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Abstract

Many natural and industrial processes involve fluid flow at a three phase interface
between liquid, solid and gas. When the liquid is forced to move rapidly over the solid
surface, the physical mechanisms governing contact line motions are multi-phase and
multi-scale and as a consequence the dynamics can be complex. We perform direct
observations of the wetting phenomena at the interface of liquid droplets impacting on a
rigid flat surface using high resolution microscopy and high speed imaging.

Upon impact of a liquid droplet on a smooth solid, a thin air film is formed and squeezed
in between the two. Depending on the impact parameters, the air film can remain stable
and facilitate the rebound of the droplet, or liquid-solid contact occurs that binds the
droplet to the solid surface, leads to subsequent spreading or splashing. In order for
the liquid-solid contact to occur, the air film must rupture under the impacting droplet.
The physical mechanisms responsible for the rupture of the air film have not yet been
conclusively determined; in particular a quantitative test for the theory of air film rupture
is lacking. Currently, the mechanism assumed to be responsible for liquid-solid contact
formation is an interfacial forces-driven destabilization of the initially flat liquid-air
interface. The liquid-air interface is destabilized when the attractive stresses (e.g., van
der Waals forces or electrostatic forces) overcome the stress associated with deforming
the surface due to surface tension. This instability is characterized by a critical air film
thickness (h*) at which the film destabilizes and wetting initiates. We carefully measured
the air film thickness at which the droplet rebounds for water-glycerol solution and silicon
oil droplets with similar viscosities on atomically smooth mica surfaces. h* for the silicon
oil (=30 nm) is smaller than that of the water-glycerol solution (=~ 60 nm); however,
the local minimum air film thickness (hmin) immediately prior to contact formation, is
approximately the same value for both liquids (&~ 20 nm).

We experimentally probe the dynamics of wetting that occur when an impacting drop
first contacts a dry glass surface. We show that initially, wetting is mediated by the
formation and growth of nano-scale liquid bridges that bind the liquid to the solid across
a thin film of air. As the liquid bridge expands, air accumulates and deforms the liquid-air
interface, and a capillary wave forms ahead of the advancing wetting front. This capillary
wave regularizes the pressure at the advancing wetting front in a manner that generates
an anomalously low wetting velocity. As the liquid viscosity increases, the wetting front
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velocity decreases; we provide a phenomenological scaling for the observed decrease of
the wetting velocity with liquid viscosity.

In order to investigate the interfacial kinematics involved in the droplet impact with
high fidelity and resolve the small length scales involved, we implemented two high-speed
microscopy techniques, including monochromatic Fizeau interferometry (FIF) contrast
microscopy and frustrated total internal reflection (FTIR) microscopy. We improved the
accuracy of the FTIR microscopy technique on weakly birefringent substrates from the
previously reported ~ 30 nm to ~ 5 nm by adding few readily accessible optical elements
to the conventional FTIR setup. We carefully calibrated our combined FIF and FTIR
setup using a nano-meter precise piezo stage.

In an effort to push the accuracy limits of combined FIF and FTIR mircoscopy, we tackled
the trade-off between imaging rate and region of interest using a deep-learning framework.
The deep learning network was trained on synchronous profilometry data acquired using
the two imaging modalities, such that the FTIR imaging data were recorded at high
resolution, while the FIF imaging data were recorded with a less spatial resolution and
larger field of view. The deep learning framework used a multi-layer convolutional neural
network to enhance the FIF image resolution based upon the data in the FTIR images.
In this way, we obtain the high spatial resolution of the FTIR measurements from the
lower resolution FIF data. A high-order overset technique ultimately yields full up-scaled
images from the network outputs without losing precision. We evaluated the accuracy of
the super-resolved image using test data. We implemented this hybrid framework, called
HOTNNET, in its entirety on high-speed imaging profilometry data acquired in the
study of droplet impacts on a smooth, solid surface. We use HOTNNET to recover full,
high-resolution images at high rates while bypassing the need for explicit interferometric
phase unwrapping. This framework can be readily adapted to other paired datasets by
retraining the network on the novel data.

Key words: Wetting; Droplet Impact; Air Entrainment; Dynamic Contact Lines; Frus-

trated Total Internal Reflection Microscopy; Reflection Interference Contrast Microscopy;
Deep Learning; Super-Resolution.
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Résumé

De nombreux processus naturels et industriels impliquent un écoulement de fluide a
une interface a trois phases entre liquide, solide et gaz. Lorsque le liquide est contraint
de se déplacer rapidement sur la surface solide, les mécanismes physiques régissant les
mouvements rapides de la ligne de contact sont a plusieurs phases et a plusieurs échelles
et, par conséquent, la dynamique peut étre complexe. Nous réalisons des observations
directes du phénomene d’impact de gouttelette sur la surface de la gouttelette avant et
apres la formation de contact en utilisant des outils de microscopie a haute résolutions et

une imagerie a haute vitesse.

Lors de 'impact d’une goutte de liquide sur une surface solide lisse, un film d’air mince
est formé et comprimé entre les deux. Selon les parametres d’impact, le film d’air peut
rester stable et faciliter le rebond de la goutte, ou bien un contact liquide-solide se
produit qui lie la goutte a la surface solide, entrainant une propagation ultérieure ou une
éclaboussure. Pour que le contact liquide se produise, le film d’air doit se rompre sous
I'impact de la goutte. Les mécanismes physiques responsables de la rupture du film d’air
n’ont pas encore été déterminés de maniere concluante ; en particulier, il manque un test
quantitatif pour la théorie de la rupture du film d’air. Actuellement, on suppose que le
mécanisme responsable de la formation de contact liquide-solide est une déstabilisation
de linterface liquide-air due aux forces d’interfaces. L’interface liquide-air est déstabilisée
lorsque les contraintes attractives (par exemple, les forces de van der Waals ou les forces
électrostatiques) surpassent la contrainte associée a la déformation de la surface due
a la tension superficielle. Cette instabilité est caractérisée par une épaisseur critique
du film d’air a laquelle le film se déséquilibre et le mouillage commence. Nous avons
soigneusement mesuré ’épaisseur du film d’air a laquelle la goutte rebondit pour des
gouttes d’eau-glycérol et d’huile de silicone de viscosités similaires sur des surfaces de
mica a 1’état atomiquement lisse. h* pour 'huile de silicone (= 30 nm) est inférieure &
celle de la solution eau-glycérol (=~ 60 nm); cependant, I’épaisseur minimale de film d’air
(hmin) immédiatement avant la formation de contact est approximativement la méme
pour les deux liquides (& 20 nm).

Nous explorons expérimentalement les dynamiques de mouillage qui se produisent
lorsqu’une goutte en impact entre en contact pour la premiere fois avec une surface
de verre séche. Nous montrons qu’au départ, le mouillage est régi par la formation et
la croissance de ponts liquides a 1’échelle du nanometre qui lient le liquide au solide a
travers un film mince d’air. A mesure que le pont liquide s’étend, de I’air s’accumule et
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déforme l'interface liquide-air, et une onde capillaire se forme devant le front de mouillage
avancant. Cette onde capillaire régularise la pression au front de mouillage avancant de
maniére & générer une vitesse de mouillage anormalement faible. A mesure que la viscosité
du liquide augmente, la vitesse du front de mouillage diminue ; nous fournissons un
dimensionnement phénoménologique de la diminution observée de la vitesse de mouillage
avec la viscosité du liquide. Afin d’enquéter sur les cinématiques interfaciales impliquées
dans I'impact de la goutte avec une grande fidélité et de résoudre les petites échelles de
longueur impliquées, nous avons mis en ceuvre deux techniques de microscopie a haute
vitesse, notamment la microscopie de contraste par interférométrie Fizeau monochroma-
tique (FIF) et la microscopie par réflexion totale frustrée (FTIR). Nous avons amélioré la
précision de la technique de microscopie FTIR sur les substrats faiblement biréfringents
de 'ordre de 30 nm & environ 5 nm en ajoutant quelques éléments optiques facilement
accessibles a la configuration FTIR conventionnelle. Nous avons soigneusement étalonné
notre configuration combinée FIF et FTIR en utilisant une platine piezo a précision
nanométrique.

Dans le but de pousser les limites de précision de la microscopie combinée FIF et FTIR,
nous avons abordé le compromis entre le taux d’imagerie et la région d’intérét a l’aide
d’un cadre d’apprentissage profond. Le réseau d’apprentissage profond a été entrainé sur
des données de profilométrie synchronisée acquises a 1’aide des deux modalités d’imagerie,
de sorte que les données d’imagerie FTIR ont été enregistrées a haute résolution, tandis
que les données d’imagerie FIF ont été enregistrées avec une résolution spatiale moins
importante et un champ de vision plus large. Le cadre d’apprentissage profond a utilisé
un réseau de neurones a convolution & plusieurs couches pour améliorer la résolution de
I'image FIF sur la base des données des images FTIR. De cette maniére, nous obtenons
une haute résolution spatiale des mesures FTIR a partir des données FIF de moins
bonne résolution. Une technique d’overset d’ordre élevé permet finalement d’obtenir des
images entierement upscalées a partir des sorties du réseau sans perte de précision. Nous
avons évalué la précision de I'image sur-résolue a ’aide de données de test. Nous avons
mis en ceuvre intégralement le cadre hybride, appelé HOTNNET, sur des données de
profilométrie d’imagerie a haute vitesse acquises dans 1’étude des impacts de goutte sur
une surface solide lisse. Nous utilisons HOTNNET pour récupérer des images a haute
résolution completes a des taux élevés tout en évitant la nécessité de déroulage explicite
de la phase interférométrique. Ce cadre peut étre facilement adapté a d’autres ensembles
de données appariées en réentrainant le réseau sur les données nouvelles.

Mots clés: Mouillage; Impact de gouttes; Entrainement d’air; Lignes de contact dy-

namiques; Microscopie par réflexion interne totale frustrée; Microscopie de contraste
d’interférence de réflexion; Apprentissage profond; Sur-résolution.
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Il Introduction

The impact of a drop on a surface is a ubiquitous phenomenon in our daily experience.
It also plays a vital role in a plethora of natural and industrial applications, including
bioaerosol generation, pesticide control, deposition of inks, resins and coatings. The
phenomenon intrigued scientists for centuries. Leonardo da Vinci drew a water drop
splashing in the margins of The Codex Leicester in 1506. In 1877, through basic
observations, Worthington and Clifton [131] sketched different outcomes of impacting
droplets on a solid substrate; namely bounce, spread or splash.

Since then, many researchers have considered the dynamics of impacting droplets (see for
example review by Josserand and Thoroddsen [61]). They include studies of Newtonian
fluids [10, 14, 25, 58, 74, 76, 81, 95, 100, 107, 109, 114, 116, 118] and non-Newtonian
fluids, e.g., power-law liquids [4, 17] and shear-thinning fluids [4, 89, 130].

The experiments of Thoroddsen et al. [121] on impacting droplets have shown the
formation of a dimple beneath the drop and entrapment of an air bubble. They measured
the initial thickness of the air disk to be in microscopic scales. It is only recent that
laboratory tools can capture the involved small scales [30, 31, 69, 70, 79, 83, 125]. The
dynamics of the droplet impact phenomena has been captured using X-ray imaging [76],
interferometry [39], white color interferometry [125], two-color interferometry [32], tri-
wavelength interferometry [45] and total internal reflection method [70]. Such imaging
tools have helped to reveal physics occurring in micro-scales that may have macroscopic
consequences. This has drawn sustained research interests to revisit the basic phenomena
from a fundamental perspective. Recent investigations into the influence of the ambient
air on droplet impact dynamics establish the critical effect the gas has on the outcome
of the liquid-solid impact process, including suppression of splashing [86-88, 134], a
lift-off transition in the liquid-air interface [69], and complete rebound of the drop from a
hydrophilic surface [28, 29, 68|, adding to our understanding of the role of air in droplet
impacts [18, 38, 39, 61, 101, 135].

As a prelude to wetting, the impinging liquid first compresses the air beneath the drop
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into a dimple [11, 76, 119, 121], and subsequently confines the intervening air into a
nanometer-thin film! circumscribing the dimple region [31, 69, 70, 125]. The dynamics
at the leading edge of the spreading liquid have been shown to be distinct from the
dimple region, and are important for droplet spreading and splashing [38, 84, 122]. On
ideal smooth surfaces, such as freshly cleaved mica, contact occurs when the thickness of
the thin air film reaches a few nanometers, and the interface is destabilized by surface
forces [68]. On typical surfaces, defects nucleate contact much earlier; thus, liquid-solid
contact initiates by the formation of a capillary bridge, linking the solid and liquid. The
liquid bridge grows as the fluid rapidly wicks through the thin film of air, binding the
drop to the surface [31, 68, 69]. These dynamics lead to the onset of wetting, and bear
remarkable similarity to dewetting studies on solid surfaces [15] and freely suspended
viscous films [12], with key differences introduced by the nanometer thin air film. In
order for the nascent contact to grow, the spreading liquid must fully displace the air
beneath the drop ahead of the propagating contact line. Indeed, recent simulations of
dynamic wetting underscore the overwhelming difficulty of predicting the role of liquid
viscosity in the wetting process due to the complicated flow patterns occurring across
many scales [113].

Kolinski et al. [70] coined the expression “droplet skating on an air film” for the initial
impact dynamics and further studied increased contact formation by isolated contacts
and increased impact velocity [69] and the rebound of droplet in low impact velocities [68].
Other researchers studied later dynamics of droplet impact including smooth spreading
and splashing threshold [93, 100], substrate surface temperature [18], rebound [82], the
surrounding gas effect [73, 124], and the effect of viscous forces [106].

There have been theoretical and computational studies in the field as well. Hicks and
Purvis [53] and Hendrix et al. [51] theoretically modeled the air layer thickness and the
size of entrapped bubble. Mandre et al. [87] studied the lubrication equation and gas
compression under higher speed droplet impacts. Duchemin and Josserand [42] solved
the lubrication equations in the air layer for its drainage dynamics. The problem has
been investigated by means of molecular dynamics (MD) simulations [26], finite element
modeling [23], combined finite element/difference based on continuum mechanics that
captures liquid viscous effects [90]. Notably, Chubynsky et al. [23] incorporated the gas
kinetic effects (GKE) in the nano-metric air layer and took into account the important
van der Waals forces between the liquid and solid.

