixel is about a few ms. The objective used has a magnification M=10x, a
numerical aperture NA=0.45 and a flat field about the center 95 % of the image. The size of the pin-

hole was kept at PH = 2.0d,;; ~ 100 ym, where d,;; = 3.6M% is the airy unit. We can estimate
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the size of the optical slice using the relation:

o )+ (0

n-v/2-PH (A8.1)
NA

Q

~ 30 ym

At this pinhole size, we were able to get sufficiently strong signal from the thin film, while excluding
any stray light.

In the presence of a thin film, the light rays reflected off the bottom interface (electric field E,
intensity I) and the top interface (E’, I') interfere with one another, such that the resultant electric

field, E,, and intensity, I, are given by:

E,=E+E
[E| = |E| + [E'] exp(ig)
(A8.2)
= |E| + |E'| cos ¢ + i|E'| sin ¢

I, < |E > = I+ T 4 2V1II cos ¢,

where ¢ is the phase difference between E and E'. Normalizing I, by its maximum and minimum

values, Inax/min = I+ I' £ 2V/IT, for the two wavelengths 2, , gives:

11,2 = (Ir - Imin)/(Imax - Imin) (A8 3)

= (cos ¢, + 1)/2,
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where

¢, =2m: 2Ng1mMfiim /A1,2

(A8.4)
= 4ngimThaim/M 2,
ifnsubstrat(—: > Nfim > Ndroplet OT Msybstrate < ffm < Ndroplets otherwise
(/)1’2 = 4nﬁlm7[hﬁ]m/11’2 + 7. (A85)

By looking at the local light intensities, I; and I, and applying equations (8.3)—(8.5), we can de-
duce the local hgy, unambiguously.

We first verify the technique with a polydimethylsiloxane film (PDMS, Sylgard 184, 10:1 base-
linker ratio) sandwiched between a glass cover-slip and a glass spherical lens (Diameter = 10 mm,
N-BK?7, Edmund Optics). The initial PDMS film thickness is about S ym and the film is allowed
to cure over 24 h at room temperature in a vibration-free environment, to allow contact between
the glass sphere and the flat glass cover-slip. The profile of the intercalated PDMS film was then
deduced using RICM (Figs 8.4a). When ¢, = 2mm, (2m + 1) for some integer m, there is
constructive and destructive interference, respectively, which leads to bright and dark fringes, as
observed in Fig. 8.4b. Note that the positions of the bright and dark fringes are different for the A,
and 1,, allowing for independent verification of hgyy,.

The blue and red lines in Figs 8.4c, d are the experimentally measured, radially-averaged I, (r)
and I, (r), respectively, while the gray lines are the best-fit lines based on equations (8.3) and (8.5).

Note that since the upper interface of the PDMS film is set by the shape of the spherical lens, /iy,
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Verification with spherical lens
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Figure 8.4: \Verification of thin-film measurement using dual-wavelength, confocal Reflection
Contrast Interference Microscopy (RICM). a, Schematic of the PDMS film sandwiched between
a glass spherical lens (Diameter D = 10 mm) and a glass cover slip used for RICM. b, The
resulting interferograms taken at 1;, = 458 and 633 nm. Scale bar is 50 ym. c and d, The
normalized reflection intensities, I, ,, as a function of the radial distance r at 1,, are fitted
according to equations (8.3) and (8.5). Gray lines show the best-fit curves, with hmin as the
only free parameter. e, Blue and red dots are the reconstructed PDMS film profile at A; and ,,
respectively, and the black line is the expected profile, assuming D = 10 mm. f, Figure shows
I, plotted against I; for h = 0—300 nm and r=0-0.05 mm, which traces out a Lissajous curve,
as expected from theory (full line).
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Figure 8.5: Determination of lubricant film (silicone oil) profile beneath a water droplet. a-b,
Interferograms taken at A; = 458 nm and A, = 633 nm, respectively. The scale bar is 0.1 mm.
c-d, Blue and red lines are the normalized intensity profiles, I} and I, along the middle section
of the droplet (dashed lines in a and b) taken at 1; and 1,, respectively, while the gray lines
are the best-fit line (equation (8.3)) e, The lubricant film profile reconstructed using I; (blue
dots) and I, (red dots). f, Figure shows I, plotted against I; for h < 120 nm, which traces out
a Lissajous curve, as expected from theory (black line).
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is the only fitting parameter. With h,,;, = 6 nm, we were able to recover the expected shape of
the spherical lens for r = 0-0.15 mm, with nanometric accuracy, in particular for sub-micron thick-
ness (Fig. 8.4¢). An additional way to demonstrate the good agreement between experiment and
theory at sub-micron thickness is to plot I, against I; for r=0-0.05 mm and h = 0~-300 nm (dots in
Fig. 8.4f); the data points trace out a Lissajous figure, as predicted by theory (black line in Fig. 8.4f;
see equation (8.3)). Note that in our analysis, we did not correct for 1) the effect of a curved
interface and 2) the effect of non-zero NA, which probably explains why we are systematically un-
derestimating hgi, for ham > 1 ym (Fig. 8.4c-¢)[69, 72].