1.1 Droplet Bouncing

The physical setup considered throughout this work is a drop of liquid falling towards a
flat solid surface in the presence of a surrounding gas (air). As the liquid drop falls towards

IThis will be revisited in the current work.
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\ ’ X3, h ~ 0 (100 nm)

X, T ~1mm

(a) (b)

Figure 1.1: a) A liquid droplet (L) of D =O(1mm) diameter is falling from the height
H towards solid substrate (S) surrounded by ambient air/gas (G). b) An exaggerated
view of the region underneath the droplet just before the contact initiation where the air
forms a lubrication layer with nanometric thickness and creates a dimple shape in the
droplet bottom profile.

the solid surface, it interacts with the surrounding gas. The drop is initially spherical,
with diameter D, falling towards a horizontal solid surface (S) at uniform vertical velocity
U as shown in Fig. 1.1.a. The gas is initially at uniform atmospheric pressure, Pyin,. We
use the subscripts L and G to refer to the liquid and the gas, respectively, and 0 denotes
the initial conditions. The liquid—air interface begins to deviate away from the substrate
surface even before the droplet comes into contact (Fig. 1.1.b). We designate the liquid
viscosity by ny,, its surface tension by 7y, its density by pr,, and its kinematic viscosity
by vy, = Z—i. We assume that the fluid/solid configuration to be isothermal way below
the liquid boiling temperature, with gravitational acceleration, g. We assume a rigid
substrate with no free vibration or deformation forces. We characterize the configuration
geometry by a characteristic length, D, the diameter of a droplet.

The flow on the scale of the experiment can be paramaterized with Capillary number

(Ca:= %) which gives the ratio of viscous pressure to surface tensions; the Reynolds

number (Re:= %) which provides inertial/viscous forces; Weber Number (We :=

2 2
%) giving inertia forces/surface tension ratios; and Bond number (Bo:= %) for

gravity /surface tension. Another useful non-dimensional parameter is Ohnesorge number

(Oh := —=—) which is the ratio of inertia-capillary to inertia-viscous time scales or

" VpuyD

viscous forces

V/inertia x surface tension

Spring bounce: First consider the droplet impacts with U’s large enough for the droplet
to easily break through and push away air film and make contact with a non-wetting
solid substrate. The rebound can happen via a spring-like process through interactions
between the liquid and solid surface. Upon impact, the droplet spreads radially (due to

3
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Table 1.1: The regime of parameters used in the experiments of the current work.

Parameter | Description Magnitude Units | Remarks

D Droplet diameter O(1073) m

U Impact velocity O(10~1 —109) m/s

AL Density of liquid 0(10%) kg/m>

vy, Kinematic viscosity of liquid | O(1076—10~%) | m?/s

L Liquid surface tension 0(1072) Pa.m

Patm Initial gas pressure 0(10°) Pa Used for air

oG Density of gas o(1) kg/m?

na Dynamic viscosity of gas 0(107?) Pa.s

kg Heat specific ratio 0(1) -

inertia) until it reaches a maximum extent [47, 48], then recoils (due to surface tension)
through a Taylor-Culick type retraction [33], and eventually may bounces off in an
elongated shape perpendicular to the surface [1, 61]. The expansion/retraction cycle of
the drops is reminiscent of springs, where inertia and elastic forces similarly conspire to
generate oscillations. However, in our everyday experiences we observe that in many
cases bouncing is suppressed: droplets that are not too heavy or too viscous bounce
off. Drops larger than their gravito-capillary length (Lgog := \/% ) do not rebound [5]
and further, there exists a critical liquid viscosity, beyond which the droplets do not
bounce off neither [57]. The spring-like rebound can be described as conversion of the
surface energy of the spread liquid into kinetic energy while gravity and viscous stresses
hindering the process [104]:

o Drops smaller than their visco-capillary length (Oh>1) cannot bounce due to
viscous dissipation

o Drops larger than their gravity-capillary length (Bo>1) cannot bounce due to their
weight.

Air cushion bounce: Above summarizes the “liquid-solid contact regime” rebound on
hydrophobic surfaces. However, there exists a bouncing regime off wetting substrates
which is a fascinating interaction. The experimental evidence of complete rebound [28, 29,
68] of the drop from a hydrophilic surface points to “liquid-air cushion regime” bounce.
In this regime bouncing occurs without the liquid ever meeting the solid and there is a
nanometer-scale film of air that separates the liquid and solid. The lubrication dynamics
within the air layer conspire against the inertia of the liquid droplet seeking contact with
the solid substrate, and during the rebound, the shear in the air film is the dominant
source of dissipation [68].

In the majority of the experiments in the present work, we consider the impact velocities
around the threshold of “liquid-air cushion regime”, i.e., between 0.5-0.7 m/s. This

4



Introduction Chapter 1

corresponds to an impact Weber number with a range of 10.4 — 27.8, calculated based
on the droplet diameter. Relevant initial conditions, physical properties, and other
characteristic parameters are listed in Table 1.1. We use solutions of water and glycerol
to obtain fluids with viscosities ranging from 1 to 100 ¢St (See Chapters 2 and 5). When
studying the air film instability and surface forces in Chapter 4, we experiment with
both silicon oil and water-glycerol solutions of similar viscosity, ¢.e., 10 ¢St but in a
wider impact speeds range, 0.37-0.91 m/s. We carry out all the experiments in the room
temperature with air as the gas medium.

For the substrate, we consider flat borosilicate crown glass (n-BK 7) with surface polish
quality of 40-20 Scratch-Dig in Chapters 2 and 5. In Chapter 4, where we aim to eliminate
the substrate surface roughness effects, we use muscovite mica sheets. A mica slab can
be easily cleaved through its thickness, obtaining an atomically flat surface over several
millimeters!!. Furthermore, mica has benefits of being chemically stable, inert to most
liquids, transparent, and with high tensile/shear stiffness. One disadvantage is that mica
is birefringent, which complicates FTIR microscopy method that we address in Chapter
3. Also after cleaving, the mica surface carries electrostatic charge.

1.2 Low Speed Impact Dynamics

The continuity equation of a continuum medium and the incompressible Navier—Stokes
equations govern the liquid motion,

our,
or;

0 (1.1)

our,.

J

our,. 1 Pur,,
tup, 2 = oL g
ot ‘ 8951 PL (%cj 895183;@

(1.2)

where u; and p denote velocity and pressure field, respectively and we employed Einstein’s
summation convention. Dynamic wetting mediated by air is a three-phase phenomenon
by nature. The dynamics prior to the initiation of contact has not yet been conclusively
determined. It is controlled at first by formation and then the drainage of the thin air
layer. We simplify the equations using two-dimensional Cartesian coordinates (x1,x3).

In the air layer formation regime, the axisymmetric lubrication equation is applicable in
the gas medium because the air film thickness (h), is much less than the film radius [117]:

U This is a subject of debate. There are experimental evidences showing immediately after cleaving a
reaction between the mica, atmospheric CO2 and water occurs [22]. However, the mica surface would
only be covered by up to one formula unit of K2CO3 per nano-metre which is mobile in humid conditions,
and crystallizes under drier conditions.
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where
h:=h(z1,t), (1.4)

and no-slip boundary conditions are assumed [85]. Introducing the shear stress, 7;;, we
write the following boundary conditions. The stress boundary conditions at the liquid-gas
interface dictate

TL(xl,h,t):TG(l'l,h,t) (15)

and the Laplace condition for pressure,

Ph
= —. 1.6
PL=Dpc+L o2 (1.6)

Far enough away from the axis of impact, the pressure in the gas is the ambient pressure,

lim pG<x17t):Patm- (1'7)

xr1—+o00

The problem has symmetry about x1 =0 which gives

ur, (0,z3,t) =0, (1.8)
our, B
8.1/'1 (O,I‘g,t) =0 (19)

for the liquid medium and

gxhl((),t) o, (1.10)
gpﬁ(o,t) =0 (1.11)
for the gas.

The above system of equations, closed with boundary conditions, can be numerically
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integrated in time with a reasonable initial condition [90]:

2

h(z1,0) :ho—i—% (1.12)

where hg is the initial height of the center of the interface and

up,(r1,23,0) = —U, (1.13)

ur, (z1,23,0) =ur,(x1,23,0) =0 (1.14)
are the velocity initial conditions.

In the drainage regime with low speed impacts, inertia can be neglected resulting the
liquid pressure field that simply compensates the drops weight. In this regime, the
lubrication dynamics of air layer prevents mathematically the rupture of the film in a
finite time duration [41]. Hence, the finale of this regime needs to involve additional
physical mechanisms that trigger the instability and rupture of the air film. As Duchemin
and Josserand [42] call them, usual suspects include surface roughness, van der Waals
interactions, and thermal fluctuations. We will get to them and also electrostatic
interactions in Chapter 4 and 6.

In both the air layer formation and drainage regime, the gas compressibility can be
ignored as U < 1 m/s. However, in the air drainage regime, the above lubrication theory
ceases to be valid as soon as the air layer thickness becomes slender. As we show in

Chapter 4, this is determined by Knudsen number, Kn := A—G, where the gas free mean
path for air is A\ ~ 70 nm. Firstly, the classic lubrication theory shall incorporate the
rarefied gas effect [23] and also the no slip assumption no longer holds [85]. Experimental
data are required to validate the GKE parameters available in the literature. Secondly,
the boundary condition shall include additional short-range forces in the normal direction.
We can capture these effects by adding additional normal stress

Psr = PM +DudW (1.15)

on the droplet boundary bordering the air film, i.e., left hand side of Eq. (1.6); where
Py and Pygw = —f;‘r% are Maxwell’s stress and disjoining pressure (van der Waals
contribution), respectively. Without these data the system of governing equations are
incomplete.

Analysis of the air film rupture can provide insight into the mechanisms responsible for
air film instability and the transition to contact. Thermodynamically, the free energy
change (AG) associated with the wetting of substrate surfaces by the liquid is given by
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Figure 1.2: Results of linear stability analysis. a) The critical time at which the air film
loses stability is plotted as a function of wavenumber k values of the film thickness h, as
shown in the colored lines labeled in the legend. b) The critical wave number k. scales
inversely as the square of h for fixed values of the Hamaker constant A =3e—19 J and
10 sSt silicon oil surface tension yg = 0.022 Pa/m.

Young-Dupre’s equation [46]
AG = —vy1,6(14cos(h)), (1.16)

where 1, and 6 are interfacial tension between liquid-air and the liquid contact angle on
the solid surface, respectively. AG becomes more negative by decreasing the substrate
hydrophobicity, i.e., increasing cos(f). The liquid-air interface beneath the droplet is
inherently unstable by nature of the interfacial attraction between the liquid and a
hydrophilic surface. Indeed, there is a strong attraction between the liquid and the solid,
driven by interfacial forces, which are in ‘competition’” with surface tension - that acts to
keep the interface flat.

Mechanically, the inset of the wetting of occurs when the gradient of the interaction force
overcomes the effective elastic constant of the liquid free surface which is proportionate
to surface tension of liquid [2, 16, 56]. Prior to air layer rupture, the surface tension is
in balance with the interaction forces, ps-. When the attractive force exceeds a critical
value, the air film ruptures and the wetting begins [45]. In the absence of Maxwell
stresses (electric charges), the growth rate for the interfacial instability is given by [13]:
1 k2R3

—=—(7vk
T 3nL (v

9 A

—5)- (1.17)

Here, k =27/ is the wave number of the instability, where A is the wavelength; and h
is the steady-state film thickness. This is based on a linear stability analysis and A is
the modified Hamaker constant with GKE effects [23]. If 7<0, any disturbance on the
liquid-gas surface grows. The sign of the term in the brackets provides a critical wave
number (ko) for when we expect the film of thickness h becomes linearly unstable.
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The stability of the air film can then be assessed for different values of h and k. The time
constant for linear instability is seen to decrease strongly as a function of wave number
for several different values of h, as shown in Fig. 1.2.a. For fixed A and ~, the critical
wave number is a strong function of the film thickness, and scales as ko o<1/ h2, as can
be seen in Fig. 1.2.b.

In this work, we show that the air film ruptures at a closest approach distance (h*) of
below 100 nm, when the total interaction forces are attractive and sufficiently strong to
trigger the liquid contact on the substrate. We develop accurate experimental techniques
that capture film thicknesses of 0(100) nm and use fast imaging to directly observe the
air layer formation, drainage, and rupture. Our database can be used to verify the
short-term force estimations and GKE effects.

1.3 Outline of this Manuscript

Chapter 2 introduces the imaging modalities used in this work, namely, frustrated total
internal reflection (FTIR) and Fizeau Interferometry (FIF). We address the challenge
with regard to the trade-off imposed between the imaging temporal rate and spatial
resolution. We propose and implement a framework based on machine learning, i.e.,
deep neural networks. We implement the method in its entirety on high-speed imaging
profilometry data acquired in the study of droplet impacts on a smooth, solid surface,
and is used it to recover full, high-resolution images. In the remaining chapters of this
thesis, the machine learning-enabled part of the imaging system is not utilized providing
a more direct observation of the physical system and first-hand measurements of the
impact dynamics.

The mapping of the aforementioned images to the target physical parameters is the
subject of Chapter 3. We explain the way the recorded images and light intensities from
underneath the droplet are used to obtain 4D profilometry data. We calibrate the FIF
and FTIR microscopy modalities and show that they are suited to measure air layer
profile with error bars as small as few nanometers.

Chapter 4 is dedicated to the physics involved right before the wetting or droplet bouncing
occurs. We experimentally investigate the air layer formation, its thinning/drainage and
instabilities. Further, we discuss the interaction forces between the liquid droplet and
the solid substrate across the thin layer of air.

In Chapter 5, we study the early stage of wetting beneath the droplet on a glass substrate.
We consider a special contact initiation mechanism through nucleation. We experimentally
probe the liquid bridge expansion, air accumulation, the deformation of the liquid-air
interface, and the formation of the capillary wave ahead of the advancing wetting front.
We explain how the capillary wave is regularizing the pressure at the advancing wetting
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front and the anomalously low velocities of the dynamic contact line under the droplet.

Lastly in Chapter 6, we summarize the major contributions of this dissertation and

outline the possible future directions of our research that can be appraised.

10



] Interface Imaging & Resolution
Enhancement with HOTNNET

Myriad applications of imaging involve rapid phenomena [24, 102, 126, 137]. In the
studies of these phenomena, a trade-off between spatial and temporal resolution is
imposed by the data bandwidth of typical high-speed camera hardware - we can obtain
a pixel-dense image at low imaging rates, or low-pixel count images at high-rates, but
we cannot obtain high pixel-count images at the highest frame rates without specialized
techniques [36]. In addition to this technical constraint, physical phenomena such as
optical diffraction or the finite numerical aperture of the image-forming objective also
restrict spatial resolution. These limitations impede our ability to resolve rapid and
multi-scale phenomena.

For rapid and multi-scale interfacial phenomena, interferometric imaging is often used as a
means of visualization. This imaging modality has numerous applications in scientific and
engineering fields, ranging from contact mechanics [60], fluid interfacial phenomena [27,
32, 35, 125, 136], biotechnology [108], nanotechnology [66], astronomy [92] to more
industrial sectors like semiconductor [123] and display industries [78]. Interferometric
imaging has the added benefit that it can be used as a non-invasive optical measurement
technique. With interferometric imaging, the information about the target physical
quantity is encoded in a two-dimensional fringe pattern, where the intensity of the fringes
indicates the optical interference at a given spatial location within the image. This
introduces a problem of lost phase information, leading to ambiguity in the interpretation
of the interferogram; the ambiguity of the phase is only resolved in a process called
demodulation. The demodulation process can limit the precision and accuracy of the
measurement and requires a large field of view to work effectively.

This majority of the material in this chapter appeared in Exp Mech as
Kaviani, R. and Kolinski, J. M. (2022). High resolution interferometric imaging of liquid-solid interfaces
with HOTNNET. Exp Mech, 63(2):309-321.
Authors’ Contributions R.K. and J.M.K. conceived the project. R.K. developed the neural network
and implemented the code for pre-processing and processing the data under the guidance of J.M.K. R.K.
and J.M.K. interpreted the results. R.K. and J.M.K. equally contributed to writing the manuscript.
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Interferometry is often used in measurements of deformation during contact to obtain
precise information about the gap between adjacent surfaces via interfacial profilometry;
these measurements provide insight into material displacement, and can characterize
material response due to mechanical loading or wear. As a result of the small spacing
between adjacent surfaces, contact phenomena can occur on fleeting timescales; thus
the problem of insufficient imaging resolution renders the aforementioned challenge of
interferogram demodulation very difficult indeed. For fast interfacial dynamics, the
limitations of high-speed imaging require that spatial resolution is reduced, or the
field of view is shrunk, to obtain the necessary temporal resolution; however, any
sacrifice of resolution or field of view can impair the demodulation effort by blurring
or decreasing the fringe resolution. Even for slow or stationary interfacial profilometry,
surface discontinuities, sharp interface changes and high slopes in the profilometry can
degrade the fringe contrast [132] which makes it challenging to use interferometric optical
techniques in nano-scale surface topographies [127].

Within the domain of contact mechanics, droplet impacts exemplify the rapid phenomena
that can occur at an interface. Many experiments on droplet impacts use interferometry
to directly visualize the contact profile and also the air gap between a liquid and a flat
smooth substrate during impact [38, 79, 83]. Interferometric fringes can be demodulated
to reveal the three dimensional profile of the air layer beneath the impacting drop, with
a trough-to-peak resolution of approximately 150 nanometers between the dark and
bright fringes. In these studies, however, absolute measurements of the air gap can only
be obtained through more technically advanced implementations, such as white-light
interferometry [125] or two-color techniques [30, 31], and require additional hardware
and processing.

We address this imaging challenge using deep convolutional neural networks (DCNN) to
obtain accurate and absolute values of the target quantities, while bypassing the need
for explicit interferometric phase unwrapping. DCNNs were recently used to recover
cohesive properties in the context of dynamic fracture mechanics from experimental
interferometry images [59] in a manner similar to our recovery of FTIR imaging data
from interferometric imaging data. Here, we exploit the proven ability of DCNNs [97] to
obtain a super-resolved image from a low-resolution counterpart in the study of droplets
impacting on a glass surface. Our DCNN, adapted from Visual Geometry Group (VGG)
deep convolutional network [103], simultaneously demodulates the interferometric fringe
patterns and maps them to target quantities. This builds upon recent efforts to use
neural networks to unwrap the phase of interferometric fringes [7, 80, 139], that show
better accuracy [43] and robustness [77] than approaches like phase shifting [141] and
spatial phase demodulation methods [115].

A set of images recorded during the droplet impact experiments comprise the DCNN
training database. We image the entire spatial extent of the droplet impact interface
with an interferometric modality using a large field of view. Concurrently, we employ

12
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a frustrated total internal reflection (FTIR) microscopy modality to image a narrow
sub-region of the interface at a higher resolution, producing the absolute target quantities.
We then crop the interferometry images and the FTIR images to the common sub-region,
thus forming the data pairs used to train and test the DCNN. Once trained, the network
then maps all the other sub-regions to high resolution data; these upscaled subregions are
then assembled via a high-order overset image reconstruction technique [110] for the entire
sequence of low-resolution interferometric images. The hybrid processing framework,
consisting of the High-order OverseT assembly method and the deep convolutional Neural
NETwork (HOTNNET), produces demodulated, super-resolved images on a large field of
view. We can then use a nanometer-precise, closed-form mapping function (see Section 3)
to treat the HOTNNET output, thus obtaining accurate, absolute measurements with
improved resolution along all directions, with accuracy of the order of the sub-fringe
thickness resolution obtained with two-color interferometric imaging methods [29].

2.1 Imaging Setup

A 1.6 mm diameter drop of water-glycerol solution was released from a syringe luer
adapter, and impacted on a smooth glass surface, as shown in Fig. 2.1.a at top. The
droplet viscosity in each experiment was selected from 8 different viscosities in the range
of 1 to 100 centi-Stokes. Impact velocity was controlled by releasing the droplet from
among 5 different fall heights, H, varying from 12.5 to 24.5 mm. At each height, all
viscosities were tested once; thus, in total, 40 impact experiments were conducted. Prior
to liquid-solid contact initiation, a nanometer scale air film forms between the droplet
and the glass surface. The initial thickness of this air film varies inversely with impact
velocity, from approximately 300 nm to tens of nm [68]. The liquid-solid-air interface was
simultaneously imaged with two independent optical measurement techniques: FTIR and
Fizeau Interferometry (FIF). These data were used in reports on the lift-off instability
beneath an impacting droplet (see Section 5 and [69]).

In the FTIR method [68-70, 102], the top surface of an optically smooth dove prism
(BK-7 glass) is illuminated with collimated light, aligned to be incident at an angle greater
than the critical angle for total internal reflection at a glass-air interface, but smaller than
the critical angle at the glass-liquid interface. This light excites an exponentially decaying
evanescent field above the prism’s surface, and when the liquid droplet enters within a few
decay lengths of the surface, some light is transmitted to the droplet, and the intensity
of the reflected light reduces. The proportion of light transmitted to the drop increases
as the droplet gets closer to the surface, further reducing the reflected intensity. The
reflected light is imaged onto a high-speed camera sensor using a long-working distance
(Mitutoyo 5X) microscope objective. The normalized light intensity is directly related to
the air layer thickness by a deterministic transfer function, which varies with the incident
light polarization, as described in in the next Chapter

13
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Interferometry Image

@

(@ ‘ (

Figure 2.1: The experimental schematic and representative images. (a) The 1.6 mm
diameter drops of water-glycerol solution fall from the height H from the nozzle (N). Light
emitted from a Thorlabs HNL150LB HeNe laser (L1) illuminates the Dove prism (P)
upper surface and totally internally reflects from the glass-air interface directly beneath
the impacting droplet and is captured by camera C1 after exiting from the prism and
passing through a dry 5X Mitutoyo microscope objective (O1). Fizeau interferometry
data is acquired with the independent light path from a Thorlabs M530L2 green LED
light source (L2) that is collimated and goes through the beam splitter (BS) and is
captured on sensor C2 through another dry 5X Mitutoyo microscope objective (02). C1
and C2 are Phantom V711 and Phantom V7.3 fast cameras, respectively with tube lenses.
They record at 180,000 and 90,000 frames per second, respectively, and are simultaneously
triggered externally using a analog signal for each droplet impact experiment. Mirrors (M,
M1 and M2) are used for light path alignment. Two example images of the thin air film
during contact initiation beneath the droplet: FTIR image (b) and Fizeau interferometry
fringes image (c). The FTIR image is stretched by a factor of /2 in the a9 direction (see
Section 3) to account for the oblique illumination angle, thus unifying the scale of the
major and minor axes of FTIR images. The interferometric image recovers a larger region
on the surface. The surface region sampled by both imaging methods simultaneously is
shown by a blue rectangular box which has a height and width of 0.35 mm and 1.42 mm,
respectively. (d) and (e) show the rapid nature of contact initiation. Onset of wetting is
mediated by the formation and growth of nanoscale liquid bridges, binding the liquid to
the solid through a thin film of air. FTIR imaging modality better resolves the fleeting
time scales where the contact initiates but on a narrrower field of view.
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The interferometric method requires a second optical path. In this approach, collimated
light is directed onto the optical path using a 50-50 beam-splitter and focused onto the
impact surface. When the droplet enters to within the coherence length of the light, an
optical cavity is formed between the droplet surface and the solid surface. Some of the
light reflects from the solid-air interface; a smaller amount of the transmitted light then
reflects from the air-liquid interface. Depending on the gap thickness between the solid
and the liquid, these two reflected beams will interfere [31, 39]. The interference between
the two reflected beams from the spatially varying gap results in a pattern of fringes
that are subsequently imaged onto a second high speed camera sensor. Both FTIR and
FIF optical configurations are depicted in Fig. 2.1.a. Alignment of the optical paths
and robust optical mounts were used to ensure image registration fidelity along the 40
experiments.

Simultaneous FIF and FTIR imaging is used in recent interfacial mechanics studies to
probe the liquid-air interface beneath an impacting droplet [19, 94, 95]. These imaging
modalities provide complimentary information about the liquid-air profile at different
scales and with different resolutions - FTIR can resolve up to the wavelength of light
with exponentially increasing resolution as the droplet approaches closer to the surface,
whereas FIF can be used to measure gaps of up to several microns with lesser resolution.
During simultaneous imaging, F'TIR provides a reference for absolute measurement of
the liquid-air interface with FIF; however, this doesn’t remove the need for FIF fringe
demodulation.

In our simultaneous FIF and FTIR imaging setup, the FIF imaging path corresponds to
a larger physical region extending over the entire impact zone beneath the droplet; by
contrast, the FTIR modality images a smaller region near the impact axis with greater
magnification. The common region recorded by both imaging methods is shown by a
blue rectangular box in Fig. 2.1.b & c¢. The FIF images comprise 128 x 128 pixels at a
resolution of 12.7 microns per pixel in x1 and z9 directions with a precision of about one
micron in the z3 direction. The FTIR images comprise 512 x 64 pixels at a resolution of
3.8 by 5.0 microns per pixel in the z1 by x2 directions. FTIR resolves the gap thickness to
within 10 nanometers in z3 direction [67]. FTIR and FIF images are recorded at 180,000
and 90,000 frames per second, respectively; example images are shown in Fig. 2.1.b-c.
The sequence of images shown in Fig. 2.1.d-e shows the rapid nature of contact formation.

2.2 Deep convolutional neural network

We developed a deep convolutional neural network that maps our FIF images to our
FTIR images. The network we employed [64] is adapted from the EnhanceNet neural
network [103].

Similar networks have proven to be a robust tool in numerous applications in the field of
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Figure 2.2: The architecture of the network employed in this work. The network implicitly
performs unwrapping of the input interferometry fringes, up-sampling the data to a
higher spatial resolution, and improves the signal to noise ratio at the same time. (a)
All the convolutional layers employ a stride of a size (3 x 3). The (O symbols on the
convolutional layers indicate Rectified Linear Units (Relu) activation. (b) In the first few
convolutional layers the outline of the grayscales are determined. In the other words, the
network distinguishes which stage of contact dynamics are being taught the network.The
FIF images are enlarged in the figure and not to be scaled.

" - = -

Figure 2.3: Performance of different neural networks on a test image (a) Target FTIR
data (b) VGG-16 output after 1250 epochs (c¢) U-Net output after 2000 epochs (d) Our
Modified EnhanceNet result after 800 epochs. VGG-16 output diffuses the sharp profile
applies a filtering operator on sharp edges. Our attempts for U-Net network training
have been unsuccessful and led to divergence. EnhanceNet shows a faster convergence
rate and was superior in capturing the profile of the contact line.

data science whenever information is abundant [34, 75], and there is considerable interest
in using these networks in engineering applications [37, 54, 59]. The structure of our
network is detailed below and is available online [64].

We developed a deep convolutional neural network that maps our FIF images to our
FTIR images. The network we employed [64] is adapted from the EnhanceNet neural
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network [103], consisting of several interconnected layers, as depicted schematically in
Fig. 2.2.

The EnhanceNet is a generative feed-forward fully convolutional network [103], derived
from Visual Geometry Group (VGG) deep neural network [112], using strided convolutions
but with leaky ReLU activation and without pooling layers. Our network uses an Adam
optimizer with a learning rate of 0.0005 to minimize the mean square error cost function.
Our goal was to achieve normalized root mean-squared error of order O(107%) in the
interior of the images (see the discussion section 2.5) which is 2 orders of magnitude
smaller than the error on edges, i.e., O(107%).

With this metric, we found the EnhanceNet perform better in comparison with similar
upsampling and convolution networks in terms of capturing the contact line (Fig. 2.3).
Different networks were implemented using the TensorFlow version 1.14 Python library
and was run on an NVIDIA Tesla T4 graphics processing unit. Our DCNN has shown
better accuracy and an increased rate of convergence compared to GAN and U-Net. It
took our modified EnhanceNet training 800 epochs over a course of 9.5 hours runtime
to satisfy the convergence criterion. This was faster and more efficient compared to the
original EnhanceNet and the VGG-16 architectures taking over 2400 and 4000 epochs
with runtime period of each over 24 hours, respectively. Due to the fine structure of
the liquid-solid contact line, as many training epochs were required for the network to
achieve reproducibility of these dynamics. Our attempts for U-Net architecture training
have been unsuccessful (Fig. 2.3.c). We used batch shuffling of the training data set with
a drop-out ratio of 12 percent was used to avoid over-fitting.