The same technique and analysis can be applied to determine the lubricant film thickness be-
neath the droplet (Fig. 8.5). Figs 8.5a, b are the interferograms of the silicone oil film sandiwched
between a water droplet and a PMP substrate, while the blue and red lines in Figs 8.5¢c, d are the
normalized intensity profiles, I; and I,, along the dashed lines in a and b, respectively. The gray
lines show the best-fit curves when applying equation (8.3), i.e. I; , = (cos ¢, T 1)/2, where
¢, = 4ng1mTheim /M1 2, Since nppp > fgilicone > Mwater (€quation (8.4)). Blue and red dots in
Fig. 8.5e trace out the reconstructed lubricant film profile based on I; and I,, while the black line
is a guide to the eye. Once again, plotting I, against I, produces a Lissajous figure, which closely

matches the prediction from theory (black line, Fig. 8.5f).

AS WHITE LIGHT INTERFEROMETRY

While dual-wavelength, confocal RICM (Section A4) is excellent at determining the thicknesses
of sub-micron films, it tends to underestimate the thicknesses of micron-thick films (Fig. 8.4e).

Hence, to measure the lubricant film thicknesses under motion, we used white-light interferometry
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Verfication using PDMS thin films
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Figure 8.6:  Verification of thin-film measurement using white-light interferometry. a,

Schematic of the white-light interferometry set-up. b, Top view of the optical fiber used,
which has a 30 ym multi-mode read fiber, surrounded by 6 illumination fibers. The scale bar is
0.3 mm. White light from the illumination fibers is reflected off the thin film into the read fiber,
which is then analyzed by a spectrometer. Index-matched oil was used to prevent unwanted
reflection from the bottom interface of the substrate (glass). ¢, Normalized light intensity signal

4anh
from experiment (full line) overlayed with theoretical signal, M (dashed line) for PDMS
films of thicknesses, hfjm = 0.6 and 7.6 ym. d, Comparison of hgjy, = 0.6-7.6 ym measured

using white-light interferometry and ellipsometry for 4 different samples.
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Figure 8.7: Determining the lubricant thickness profile beneath the droplet, hfj,, as it passes
through the optical fiber. a, Schematic of a droplet passing over the fiber optic. b, hgjm (mid-
section of droplet) is uniform and repeatable between different passes. ¢, hgy, is independent
of the initial lubricant film thickness, hjnit.

instead (Fig. 8.6a). Detailed descriptions of the technique can be found in the literature [105].
Briefly, white-light was shone from below through a co-axial fiber optic cable, which consists of a
30 ym multi-mode read fiber, surrounded by 6 illumination fibers (Fig. 8.6b). White light from the
illumination fibers reached the thin film and was reflected back into the read fiber, which was then
analyzed using a spectrometer.

To verify the accuracy of this technique, we first measured the thicknesses of PDMS samples
(Sylgard 184, 25 wt% in hexane, 10:1 base-linker ratio) spin-coated at 1000-4000 rpm for 60 s
onto a glass slide to give different hgy, = 0.6-7.6 ym, verified independently using a commercial,
spectroscopic ellipsometer (Woollam VASE). Hexane was added to reduce the viscosity of PDMS,
and is sufficiently volatile, so that it was removed easily through evaporation after spinning. De-

pending on its wavelength, light reflected off the top and bottom interfaces of the thin-film will
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interfere either constructively or destructively with each other, which results in the characteristic
oscillations, Iyorm = (cos (4”7”}‘) + 1) /2, of the reflection signals when analyzed using a spec-
trometer (Fig. 8.6c). The film-thicknesses deduced using white-light interferometry in our set-up
closely match those measured using ellipsometry, with Ahg,, < 0.2 ym (Fig. 8.6d).

We then proceeded to measure the lubricant film thicknesses profile beneath the droplet, along
its mid-section, as it passed through the fiber optic. The droplet was pulled by a capillary tube
(diameter = 0.51 mm) attached to a linear actuator, which controlled the speed of the moving

droplets, U= 0.05-0.6 mm/s. Experimentally, we found that the lubricant film, hgj,,,, was uniform,

repeatable and independent of the initial lubricant film thickness, hiy;; = 4.7-11.6 ym (Fig. 8.7).
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A6  OPTICAL SET-UP FOR BOUNCING JET

Figure 8.8: a, Set-up for silicone oil jet bouncing off silicone oil bath. Detailed description of a
similar set-up can be found in [106]. b, An optical fibre with clad diameter D=0.1 mm (Inset I)
was placed coaxial with the needle to couple laser light into the water jet. The laser undergoes
total internal reflection inside the water jet (Inset II). The same needle and laser set-up were
used for 1) silicone oil jet bouncing off silicone oil bath (Fig. 6.3a), and 2) water jet bouncing
off PDMS gel ( 6.3b).
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