To train the network, we generate input-output data pairs from the images recorded
during the impact experiments. Prior to training, the images are treated with a pre-
processing protocol. First, the FIF images are interpolated in time using a quadratic
interpolation function in order to synchronize the FTIR and FIF images. This yields
a total of 14871 time synchronized frames from the 40 droplet impact experiments.
Second, the data from the common region indicated by a blue rectangle in Fig. 2.1.b-c are
denoised and cropped from the images. The dimensions of the FIF and FTIR images are
reduced to 25 x 108 and 64 x 364 pixels, respectively. Third, from each FIF-FTIR pair, 3
additional data pairs are generated by mirroring the images on z1, 2, and x; — z9 axes
which increases the number of data pairs to 59484. As the final step, instead of pairing
the FIF-FTIR images on a 1 to 1 basis, the input FIF data is augmented by 2 FIF frames,
one before and one after the target time step, resulting in the pairing of 3 successive FIF
images to 1 FTIR image; yielding data pairs with dimensions 3 x 25 x 108 = 1 x 64 x 364.
The sequence of 3 FIF frames provides additional information to the network, facilitating
the interferometric signal phase unwrapping and better capturing the dynamics of the
liquid-air interface.

The total data pairs were split into 2 pools: the first pool consists of 32 impact experiments;
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images in this pool were used for both training/validation and testing purposes. The
second pool consists of 8 separate droplet impact experiments; these images were used
entirely for the final testing of the network performance. To train the network, 12000
and 2000 data pairs were randomly drawn from the first pool to assemble the training
and validation data sets, respectively. The testing data set for the network consists of
the remaining of data pairs from the first pool, and all the pairs in the second pool. In
total, 45484 data pairs that the network did not see during the training were used to test
the network’s performance. Out of these testing set, 12395 pairs were from the second
pool which were entirely left out during the network training. The root mean square
error on all pixels averaged on 45484 images is in order of 1079, as shown in Section 2.5.

There are four key stages of the droplet impact process, where the images appearing in
each stage are somewhat distinctive; namely, before the contact initiation, immediately
after the contact initiation, late stage of liquid-solid contact growth, and complete
liquid-solid contact development. The last stage is discernible when the contact line(s)
become stationary after sweeping the whole contact area and a single or multiple air
bubbles might remain trapped. This stage of the impact process is distinguished by no
perceptible change from frame-to-frame in the recorded images. Example network output
along with the FIF and FTIR images for these four key stages is shown in Fig. 2.4. The
network is able to capture the outline of the contact regions successfully at different
stages of impact while simultaneously increasing the spatial resolution of the images. This
“super-resolution” imaging is achieved by the network due to the higher magnification
of the FTIR image. Additionally, the network enhances accuracy in the zs direction
as a natural consequence of the elevated resolution along x3 with the FTIR method.
Thus, transforming the FIF data to the FTIR data by the use of deep learning implicitly
bypasses the need for unwrapping the fringe patterns.

2.3 Mosaic mapping with overset technique

The DCNN input dimension must match the size of the data that is used to train the
network [40]. Our deep neural network is trained to transform subregions of the FIF
images with dimensions of 3 x 25 x 108, converting them to high resolution 64 x 364
FTIR-like images. However, we aim to recover the entire dynamics recorded with the
full 128 x 128 pixel field of view in the FIF image sequence. As a consequence of the
mismatched dimensionality of our network input and the full FIF image, we must employ
a means of using our trained network on the full FIF image despite this dimensional
mismatch. Stitching the image sub-regions is commonly carried out in super-resolution
imaging applications as a solution. In order to avoid losing the accuracy, we employed the
overset grid technique [21, 110], which is inspired by Chimera method used extensively
in high fidelity numerical simulations of fluid flows [8, 9, 63, 129]. This method breaks a
discretized domain into subregions, and provides a means of connecting the subregions
by enforcing high order continuity conditions in an overlapping or overset neighborhood
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Figure 2.4: (a~-d) Top: Sample of the neural network performance when applied to test
images corresponding to different stages of droplet impacts . The image labeled “Input
Data” is a cropped subset of low resolution (12.7 microns/pixel) interferometry imaging.
The target images labeled “ Recorded FTIR Data ” are the high resolution FTIR image
(3.9 microns/pixel in the z1-direction and 5.5 microns/pixel in the z2 direction) in the
same experiments but recorded with a different camera. The predicted data are the
result of applying the neural network to the corresponding input data. The height and
width of all images corresponds to 0.32 mm and 1.37 mm, respectively. a) Images right
before the liquid-solid contact; b) Two edges meeting each other shortly after contact
formation; ¢) Complex contact line profile moving; d) The image after the contact line
has swept over the surface, and an air bubble is trapped on the surface. (a-d) bottom:
The normalized residual image shown are the absolute values of difference between the
target FTIR image and the DCNN network divided by a constant value of 59484. The
colorbar at the bottom is for the residual images. The maximum normalized error on
pixels are in the order of 10~ for these images. The root mean square error (RMS) on
all pixels are in the order of 1079 per pixel for all 45484 test images (see Fig. 2.9). If we
only consider those 12395 images which were from the 8 droplet experiments that were
left out during the pre-processing stage (Section 2.2), the RMS of the error is equal to
8.3 x 1075 per pixel.
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Figure 2.5: The mosaic mapping from the low resolution image (a) with 128 x 128 pixels
to the higher resolution image (c) 431 x 328. The white-outlined region near the bottom
is the subset of the FIF image where high resolution FTIR data are available and is used
for training the neural network. An overset grid with overlapping nodes is adapted from
computational fluid dynamics [110] to partition the FIF image into subsets of appropriate
dimensions for the neural network input. The subsets in the untransformed domain
(a) and the mosaics in transformed image (c) are indicated by the rectangular colored
outline; these comprise the unseen input and output of the trained neural network,
respectively. This transformation is illustrated in (b) for 2 subdomain/mosaic pairs as an
example; the arrows indicate the application of the trained neural network. The height
and width the mosaic is normalized to unity with uniform node spacing in z; and 9
directions to construct the interpolation stencils for the overlapping pixels as described
elsewhere [64, 110]. The number of overlapping pixels introduced by hatch pattern on
(b) is at least 5 in the transformed subdomain; this allows for a 6th-order Lagrangian
interpolation of the neural network output.

of each subregion’s boundary.

In order to implement the overset technique, we have partitioned the FIF data where
there are a minimum of 2 and 3 overlapping pixels in the “untransformed” FIF images
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in 1 and xo directions, respectively, which results in minimum of 5 overlapping data
points in both &; and &» directions in the transformed subdomain as shown in Fig. 2.5.a.
Using this partitioning we are thus breaking the entire FIF image into subregions; each
of these subregions is an individual tile in the entire mosaic of the original FIF image.
We can thus apply our neural network to each tile and obtain as an output a series of
tiles that together form a new mosaic image representing the piece-wise mapping of the
entire FIF image into a new super-resolved image. However, in order for the resulting
super-resolved image to be coherent, the tiles must be connected properly. The procedure
for connecting adjacent tiles in the super-resolved mosaic image is to interpolate the
2-dimensional equally-spaced coincident data points in the boundary region using a
6th-order Lagrangian interpolant [110]. The specific implementation of the interpolator
stencils can be found elsewhere [64]. In this way, the subregions of the FIF data are
fed one-by-one to the trained network, resulting in the high resolution mosaic shown in
Fig. 2.5.b. Finally, by applying the pre-determined interpolator stencils the whole image
is reconstructed, as shown in Fig. 2.5.c.

2.4 HOTNNET Results

Our DCNN can demodulate the interferometric fringe patterns and increase the data
resolution of the image, as shown in Fig. 2.4. By merit of the FTIR image database used
to train the network, the network also enhances the image resolution along the third
axis, with some loss of depth-of-field. However, in the prior section we introduced the
means to extend of the use of our DCNN to the entire FIF image using the high-order
overset technique. The combined workflow of first using the DCNN region-by-region with
the high-order overset technique comprises a hybrid processing framework that we call
HOTNNET for short. With HOTNNET, we are able to enhance the resolution across
the entire field of view contained in the interferometric images.

The results of HOTNNET are shown for 3 different FIF images corresponding to 3 stages
of droplet impact event in Fig. 2.6. Upon the application of HOTNNET), instead of FIF
fringe patterns, the reconstructed images contain light intensities representing the air gap
measurements; such an output, in principle, provides a rich database for extraction of
the physics of droplet impact, with images that can be mapped onto gap measurements.
The HOTNNET output no longer suffer from the 150 nanometers ambiguity in the
measurement that the monochromatic FIF and its accuracy is FTIR imaging modality
which is proven to have an accuracy of a few nanometers in the x3 direction [67]. Using
HOTNNET, we retain the resolution enhancement of the DCNN for each individual tile
of the mosaic - the 128 x 128 images are up-sampled to 431 x 328 pixels.

Notably, any defect in the imaging system, e.g., dust on the camera sensor is removed by
HOTNNET as indicated in Fig. 2.6.a-c. This is likely due to the use of 3 successive frames
in the network training. Even in the presence of such artifacts, the output resolution of
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Figure 2.6: Converting low resolution FIF fringes to high resolution, easy-to-interpret,
FTIR images by a hybrid overset technique-neural network (HOTNNET) (a-c). The
arrows represent application of the HOTNNET framework introduced in this article,
namely, untransformed image partitioning, application of the neural network to subsets,
and mosaic mapping of neural network output with 6th-order interpolation at edges/-
corners for assembling the high resolution image. The size of the reconstructed FTIR
images (431 x 328) exceeds the input FIF data (128 x 128) by hundreds of thousands of
pixels, significantly extending the spatial contents of these images. The dust on the FIF
modality sensor is marked by the red arrows. HOTNNET removes this static noise from
the demodulated images as indicated by red rectangles.

HOTNNET is at the same level as the FTIR imaging, suggesting that HOTNNET is
capable of removing static noise from the input images.

HOTNNET successfully demodulates the grayscale and the profile edges of recorded
FIF images. Some minor spurious noise is visible in Fig. 2.6.a & b, arising from the
very rapid droplet spreading and the fastest dynamic contact line movement in these
experiments. The recognition of fringe patterns is not as precise in Fig. 2.6.c, but the
trapped air pockets (light spots in the dark area) are accurately identified. The lower
quality of unwrapped fringes in this case arises from the lack of similar patterns in the
network training data.

The overset technique employed in HOTNNET ensures that the reconstructed images do
not show any non-uniformity in the inter-boundary regions of the tiles, thus eliminating
the so-called ‘edge effect.” as shown in Fig. 2.7. The high order stencils of HOTNNENT
ensures that even at the edges the error is in the orders of 1074, but is larger very close
to the liquid-solid contact due to sharp change of intensity.
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Figure 2.7: (a) The output of the HOTNNET with its subset (solid white rectangle) at
the common domain as specified in Fig. 1. The image intensity at overlapping pixels of
the tiles (coloured rectangles) are the result of Lagrangian interpolation in the overset
scheme. The span (s) is the edge of one of the tiles selected as an example. (b) The
normalized error along the horizontal s span passing through the overlapping grids. The
error is in the orders of 1074, but is larger very close to the liquid-solid contact due to
sharp change of intensity.

2.5 Discussion

In this work, we introduce HOTNNET - a computational framework that upscales
and demodulates interferometric images, thus enhancing spatial resolution in all three
dimensions. At the core of HOTNNET is a deep convolutional neural network that
eliminates static artifacts from the images while simultaneously enhancing resolution.
HOTNNET uses a high order overset technique to produce full super-resolved images from
the interferometric images of a given size and is not constrained by the dimensions of the
initial network training sets. In order to demonstrate the HOTNNET framework presented
in this paper, we used a total 21888 number of frames generated from experiments on
droplet impact interfaces. The underlying physical results are explained elsewhere [67, 69]
- when the drop approaches the surface, even at low speeds the initial dynamics of wetting
are strongly altered by the confined air layer, which is displaced by the wetting fluid and
deforms the liquid-air interface ahead of the contact line. The deformation results in a
capillary disturbance that precedes the wetting front and leads to peculiar low wetting
velocities beneath the impacting drop. These dynamics, ahead of the contact line, are
inertial. Thus, the wetting front is surfing on a capillary wave and dragging a viscous
tail in its wake.
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Close to the edge of the contact line there is a distinguished halo region with sharp
gradient in air layer thickness (Fig. 2.4.b-c). In this vicinity, the FIF images suffer
from degradation of fringe patterns due to lack of lateral resolution and sharp slopes
at the liquid-air and liquid-solid interfaces. This introduces inaccuracies in capturing
the actual peak/trough locations (iso-intensity contours) and their intensity magnitude.
Consequently, fringe pattern demodulation becomes impossible or extremely inaccurate.
In HOTNNET results, the outline of the halo section is captured and there is little
ambiguity in the extent of the actual peak of halo region as the relation between the air
layer thickness and the normalized light intensity is monotonic. However, the mapping
function from FTIR to air layer thickness given in [111] may need correction [52] for
high slopes and curvatures.

In our droplet impact experiments, we are specifically interested in air layer thicknesses
of nanometer scales where the van der Waals and other short-range interfacial forces
can drive contact formation; these are the subject of recent numerical investigations [23].
We have targeted an accuracy close to few nanometers of precision. Close to darkest
point of the camera (O(10)) the slope of the transfer function gets over 10% nanometer
per unit change of normalized intensity (7). Hence, in our overall HOTNNET imaging
profilometry, we kept normalized root mean-squared error (NRMSE) per pixel below
1075. However, our initial implementation of FTIR profilometry of droplet impact

experiments [69] employed a simplified total energy inversion algorithm,
h=—dlog(1—-1), (2.1)

that assumed all light incident upon the droplet’s surface above the air transmitted
into the drop, without taking into account the important role played by polarization
of the light, resulting in error bars in Fig. 2.8 when doing the profilometry of the halo
section. We will discuss the corrections required in the next Chapter. Fig. 2.8 shows the
kinematics of wetting front for the droplet with a viscosity of 76 centi-Stokes falling from
a height of 18 mm.

Further, here we investigate the image dimensions in convergence of training the network
in HOTNNET. In an ideal scenario, a super-resolution microscopic imaging method
should be capable of recording data with high-precision, covering a large spatial domain.
In our experiment, the FIF imaging covers a large enough surface; using the HOTNNET
technique, we have been able to improve the accuracy and quality of our FIF images to
the same level as our locally recorded FTIR images as shown Fig. 2.9. We are further
confident about the overset technique to remove the edge discontinuity (Fig. 2.7). For
the physics of contact lines forming beneath impacting droplets, our imaging precision in
x3 direction is satisfactory. However, further improvements of the accuracy in the z; and
xo directions, from the current 3.9 and 5.5 microns per pixel, respectively, are desirable.
This augmented resolution can be achieved by replacing the current 5X microscope
objective in the FTIR setup to a greater magnification. This will decrease the actual
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Figure 2.8: Kinematics of the wetting front: Close to the edge of the contact line there is
a halo region with sharp gradient in air layer thickness causing smearing of FIF fringes
as depicted in (a). The halo region leading the propagating front excites a capillary wave
ahead of it. Thanks to the higher pixel per length ratio of FTIR microscopy, HOTNNET
is better resolving (b) the outline of the halo section. The profilometry across the radial

span 7 is given in (c). It shows wetting front propagating outward from the point of
contact initiation.
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dimensions of the subset used for the network training, i.e., the blue rectangle in Fig. 2.1
or the white rectangular region in Fig. 5. One must be aware that the smaller subset
recorded with the greater magnification might not have sufficient information to train
the network to demodulate the FIF fringe patterns. In the other words, the training
subset must correspond to sufficient interferometry fringe variation for trainability of
the network. This would likely require at least one full modulation from minimum to
maximum intensity in the fringe pattern. If this criterion is satisfied, the network is
trainable, the rest of the HOTNNET procedure is straightforward.
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Figure 2.9: RMS of network output image error averaged on the test data sets versus
number of pixels in the FIF image subset which is used for network training. Independent
neural networks with similar architecture have been trained for different cropped image
dimensions (I x J) of 108 x 25, 97 x 24, 86 x 20, 76 x 18, 65 x 15, 54 x 13, and 43 x 10.
For untransformed subdomain dimensions of 86 x 20 =~ 1700 pixels, the error is in an
acceptable range for very high resolution air gap measurement and contact line profile
studies. This corresponds to 1.15 mm x 0.28 mm tile size.

To quantitatively evaluate the minimum size of the training data, we have shrunk the
dimensions of DCNN input images to 108 x 25, 97 x 24, 86 x 20, 76 x 18, 65 x 15, 54 x 13,
and 43 x 10 towards the center and checked the performance of the network on 45484
test data pairs which were unseen data sets during the network training in terms of the
root mean square of error on all pixels. The architecture and the other parameters of the
network, including the maximum number of epochs, were maintained to ensure direct
comparability of the network fidelity. The results show that using larger dimensions
reduces the error, reproducing the FTIR images much more satisfactorily. The network
is not trainable for 43 x 10 pixels, 7.e., 0.57 mm x 0.14 mm subdomain size. For 54 x 13
pixels input, 4.e., 0.71 mm x 0.18 mm subdomain, which is approximately the subdomain
size which can be covered by a 20X objective, the network is trainable but the error
is found to be high. We use a maximum root mean square of 10~ as a threshold for
trainability, which was achieved with a subdomain dimensions of 86 x 20 ~ 1700 pixels,
or 1.15 mm x 0.28 mm tile size. This width of the tile is comparable to the diameter of
the droplet, i.e., 1.6 mm.

While the HOTNNET framework can be readily adapted to other imaging datasets,
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including those obtained with other interferometric imaging modalities for instance,
the weight coefficient factors embedded in our trained neural network correspond to
our specific optical setup. Consequently, changing the imaging system will require the
network to be retrained. Retraining the network with a novel imaging system requires
the collection of sufficient data for training, where the exact volume of training data
depends on the quality of the images, but as few as several hundreds of images could
suffice. The open-source code for HOTNNET including that for training the network is
available on github [64].

Most neural network based super-resolution techniques use an artificially generated
database of down-sampled, high-resolution images. Real world imaging artifacts such
as sensor noise and static defects are absent from the images in these databases and
thus these networks cannot be used for quantitative imaging modalities in science and
engineering. HOTNNET faithfully treats the real-world recorded images because the
complete data pairs for its network training are the outcome of laboratory experiments
including imaging artifacts.

HOTNNET generates the final super-resolved mosaic by first mapping local tiles that
are each super-resolved with the deep convolutional neural network. Because the regions
of the mosaic correspond to different stages of the dynamics, the local mapping is non-
invertible; thus on some level the network is classifying the contents of each tile based on
limited information. Thus, like all other supervised learning strategies, the neural network
in HOTNNET may lose fidelity when it is subject to substantially different interferometric
image inputs. Nevertheless, for sufficiently similar interferometric images, HOTNNET
is capable of producing super-resolved data that might be used quantitatively, and
represents a step toward physically relevant data generated by neural network. Indeed,
given the universality of physical behaviors, it is not outside the realm of possibility to
use data obtained with HOTNNET to evaluate physical principles; this would require
further work and verification to ensure that results obtained using the HOTNNET output
are not artifacts of the processing, but instead are physical phenomena.

2.6 Conclusion

HOTNNET could be directly applied in fields of precision metrology provided that the
neural network is appropriately trained. Using HOTNNET, we address constraints on our
measurement due to the performance characteristics of our imaging hardware; however one
can envision a means by which HOTNNET could address other constraints. For example,
if an imaging system places an elliptical aperture in the imaging plane, the imaging domain
would result in a non-rectangular tile shape. The overset technique in HOTNNET can
be readily adapted to curvilinear geometries. Additionally, with appropriate calibration,
HOTNNET could increase the accuracy of white light interferometry [71], which is
currently limited by the bandwidth of the color filters on the CCD camera.
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HOTNNET is designed to address constraints imposed by a given experimental setup
using machine learning. This framework makes progress toward accurate and reliable
physical measurements as the output of a trained neural network. Here, images recorded
during droplet impact and contact formation were treated with HOTNNET, but the
technique introduced here can be employed in the broader context of physics and
engineering. HOTNNET thus offers a compelling and powerful tool that simultaneously
achieves noise rejection, phase unwrapping and resolution enhancement of images when
direct measurements are not possible or are cost prohibitive.
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B FTIR and FIF Microscopy

In Chapter 2, we have described the methods for imaging the droplet impact phenomena
through the transparent substrates, namely: Fizeau Interferometry (FIF) and Frus-
trated Total Internal Reflection (FTIR) methods. Here, we describe how the recorded
monochromatic images can be used to obtain the profilometry of the liquid-air-solid
interfaces. Both FIF and FTIR profilometry modalities are founded on principals of
classical electromagnetism, Maxwell’s equations, and light diffraction/reflection theories.

The FIF profilometry is a well-established method and we discuss it briefly in Section 3.2.
Use of FTIR microscopy as a quantitative tool for profilometry of interfacial mechanics
is recent [111]. Here we describe the implementation details of the optical system that
are crucial for an accurate microscopy and profilometry. This short chapter serves as a
technical note for FTIR and FIF microscopy implementation.

3.1 FTIR Profilomtery Modality

In our FTIR setup (Fig. 3.1.a), the top surface of a dove prism is illuminated with a 5
mW red laser light with 635 nm wavelength provided by Arima (www.arimalasers.com).
The laser is mounted in the temperature controlled mount, model TCLDM9 provided by
Thorlabs (www.thorlabs.com). The collimated light is aligned to be incident at an angle
greater than the critical angle for total internal reflection at the substrate-air interface, but
smaller than the critical angle at the substrate-liquid interface. The reflected light is rec-
corded by high-speed Photron Fastcam Nova S12 camera sensor (https://photron.com)
using a long-working distance (Mitutoyo 5X) microscope objective and a Thorlabs tube
lens model ITL200.

The reflected light intensity is directly related to the air layer thickness by a deterministic
transfer function [111], as long as the light at the substrate-air is linearly polarized -
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Figure 3.1: a) Schematic of our FTIR setup for a given substrate S: A p-polarized red
laser source illuminates the Dove prism top surface with 45 deg incidence angle. The
prism top surface is optically coupled with the substrate S. The two (LCVRs) shown
perform the corrections for the change in polarization the of a given birefringent substrate
like mica sheets. The light intensity recorded on the camera sensor is proportionate to
the air gap beneath object/droplet (L) and on top of the substrate surface. Medium A, B,
G are air, BK-7 glass, and air respectively. Medium L can be liquid or solid. Medium S
can be birifringent. The laser diode wave length is 635 nm. LCVRs 1 and 2, provided by
Meadowlark (www.meadowlark.com), are controlled continuously via a National Instru-
ment (www.ni.com) by a MATLAB code. . b) The input voltage to LCVRs from the NI
card is calibrated for the red wavelength using Thorlabs PAX1000 (www.thotlabs.com)
polarimeter. For isotropic substrates like BK7 glass the corresponding voltages that
provide zero retardance is applied. For birifringent substrates, the LCVRs remove the
spill the light on the s-polarization plane at S-G interface. The polarizing beam-splitters
(PBS) are used before each mirror to ensure no unintended change in the polarization
of light occurs as quantified by the photo cell. The raw image, reference image, and
normalized images recorded by using a spherical glass lens as L on a substrate mica (S)
are shown in (c,e), respectively. 30
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we achieve this by using two polarizing beam splitters and two liquid-crystal variable
retarders (LCVRs) provided by Meadowlark (www.meadowlark.com). We used Thorlabs
protected Aluminum mirrors for the laser light path alignment. Before any mirror in the
optical path, we included a polarizing beam splitter to avoid unwanted light polarization
change by the reflection.

We introduce ng, ng, ¢1, and &) as refractive index of air (gas), solid (substrate), the light
angle of incident, and the light polarization at the air-substrate interface, respectively.
For a given weakly birefringent substrate with an arbitrary optical axis (Og), 2 is a
function of

QIZF(nS’@S7¢17¢2)7 (31)

where @1 and @, are the retardance angles of the LCVRs (Fig. 3.1.b). Thanks to the use
of polarized light in our setup, & state can be easily described by s-polarized (&) and
p-polarized (6"H) components of the light electric field, &, using extended Jones matrix
algebra [50]. However, the values of ng and ©g are not known a priori and measuring
them using refractometer and polarimeter for numerous substrates is not feasible in our
droplet impact studies. To overcome this issue, we follow the protocol below to perform
an in-place system identification.

For each substrate, we sweep a range of voltages on the LCVRs which in turn characterizes
the state of light polarization using the photo cell shown in (Fig. 3.1.a). We alter ¢; and
&5 in the range of 0.2—0.6 times the light wave length (\) and find the ng and ©g values
that match the output light collected by the photo cell. In this range, the function F
has the highest sensitivity to the values of ng and ©g. Finally, we preset the LCVR 1
voltage to have pure p-polarized light at the interface, removing all the unwanted spill
(% — 0) due to the birefringence of the substrate. We use the retardance of LCVR 2 to
maximize the collected light by the photo cell to enhance the dynamic range captured on
the camera sensor.

Profilometry with FTIR image processing is described by [111]. To summaries, firstly
the FTIR image is stretched in the xo [19]. The image intensities are divided by the
background image to obtain normalized intensities,

- I(z1,229)

I=1(x1,29) = To(@r.ma)" (3.2)

Finally, the normalized intensities are mapped into absolute air layer thickness fields,
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Figure 3.2: The mapping function of FTIR microscopy. a) The sensitivity analysis on
refractive index of the liquid/object, ny,, shows little sensitivity of p-polarized light to
nr,. b) The sensitivity analysis on refractive index of the substrate, ng. We included the
curve for different grades of mica sheets that we encountered. The mapping function of
the p-polarized light is less sensitive to the value of object/liquid refractive index.

h(z1,z2), using the following equation,

h= A9 (3.3)

)
47y /né — n% sin? ¢
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where § is resulted based on Fresnel equations from the following relation [140]

T 7“5@4-7“GL€]“s 2

= - 3.4
1+rggrareld (3-4)
with constant values
NG COS 1 — Ng COS P2 g COS 1 — N COS Pa
tsa, = ;o tsgL= (3.5)
NG CoS ¢1+ng cos P2 ng cos ¢1+ng Ccos @2
N COoS P3 — N, COS P2 1N, COS 3 — NG COS P2
TG, = ; LG, = (3.6)
NG COS P3Ny, COS P2 N, cos ¢3+ng cos @2
] . .1 .
¢ =sin" (ng/ng-sing1); @z =sin" (ng/ng-sings) (3.7)

In these equations, ny, is the refractive index of the liquid (or the solid object in the
penetration depth of FTIR microscopy), j is the imaginary unit, and the subscripts L /
denote s- and p-polarized components of the light, respectively.

In practice, we used pure p- polarized light in the FTIR imaging to simplify the equations
above and h is readily deduced using a lookup table [111], instead of inverting relation
3.4. The family of h(I) are presented in Fig. 3.2 for the mediums (liquid-solids) that are
studied in this work.

3.2 Interferometric Imaging and Profilometry

The second profilometry method that we used is based on the interferometric images
that are presented in Chapter 2 referred to as FIF imaging data. The FIF optical path
is perpendicular to the substrate surface as shown in Fig. 3.3.a. In our monochrome
FIF imaging [98], we used unpolarized light from a high power blue LED provided by
ILS Solutions (https://i-led.co.uk/) with a wavelength of 455 nm. We collimated
the light and direct it onto the optical path using a 50-50 beam-splitter and focus it on
the substrate surface by a long-working distance (Mitutoyo 5X) microscope objective.
Due to short coherent length of the LED light we do not include the quarter wave plates
required by FIF setup with laser lights [98].

In FIF, the droplet/object (L) enters to within the coherence length of the light, forming
an optical cavity between the object (L) surface and the substrate (S) surface. The
clearance betweeb S and L are filled by the medium air (G). Some of the light reflects
from the S-G interface, i.e., interface (1) in Fig. 3.3.a

Iy v, (3.8)
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Figure 3.3: a) Schematic of FIF microscopy. b) A spherical lens (L) of known shape
in contact with the substrate S creates Newton ring. c¢) The dark reference image is
required for normalizing the image. For liquid droplet experiments it is obtained from
the stage that the liquid covers the substrate. For the calibration with the BK-7 glass
lens, we obtained it by depositing immersion oil on the substrate which has a similar
refractive index as BK-7 glass. d) The bright image is calculated at the post-processing
stage from the dark image and the refernce image when the object L is absent.

and a smaller portion of the transmitted light reflects from the G-L interface,

I(3) o< (1=17)*(v2)* Lo, (3.9)
that is interface (2) in Fig. 3.3.a where,

I:=1(x1,22,)\) (3.10)

is the light we capture on the camera sensor. It is a function of the light source spectrum
specified described by (Apeak)

I / TN Lo (A, Apeare ). (3.11)

Depending on the gap thickness between the S and the L, these two reflected beams will
interfere [31, 39].

(I — Io) X I(1)+I(2)+21 /1(1)1(2) CcOS (ngh+7T) (3.12)
where
h:=h(x1,x2), (3.13)
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2
kG:nGTﬂ-, (3‘14)

and Iy is a constant background light proportionate to the sum all those lights that are
reflected from other interfaces in the light path (if any) on the sensor. The interference
between the two reflected beams from the varying gap [31, 39] results in a pattern of
fringes. For a spherical object (L) in the field of view, the pattern of fringes resembles
Newton rings as shown in Fig. 3.3.b. We record the fringe images by a Photron S12
Fastcam through a Thorlabs tube lens model ITL200.

The finite illumination numerical aperture (/N A) of the microscopic objective and the
resulting light cone introduces additional complication in the formulation [30, 98, 105].

Defining
¢ = arcsin ( NA), (3.15)
ng
I~ I(O)+H[I(1)+I(2)+2, /I(l)I(Q)F(h) COS (2]{7/Gh—|-ﬂ')] (3.16)
where
kl = k(1 —sin?(¢)) (3.17)
B = 2kghsin®(4) (3.18)
I := 47sin® () (3.19)
sin(h/
I(h):= }5, ) (3.20)

In practice, we normalized the light with respect to a dark (Inin) and bright field
(Imax) [105] shown in Fig. 3.3.c-d and write the normalized intensity I as a damped
cosine function (g) integrated over A:

T=g(h & Ino (M Apeak)), t1,t2) =: G(h) (3.21)

Instead of relying on the spectrum of the LED light source to do the integration of Eq.
(3.11), we followed an engineering approach and constructed the I mapping function,
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G(h), directly from a controlled experiment as described in Section 3.3.
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Figure 3.4: a) Schematic of the setup used for the calibration of the profilometry methods
introduced in Section 3.1-3.2. All the element in the FTIR (red light path) profilometry
modality are is introduced in Fig. 3.1. FIF profilometry modality (blue light path) uses
a high power blue LED light source (L2) that is collimated and goes through the beam
splitter (BS) and is captured on sensor C2 through another dry 5X Mitutoyo microscope
objective (02). Both Cameras C1 and C2 are monochromatic Photron Nova type with
tube lenses, recording at 125 FPS. Piezo-stage controller is of NPC3SG type with carries
and advances the rigid object (L) towards the substrate with nano-metric precision
until the lowest point on the object touches the substrate. b) The gap measurement
is presented for FIF and FTIR which are in complete agreement with each other. The
microscopy setup is accurate in the range of 0 — 350 nm with an error bar of 7.5 nm in
the x3— direction.
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3.3 Calibration

We will use the FTIR and FIF profilometry methods for the study of liquid-air-solid
interfaces in the droplet impact events in this thesis. Specially, we cross check our
measurements of the critical air film thicknesses during the droplet impact by the two
independent but simultaneous microscopy methods to achieve a good degree of confidence
as there have been striking discrepancies in the values reported for this parameter in the
literature [45]. It is important to calibrate the microscopy techniques described earlier in
this chapter. We optically couple the solid substrates to the optically smooth dove prism
(BK-7 glass) in the setup by immersion Oil. We assembled both FTIR and FIF optical
elements on the same setup.

The optical configurations for both methods are depicted in Fig. 3.4.a. We used the setup
to track the known trajectory of a surface in the field of view. We incorporated a piezo
stage with nanometer precision, model NPC3SG provided by Newport (www.newport.com)
in our setup. As shown in Fig. 3.4.a top, we attached a spherical glass lens to the stage
face and swept in the negative x3 direction starting from h = 350 nm with steps of 20
nm until the lowest points of the lens touch the substrate. At each step of piezo stage,
the synchronized cameras record 250 FIF and 250 FTIR images at 125 FPS. We reduced
the vibrational noise of the setup by using rigid mounts and sorbothane sheets to small
amplitudes ~ 20 nm. We took the median of the 250 recorded images at each stage to
deal with the issue. The step at which the solid-solid contact occurs is evident when the
lens profile is recorded by the cameras (Fig. 3.4.b). Further at this stage, the mechanical
vibrations reduces to zero. There are hundreds of control point on the lens bottom profile
that are used for redundancy check of calibration.

We normalized the FTIR images, stretch them in the z9 directions, and use normalized
intensity-to-gap mapping functions per the procedure explained in the previous section.
We used different mica sheets and glass as substrates and found the maximum absolute
error in the profilometry to be less than 7 nm in capturing the range of gaps h =0— 350
nm (Fig. 3.4.b). We normalized the FIF images with respect to the dark and bright
fields as shown in Fig. 3.3. We found the mapping function to be universal (Fig. 3.5) for
our optical setup and fits any point trajectory on the calibration lens even by changing
the substrate with an error bar of +8/—4 nm.

37



Chapter 3 FTIR and FIF Microscopy

a) b)

—

e
o

Normalized Intensity [-]

o

500 1000
Stage Vertical Travel (z3) [nm]

o

o ~F <

08 / T ‘I‘ '\I‘ —L\l /f'\ N\
RS ho Lo
"go.ﬁ_ [ Vi | [\ | + [\
£ +* 1\ + Doy
=H S \
S04 | T @ | Lo | \
£ Pt \ A \ S

3 Glass Substrate
8 0.2 + \ ‘ J + Jf v Mica Slab #1

[ RF b O | Xiear

\ i
“‘1‘7'. \ ]“4: \ \ '¥' \ \ \ \ \ \ |
U 100 200 300 400 500 600 700 800 900 1000 1100
Gap Thickness (h) [nm]

Figure 3.5: a-b) 4 points that are in the equal distance from the center of the spherical lens
(L) are tracked by the FIF microscopy using the setup in Fig. 3.4.a and they follow the
same curve. ¢) The mapping function I = G/(h) is established from the calibration setup.
The mapping function doesn’t change with different substrates, if image normalization is
performed as per Fig. 3.3.
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“Y Droplet Impact: Air Film Rup-
ture

The initial formation of contact between a liquid and a solid surface is typically mediated
by a third medium - most often in our daily experience, air. Indeed, when a droplet of
water impacts a solid, it makes contact imperceptibly quickly; - a transition so rapid
that it occurs much faster than we can observe with the unaided eye. However, from a
continuum perspective, we know the gas must be punctured, or otherwise disrupted, for
liquid-solid contact to form.

Although the air film formation and rupture phenomenon are well known, the underlying
mechanism of its instability has not yet been conclusively determined. It is only recent
that laboratory tools can capture the microscopic scales involved in the process [30,
31, 69, 70, 79, 83, 125]. The formation and dynamics of the air film have been studied
using X-ray imaging [76], interferometry [39], white color interferometry [125], two-
color interferometry [32], tri-wavelength interferometry [45] and total internal reflection
method [70]. For a basic case of a droplet falling at a low velocity, the mediating air gets
pressed on which further decreases the droplet inertia. In this regime, the lubrication
dynamics of air layer prevents mathematically the rupture of the film in a finite time
duration [41]. Hence for a contact to initiate, the finale of the process needs to involve
additional physical mechanisms that trigger the instability and rupture of the air film.
Indeed, various mechanisms ranging from spinodal dewetting [70] to gas kinetic effects [23]
or even surface roughness have been identified as possible causes for air film rupture [41].
In the absence of theoretical justification, the threshold of contact initiation is usually
described by an air film cut-off thickness (h*) below which the film ruptures, known as
height of closest approach.

There have been striking discrepancies in the value of h* that are reported by different

This majority of the material in this chapter is under preparation for submission as
Kaviani, R. and Kolinski, J. M. (2023). The Characteristic Rupture Height of the Mediating Air Film
beneath an Impacting Drop on Atomically Smooth Mica.
Authors’ Contributions J.M.K. conceived the project. R.K. conducted the experiments under the
guidance of J.M.K. R.K. and J.M.K. interpreted the results.
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experimental studies [32, 45, 70, 85] ranging from 1—2 nm till few microns. The
imprecision with which the final film thickness prior to rupture is known makes it
impossible to distinguish between the various mechanisms that may dominate these
dynamics, making numerical calculations significantly more difficult, and leaving open
a fundamental and important question of what drives liquids into contact with solid
surfaces.

In this thesis, we employ two separate optical measurement methods to determine h*
with a sufficient degree of certainty. We study the process of air layer formation and
breakdown for impacting droplets of silicon oil and water-glycerol onto a smooth mica
substrate at low and moderate impact speeds. We show that the air layer thickness
can get smaller than the mean free path of air. At such length-scales, short-range
inter-molecular forces become relevant. This is confirmed by recent numerical simulations
of impacting water-glycerol liquid droplets carried out by Chubynsky et al. [23] where
van der Waals interactions have been modeled. Our experiments with silicon oil droplets
is in qualitative agreement with the findings of Chubynsky et al. [23] indicating that van
der Waals pressure is the driving agent for the air film rupture. However, for droplets
of water-glycerol solution impacting on mica, our data is inconclusive. We proposed
a possible explanation that short-range forces of electrostatic nature may explain the
behaviour but in absence of definitive evidence, we report the result of our measurements
without prejudice for the scientific community to comment on. We further quantify a
critical local air film height of hyin =20+ 3 nm right before the wetting initiation through
a spontaneous contact. This is in agreement with numerical simulations of Chubynsky
et al. [23].

4.1 Experimental Setup

The physical setup considered is a drop of liquid falling from the nozzle on a flat solid
surface in the presence of the surrounding gas (air) at room temperature and atmospheric
pressure. As the liquid drop falls towards the solid surface, it interacts with the air. The
drop is initially spherical, with diameter D, falling towards a horizontal solid surface at
uniform vertical U as shown in Fig. 4.1.a-b. We control the impact velocity by releasing
the droplet from different fall heights (H) and measure U by a side camera. We studied
the velocity ranging between 0.35—0.91 m/s (Fig. 4.1.c).

For the solid substrate, we used muscovite mica sheets. A mica slab is transparent and
can be easily cleaved through its thickness, obtaining an atomically smooth surface over
several millimeters. We conducted the experiments with two different liquids: water-
glycerol solution droplets with D =1.91 mm and silicon oil with D =1.83 mm. We used
silicon oil with a viscosity of 10 ¢St and prepared the water-glycerol solution mixture to
have the same kinematic viscosity. The density of the solution and oil are 1168.1 kg/m?
and 937.1 kg/m?, respectively. The surface tension for the solution (68.0 mPa.m) is
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Figure 4.1: a) Schematic layout of simultaneous FTIR and FIF microscopy for the
study of droplet impact. The setup is calibrated to have an accuracy of =7 nm for air
layer thickness measurements below 300 nm in the x3 direction (see Section 3.3). The
liquid drops with diameter (D &~ 2 mm) fall from the height H from the nozzle (N) on a
mica substrate (S) reaching maximum velocity of U. We cleave a mica slab through its
thickness to obtain an atomically flat surface over several millimetres in x1 — xo plane.
We optically couple the mica sheets to the dove prism (P) made from BK-7 glass by
immersion oil. In the FTIR microscopy optical path, coherent light emitted by the
laser source (L1) illuminates S at incident angles greater than the critical angle for the
solid-air interface. We use the polarizing beam splitters (PBS) and liquid-crystal variable
retarders (LCVR) to ensure that the light arrives at the substrate-air interface linearly
p-polarized. The light is totally internally reflected from the mica-air interface beneath
the impacting droplet and is captured by camera C1. FIF data are acquired using a
second optical path. Light emitted from a high power LED light source (L2) passes
through the beam splitter (BS), reflects from the impact interface, and is captured on
camera (C2). Two dry 5X Mitutoyo microscope objectives (O1 and O2) are used for
magnification. The monochromatic fast cameras C1 and C2 are fitted with tube lenses
(not shown), and are synchronized to record images at 80,000 FPS. Mirrors (M1 and
M2) are used to align the light. We use a third camera (C3) recording at 8,000 FPS to
measure U. b) The region underneath the droplet just before contact initiation is shown
schematically with an exaggerated x3 axis: the air forms a nanometer-scale lubrication
layer, at the periphery of a dimple centered upon the impact axis. ¢) Impact velocities,
U, ranging from 0.34 —0.91 m/s, are controlled by changing H. d)-e) Example image
series of the air film formation and rupture as captured with the FIF and FTIR imaging
modalities are shown at three time steps. After post-processing, the light intensities
can be converted to the air film thicknesses for each image; the temporal evolution is
recovered by evaluating the time series of images. The dimple region centered upon the
impact axis of the droplet is clearly visible; it extends a few microns from the impact
surface, as can be seen from the fringe rings in the FIF images. This region resides
outside the penetration depth of the FTIR imaging modality, and is identifiable from the
bright circles centered upon the impact axis in the FTIR images. 41
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greater than of the oil (20.2 mPa.m) as measured by pendant drop method. Both liquids
wet the mica surface.

We implemented two concurrent dynamic profilometry techniques to image the liquid-air-
solid interface and measure the thin film profile with a good degree of certainty, namely,
frustrated total internal reflection microscopy method (FTIR) and Fizeau Interferometry
(FIF). Simultaneous FIF and FTIR imaging is used in recent interfacial mechanics studies
with success [19, 65, 94, 95]. We explained the details of our setup including the calibration
in Section 3.3. These concurrent modalities provide complimentary information about
the liquid-air-solid interface - FTIR can resolve air layer thicknesses up to ~ 400 nm,
whereas FIF can visualize the air film profile of up to several microns [98]. In FIF, the
film profile is encoded in a two-dimensional fringe pattern, where the intensity of the
fringes indicates the optical interference at a given spatial location within the image.
The FIF fringe patterns should be demodulated to provide absolute film measurements
that are up to few microns thick. We avoid this by simply considering the regions that
the film thickness is less than half of the light wavelength, ~ 200 nm.

Our microscopy setup has a resolution of 3.6 pum in the x1 —x2 plane. In the x3 direction,
the resolution of profilometry is as low as 7 nm but the calibrated field of view in this
direction is limited to 350 nm. We observed that the threshold of unstable air gap
thicknesses (h* and hpin) fall below this limit. In our droplet impact experiments, we
record the images at 80,000 the frame per second (FPS). The sequence of images in
Fig. 4.1.d-e shows the rapid nature of air film formation, its rupture, and surface wetting.

4.2 Squeezing and Piercing the Air layer

The bottom surface of a falling droplet squeezes and drains the air film. At the very early
stage of a low speed impact, the liquid skates over the air [70] and increases the lateral
extent of the air film. In this regime, the droplet entrains the air at the leading edge of
the drop deforming the liquid-gas interface when approaching the solid. If the air film
remains stable throughout, the droplet rebounds as shown in Fig. 4.2.a-b. This indicates
a threshold height of closest approach (h*) which decreases as the impact speed increases
(Fig. 4.2.c-d). At such small length scales O(300 nm), the film of air is entrained beneath
the impacting drop and decelerates it - the liquid and gas inertia can be neglected. While
the air slowly drains, the radial extent of the thin film grows until a minimum A* after
which the rebound starts [69]. The bouncing to wetting transition velocity for the oil
droplets (0.6 m/s) is higher compared to that of the solution (0.53 m/s). The minimum
h* for the oil (32+3 nm) is lower than the solution’s (60+3 nm).

While in our daily experience the initiation of contact between the droplet and the
surfaces seems trivial, the contact process is a topological transition in these nanometric
scales. The drop must first pierce the air to initiate the wetting. The initial formation of
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Figure 4.2: Less than a critical impact speed, the air film under the droplet is stable and
functions as a cushion that causes the droplet to rebound off the mica substrate. As an
example for U =0.52 m/s, the 10 ¢S water-glycerol droplet pushes the air layer creating
a time dependent profile h which is drawn based on the radius, r, from the center of the
impact in (a-b) for few time steps. The data is truncated at the maximum gap thickness
of 350 nm which is the limit that our microscopy setup is calibrated for. Time (¢) is
measured from the moment time droplet enters the FIF field of view (0t =0) = O(1079)
m. Same data is plotted in color map of (c) indicated by the color-bar for continuous
t. For impact velocities more than a threshold, the air layer is always unstable and
the wetting initiates. This indicates a limiting stable film height (h*) which decreases
gradually with higher velocities as shown in (d,e) for the silicon oil and the water-glycerol
solutions, respectively. The bouncing critical velocity for the oil droplets (0.6 m/s) is
higher compared to that of the solution (0.53 m/s). The h*(t) variation close to critical
impact velocity is presented in (f) for the solution. The minimum captured h* for the oil,
at 32 nm, is lower than the solution, at 59 nm.
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Figure 4.3: The normalized image series of contact formation from the FTIR microscpy
fora) U=0.5m/s, b) U=0.58 m/s, ¢) U=0.91 m/s. The wetting starts by breaking
through a thin layer of air between a mica surface and the liquid. hmyiy is recorded
locally at rpin at the last frame recorded (¢t =t;) just before the air film rupture is
captured by the high speed camera. In (a), 2 nucleated contact form as separate entities
and the contact lines moves radially outwards from the respective points of formation
until they meet. The spontaneous contact initiation shown (b-c) are considerably more
axisymmetric with respect to the center of the droplet (r =0).
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Figure 4.4: For nucleated contact formation between the liquid and the solid, the lowest
film heights hpin are shown for a) the silicon oil and b) the water-glycerol solution.
The distribution of Ay, appears to be randomly distributed, albeit with much greater
nucleation heights for the water-glycerol droplets for impacts below the threshold rebound
velocity. The bottom and top edges of each box indicates the 25th and 75th percentiles,
respectively. The central mark indicates the median. The whiskers extend to the
most extreme measurements not considered outliers. The outliers, if any, are plotted
individually using the ‘+’ marker symbol.
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Figure 4.5: The lowest film height, hpin’s, are plotted for spontaneous contacts in (a,b)
for the oil and the solution, respectively. Spontaneous contact formations are much more
frequent for the oil but Apiy lies in a range of 18 —35 nm for both liquids. The resolution
of the data is limited by the cameras speed and the lower bound of hyi, data is the
relevant quantity, i.e., hpin = 18 £3 nm for both the liquids. Minimum hApj,’s do not
change with the impact speed. This is evident for the silicon oil. The data density for
the solution is less dense for spontaneous impacts, still any changes observed (~ 7 nm) in
hi’;ﬁma"eous are within the tolerance of the profilometry measurement. Despite several
tries, we did not observe any spontaneous contact formation for moderate velocities of

water-glycerol droplet impact, U<0.7 m/s.

contact - via a topological transition from a coherent air film to a locally ruptured air film
- is observed to occur in two distinct manifestations. First, and most commonly, the air
film ruptures locally, at an isolated contact, independently of the relative location of the
globally minimal air film thickness. Such events are clearly nucleated contacts at a local
disturbance due to a surface imperfection and the proximity of the liquid to the solid
over the extent of the thin air film. An example of such a nucleated contact is given in
the time series shown in Fig. 4.3.a. The second mode of contact formation is typified by
the near exact correspondence between the location of air film rupture and the globally
minimum air film height. Due to the axisymmetry of the air film profile, such events are
often clustered closely in time, and occur at a nearly identical radial distance from the
impact axis. Two examples of this spontaneous mode of contact formation are shown in
Fig. 4.3.b-c.

In both cases of nucleated and spontaneous contact, we record a local height hyi, at the
point of contact in the last frame recorded (t =t1) just before the air film ruptures and
showed them in Fig. 4.4 and Fig. 4.5. The hpni, distribution for nucleated contacts is
uniform with respect to the impact velocity. In the absence of nucleation, we did not
capture spontaneous contact formation for local film thicknesses greater than 35 nm -
contact initiates suddenly from a measurable height above the surface. However, the
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resolution of the data is limited by the image acquisition rate and the lower bound of
hmin data is the relevant quantity. hmpin equals 18 £3 nm for both the liquids, although
spontaneous contact occurs much more frequently for the oil. Further, Ay, lies in a
range of 18 — 30 nm for both liquids. hmin doesn’t change considerably with the impact
speed. The changes observed are within the tolerance of our microscopy accuracy (~ 7
nm).

4.3 Discussion

Water-glycerol solution droplets tend to nucleate contact from greater heights than silicon
oil droplets; however, both form contact spontaneously from a narrow distribution of
film thicknesses, ranging from a minimum of 18 to a maximum of approximately 30
nanometers, with a measurement error of approximately 10 nm. The statistics of contact
are consistent with a spinodal dewetting mechanism whereby the air film is destabilized by
interfacial attraction of the liquid to the solid surface, as demonstrated by the timescale
and height observed for spontaneous and nucleated contact formation.

In the range of impact speeds considered in this work, we frequently observed air layer
thicknesses approaching the scales at which inter-molecular forces such as van der Waals
attraction and gas kinetic effects (GKE) become relevant [23]. For nucleation driven
contact on mica, the increasing rate of liquid-solid contact initiation as air layer thicknesses
decreases is also consistent with the experiments on rougher surfaces [67]; several of the
contacts we observed formed from distances exceeding 70 nm from the surface (~ the
mean free path length for air).

Both of the liquids that we considered wet the mica surfaces. Hence, the net interfacial
forces between liquid-solid should be attractive which act in favor of destabilizing the
air film. However, we observe few differences in the behaviors of silicon oil and the
water-glycerol solution before the contact.

The transition from droplet rebound to spontaneous contact is immediate for silicon
oil - at the critical rebound velocity, the oil drop may bounce or create a ring of
contact (Fig. 4.5.c). The water-glycerol droplets behaved differently. There is a range
of U =0.55—0.7 m/s, that no rebound or spontaneous contacts were observed - all the
contacts were nucleated. Despite several tries with freshly made solutions, use of different
mica sheets, and change of nozzle, we did not observe any spontaneous contact formation
for moderate impact velocities of solution impact!.

The second culprit of frequent nucleated contacts is the surface roughness possible due
to mica sheet surface defects or microscopic debris residue that cannot be observed by

IWe used deionized water and glycerol with purity of > 99 percent for making the solutions. Apart
from the common practices in the laboratory, we did not control for possible impurities of the mixture,
so we cannot completely rule out their existence - though improbable.
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eye and is under-resolved in z; — z9 plane by our microscope objective. As the same
person performed the task of mica cleaving and utilized the very same technique for both
series of experiments with the oil and solution, we expect the probability of nucleated
contact occurrence to be proportionate to the total area of the air layer in the z; — o
plane. We compared the event of oil droplet rebound impact at U = 0.48 m/s with
h* =70 nm with solution droplet rebound of the same h* and the difference in the film
area is only 13 percent mostly due to the small difference in droplet sizes. However,
when comparing Fig. 4.5.a and b, the difference in statistics are much greater. Further
comparison between of Fig. 4.5.a,b show the mean hlUCleation in the experiments with
the water-glycerol (~ 100 nm) is larger compared to ~ 60 nm for oil. Hence, even if these
contact nucleation are because of discrete surface roughness, these singular troughs poke
silicon oil and the solution differently. This suggests that the magnitude of interfacial
forces is different for the two. The electrostatic nature of interfacial forces can explain

this.

One possibility is that the water-air interface became charged moreso than the silicon
oil-air interface. Indeed, if one supposes that randomly fluctuating electromagnetic fields
exist in the laboratory, generated by, e.g., cameras, the laser, etc. that could not be
isolated electrically from the impact surface, then the large dielectric constant of the
water [3] suggests that the water-air interface should charge more than the silicon oil-air

interface. The silicon oil is an excellent liquid dielectric with very small dielectric constant
2.6 as per the data from the supplier. The value for water-glycerol 10 ¢St solution is much
larger ~ 62 as per literature [3]. Pure silicone oil droplets (without water absorption) do
not contain a sufficient concentration of any ions and counter-ions for the appearance
of any Coulomb force or Maxwell pressure even in extreme electrical fields [49]. On the
other hand, there are experimental evidences showing immediately after cleaving the
mica a reaction between the mica, CO2 and water in air occurs [22]. Hence, the mica
surface is covered by up to one formula unit of K2C0O3 per nano-metre which is mobile
in humid conditions, and crystallizes under drier conditions. The surface charge patches
on mica develops inevitably as soon as we cleave it. As all the mica substrates were
prepared in the same way, we assume a similar static charge distribution on the mica
surface [22]. Thus, it is possible that the water-air interface contained some static charges
that trigger nucleated contact for an intermediate range of impact velocity, where the
timescale for spontaneous rupture of the air film was too long to be observed before
nucleation took over. This is supported by the large height values of nucleated contacts
for the water-glycerol solution droplets(Fig. 4.4.b). We have not measured the surface
potential distribution of the surfaces, hence, cannot quantify the Maxwell pressure and
comment on the validity of this hypothesis.

We now leave open the discussion on the erratic behavior of the solution and only consider
the silicon oil droplets. Fig. 4.2.c and Fig. 4.5.c clearly show the systemic decrease of
h* to the upper bound of hfﬁi%ntanoeus (=35 nm) with increase in U. This suggests that
during the air film squeeze, the van der Waals interactions also attract the liquid surface
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towards the solid and competes against the lubrication pressure in the air film.

While the ring of a spontaneous contact is well-defined (Fig. 4.1.d-e), the distribution of
contacts on its circumference is not similar for all U. The dynamics of air film rupture are
depicted graphically for two impact velocities, U = 0.58 and 0.91 m/sec, in Fig. 4.6.a-b.
In order to compare the distribution of contacts around the ring for different U’s, we
measure h(t) on the ring of contact circumference, centered on the impact axis, with
radius rmin = rﬁ") with rcn) the radial distance from the impact axis to the point at
which contact n initiates. We unwrapped the ring of contact formation, and made a
kymograph in ©@—t as shown in Fig. 4.6.a-b. For slower drop impacts, fewer contacts form
at larger mutual separation than the number of contacts forming beneath faster droplets.
At highest velocity of 0.91 m/s, the spontaneous contact ring formation along @ =0— 27
starts almost simultaneously which is in the limit of camera recording frequency which

corresponding to At =12.5 us (Fig. 4.6.b).

For U slightly greater than the critical velocity for droplet rebound, the air film is
perforated discretely, with capillary bridges formed from the liquid closest to the surface;
however, there can be a significant delay between the first air film rupture event and the
final air film rupture event, At.. For much higher velocity impacts, contact appear to
form much more quickly, so that the air film appears to rupture symmetrically from the
liquid closest to the surface, within the time resolution of our imaging.

We recorded the height-time traces for all points where liquid-solid contact initiated for
the silicon oil. We measured the time ¢, between first-passage of the liquid above and

the initiation of contact. t. decreases as U increases (Fig. 4.6.c) because the height at

which the air film initially forms decreases with increasing U. However, hfgi?lntanoeus is
almost constant as U varies. Hence, one might expect that the standard deviation of

contact initiation times for N contact events,

RN S (4.1)
Ot, = N — Cn .

would also be independent of U. However, oy, falls oftf abruptly when U increases, as can
be seen in inset of Fig. 4.6.c. The conclusion we draw is that although the hydrodynamics
of the thin air film formation plays no role in determining the threshold thickness from
which the air film ultimately ruptures, it influences the collective rupture dynamics.

In order to compare our measurements with the theory, we must postulate values for the
modified Hamaker constant (A) and the wavenumber in Eq. (1.17). In the absence of a
directly measured Hamaker constant (Ag) for silicon oil and mica across air, we may
take the measured value of the Hamaker constant for mica interacting with mica across
air, calculated with Lifshitz theory to be le —19 J, and measured to be 1.35¢ —19 J [56].
Based on Fig. 4.6.e, we select the value of A =3e—19 J and wavenumber to provide good
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Figure 4.6: Kymographs of the initiation of contact on the circumference of the ring of
contact r = rmin, centered on the impact axis are plotted in (a,b) for silicon oil droplet
impact velocities of U = 0.58 and 0.91 m/s, respectively. We made the © —t kymographs
by unwrapping the ring of contact formation, h(rmin,t). We measured the time . between
first passage of the liquid above the ring of contact until contact formations. At highest
velocity of 0.91 m/s, the spontaneous contact ring formation along © = 0 — 27 starts
almost simultaneously. The dynamics occurs close to the limit of camera recording
frequency which corresponds to time steps of 12.5 us as shown in (b). Timescale for the
development of instability of the air layer under the silicon oil droplets are marked in (a).
The data comprise the pairs of (U,t.) in (¢). hpin’s are measured immediately before
the initiation of contact for 75 impact events over the range of U. (d) shows that the
standard deviation of ¢, for the spontaneous contacts decreases suddenly as U increases.
The magenta line specifies the transition to wetting based on linear stability analysis
(Eq. (1.17)) with fitted parameters A =3e—19 J and % =2e5 1/m.
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agreement between the boundary separating spontaneous and nucleated contact events
as % =2e5 m~!. Using these values, we compare t. as a function of hmin, substituting
tc for 7 in Eq. (1.17) for the prediction of linear instability, as shown in Fig. 4.6.e. By
evaluating the observed height and time before contact, the measured data are consistent

with a linear instability driven by van der Waals forces.

4.4 Conclusion

We presented calibrated measurements of the nanometer-scale air film that forms prior
to liquid-solid contact during droplet impact. In the absence of surface roughness, the
liquid-air interface is destabilized when the attractive stresses (e.g., van der Waals forces
or electrostatic forces) overcome the stress associated with deforming the surface due to
surface tension. This instability is characterized by a critical air film thickness (h*) at
which the wetting initiates. h* for the silicon oil (=30 nm) is smaller than that of the
water-glycerol solution (/60 nm); however, the local minimum air film thickness (hmin)
immediately prior to contact formation, is approximately the same value for both liquids
(=20 nm). These observation suggests a means of addressing the challenging interfacial
forces boundary condition that arises in the numerical calculation of thin film flows, by
simply introducing a local cut-off scale for wetting fluids at 20 nm.

With our measurements, we identified two distinct forms of contact initiation - nucleated,
and spontaneous - that are distinguished by the relative location of the localized wetting
bridge and the location where the air film is most thin. For nucleated contacts, there is
no correlation between these locations, whereas for spontaneous rupture events, there
is nearly exact coincidence between the location of contact formation and the thinnest
region of the air film.

The time to wait between air film formation and eventual rupture t. is recorded for
each event. The t.(hypin) data are then analyzed using the prediction of linear stability
analysis for the timescale of linear instability development. A wave-number and Hamaker
constant pair yield a line that separates all nucleated contacts from all spontaneous
rupture events, highlighting the consistency of the observed air film destabilization events
with the interfacial-forces driven instability in a spinodal-dewetting of the air film.
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Nucleated Contact

In this Chapter, we examine the initial stages in the formation of liquid solid contact
beneath the impacting drop, and resolve the liquid-air interface kinematics over 6 orders
of magnitude of spatial scales, from nanometers to millimeters using FTIR microscopy.
High speed FTIR microscopy enables us to probe the wetting process beneath the
impacting drop with exceptional spatial and temporal resolution and facilitates the full
3-dimensional imaging of the advancing contact line and the nanometer thin film of air
that initially separates the liquid from the solid.

5.1 Method

Drops with viscosities varying over two orders of magnitude are released from a syringe
tip and impact upon a clean glass surface. We used solutions of water and glycerol to
obtain fluids with viscosities ranging from 1 to 100 ¢St at room temperature. In each of
these experiments, the droplet diameter is approximately 3 mm and the impact velocity
is between 0.5 and 0.7 m/sec, corresponding to an impact Weber number with a range
of 10.4 — 27.8, calculated based on the droplet diameter. In this regime, the air film
initially established during impact varies from approximately 300 to several tens of nm in
thickness [68]. As shown in Fig. 5.1.a, to visualize the liquid-air interface, we illuminate
the upper surface of a dove prism from below with a collimated, monochromatic light
source at an angle of incidence greater than the total internal reflection angle for a
glass-air interface, thus exciting an exponentially decaying evanescent field immediately
above the glass surface. Any liquid that enters the evanescent field above the surface will

This chapter appeared in Phys. Rev. Fluids as
Kolinski, J. M., Kaviani, R., Hade, D., and Rubinstein, S. M. (2019). Surfing the capillary wave: Wetting
dynamics beneath an impacting drop. Phys. Rev. Fluids, 4:123605.
Authors’ Contributions J.M.K. and S.M.R. conceived the project. J.M.K. conducted the experiments
and post-processing. R.K. and D.H. built and calibrated the experimental setup under the guidance of
J.M.K. JJM.K. and S.M.R. equally contributed to drafting the manuscript. R.K. and J.M.K. prepared
the supplementary materials, figures, revision of the manuscript, and responses to the reviewers.
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Figure 5.1: High speed FTIR imaging of the initiation of wetting: (a) Collimated,
monochromatic light (MLS) totally internally reflects off of the glass-air interface (DP).
The angle of incidence is tuned such that for a glass-liquid interface light no longer obeys
the conditions for total internal reflection and instead transmits through a wet glass.
Reflected light exiting the prism is magnified with a long working distance microscope
objective (MS) and is imaged on our fast camera’s imaging sensor (Phantom V711) (HSC)
at up to 180,000 frames per second. (b) A typical FTIR image of a capillary bridge
formed beneath the thin film of air approximately 500 microns from the center of the
impact. The height profile of the liquid above the solid surface can be calculated from
the recorded intensity. (c) 3D rendering of the height map for the contact patch shown
in (b). Colorbar indicates the height above the glass surface.

allow the light to partially transmit into it. Previous experiments in our group using the
technique [68-70] employed a total-energy transfer algorithm to invert the intensity data.
However, such transfer algorithm does not account for the polarization of the light [140]
introduced in Chapter 3 resulting in increasing the error bars of the measurements. By
imaging the light after it exits the prism with our camera’s imaging sensor, we are not
light limited, and indeed we can perform ultra-high speed imaging at rates exceeding
180,000 frames per second in order to reconstruct the three-dimensional profile of the
liquid-air interface, as shown in Fig. 5.1.b-c.

5.2 Results

While the root mean square (RMS) roughness of the glass slides is of the order of
nanometers, sparsely distributed defects on the glass surface will exceed tens or even
hundreds of nanometers in height above the surface [68, 86]; these protrusions may
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Figure 5.2: Initiation and growth of liquid-solid contact: (a) A sequence of FTIR images
showing the initiation of contact between the glass surface and a 10 ¢St liquid drop. At
t =0, the contact first forms. As time progresses, the contact line moves symmetrically
out from the initial point of contact formation. The air ahead of the advancing wetting
front fails to drain and instead deforms the liquid-air interface. Consequently, a bright
‘halo’ surrounds the liquid bridge. (b) A schematic representing the r — z plane normal
to the impact surface demonstrates how the halo region grows ahead of the advancing
contact!. The conformation of the liquid-air interface (dashed line) cannot be resolved
below one micron with the FTIR method, limiting our ability to resolve the profile within
nanometers of the contact line. (¢) The azimuthally-averaged height profiles are plotted
in a kymograph for 10 ¢St liquid. The contact line progresses outward with a nearly
constant velocity, and the lateral extent of the halo grows over time, as indicated by the
widening of the bright red region. (d) A kymograph of liquid-solid contact initiation
beneath a 1 ¢St liquid drop shows similar, albeit more rapid, dynamics. (e) A kymograph
of liquid-solid contact beneath a 100 ¢St liquid drop. Here, the contact line moves with a
slower velocity.

therefore exceed the thickness of the thin film of air above the surface of the glass, and
thus act as nucleation sites for the formation of a capillary nano-bridge. These sparse
nuclei are the dominant mechanism for contact initiation in most realistic systems [68, 69].
We characterize the initial dynamics of wetting by analyzing images of the FTIR intensity
captured with our fast-camera. For all the fluid viscosities and film thicknesses that we
examined, the initial formation of a solid-liquid contact region occurs in a qualitatively
similar manner, as shown for a typical example in Fig. 5.2.a. Initially, a point-like contact

I this chapter the radius, r, is measured from the center of initial contact point, while in Chapter 4,
it was from the symmetry axis of the droplet impact event.
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forms beneath the thin film of air; simultaneously, a capillary disturbance is excited
at the liquid-air interface wherein the displaced air is driven. This feature reduces the
radius of curvature of the interface ahead of the advancing contact line, thus reducing
the capillary pressure. The initiation and growth of the capillary disturbance are shown
schematically in Fig. 5.2.b. This disturbance appears in the FTIR images as a bright
region, or halo, encircling the dark spot, which indicates the wetted area. The contact
angle between the liquid and the glass is small and therefore, once the contact is formed
the wetting front rapidly spreads laterally outward at an approximately constant velocity,
eventually reaching the boundary of the thin film of air.

Before the spreading contact line can progress, it must first displace the air in its path;
however, the hydrodynamic resistance of the air, which is confined in the thin gap beneath
the drop, is very high. Similar flow conditions occur at the onset of droplet coalescence,
but the boundary conditions are fundamentally distinct [96, 120]. The capillary number,
Cac = %, for this flow is very small, suggesting that the air viscosity plays a negligible
role; however, this does not account for the confinement of the air in the thin film beneath
the impacting drop: here, the thin gap amplifies resistance to the flow of the air. The
deformation of the liquid from the formation of the halo leads to the development of a
Laplace pressure, and consequently a pressure drop toward the edge of the spreading
droplet, where the pressure is atmospheric; this pressure drop is Ap ~0.01 —0.1 atm. As
a result of the air’s strong confinement upon impact, this pressure drop is insufficient
to expel the air ahead of the advancing contact line!!. Instead, the air accumulates and
forces the liquid-air interface to rise and curve at the leading edge, effectively inflating a
toroidal bubble.

As the liquid bridge expands and the contact region continuously grows, the halo also
grows to accommodate the increasing volume of displaced air, similar to classical inertial
and viscous dewetting [46]. The dynamics of the expanding bridge are summarized as a
function of space and time for three viscosities in the kymographs shown in Fig. 5.2.c-e.
t =0, r = 0, indicate the center of the initial contact point. The growing dark region on
the left side of the plots corresponds to the wetted area, labeled ‘liquid-solid contact’ in
Fig. 5.2.c. Similar dynamics are observed for the full range of measured viscosities, up to
100 ¢St, as shown in Fig. 5.2.d-e. For higher viscosity liquids, the wetting front proceeds
more slowly than for lower viscosity liquids; however, the shape of the profile of the air
film ahead of the wetting front is qualitatively similar for all air film thicknesses and all
liquid viscosities.

e consider the flow of the air in the thin gap to be viscous due to the thin gap between the droplet
and the solid surface. For a typical gap of 100 nm, when the air is driven by the pressure built up in the
halo at 0.1 atm over a lateral gap of 100 pm, we estimate a flow velocity of ~5 mm/sec at the largest,
significantly less than the velocities observed in the experiment, implying that the air accumulates in the
halo instead of being forced from the gap by the advancing contact line. For air flow at this velocity,
the air film volume loses less than 1/100 of its initial value during contact-line propagation over 100
microseconds, consistent with our observation that h f;;,, is nearly constant during the course of the
experiment.
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Figure 5.3: Kinematics of the wetting front: (a) Five consecutive height profiles (dt = 5.5
usec) of a wetting front propagating outward from the point of contact initiation. The
halo region leading the propagating front excites a capillary wave ahead of it, with a lateral
extent, £p,410, and vertical dimension, dh. The front position, 7., is defined as the location
where the wetting front reaches the height of the film in the far field hyyyy,. (b) The
volume of air displaced by the advancing wetting front, assuming the air is incompressible,
can be used to develop a prediction for dh, dhy, = rh iy /lhalo- The measured value of
dh, dhy,, is obtained via FTIR measurements immediately after contact initiation, and
compares favorably with dh,, as can be seen by the direct relationship between these
quantities. Inset: 54, as a function of t; colors represent different viscosities. £p,4, grows
slowly in time; no systematic dependence of £, is found as v is varied. The height of
the halo feature dh increases in time, as shown here for v =76 ¢St liquid, as can be seen
by the gold points corresponding to the axis on the right-hand side of the plot.

At the earliest stages of contact formation and growth, we directly observe the three-
dimensional geometry of the liquid-air interface, and measure both the height, dh, and
breadth, #p4,, of the deformed interface surrounding the liquid bridge, as shown in the
height profiles, h(r), Fig. 5.3.a; the gas film thickness, A ¢, remains nearly constant as
the wetting front progresses [68], as can be seen by the overlap of the successive profiles
at large r. For an ensemble of many droplet impacts, we find that the lateral scale of the
halo feature £j,,;, grows slowly in time and at the same rate, independent of viscosity, as
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shown in the inset to Fig. 5.3.b. Whereas typically dh rapidly exceeds the sub-micron
resolution of the FTIR imaging modality, we are able to measure this height at the
earliest stage of the capillary nano-bridge for the highest viscosities. The halo shape
is robust, and does not measurably deform; this can be understood by the Capillary
number for flow in the air, which at the highest contact line velocities is approximately
Ca ~10~%; thus surface tension maintains the shape of the propagating halo [46]. For
the earliest instants of contact formation, we also compute the predicted halo height,
dhy = %, and compare it to the measured halo height, dh,,, finding good agreement
for most viscosities. While the measured and predicted values for dh nearly agree, we see
that the measurement is consistently less than the predicted value as shown in Fig. 5.3.b,
main plot. This implies that the air is either slowly draining or compressing; however,
the capillary stresses correspond to a fraction of a percent of an atmosphere, suggesting
that the air is in fact slowly draining from beneath the impacting droplet.

As the liquid bridge spreads, the contact line velocity v remains approximately constant,
as shown for 3 different viscosities in Fig. 5.2. As previously stated, similar dynamics are
observed during droplet coalescence, where the expanding neck grows at a constant rate
before a transition to slower growth [96]; here, our boundary conditions are different,
and we do not see a transition, but instead the contact grows at a nearly constant
velocity. This velocity does not appear to depend on the air film thickness through which
it propagates. Under these conditions, for pure water the capillary pressure generated
by a capillary bridge across an air film of 100 nm would rapidly accelerate the contact
line to the limiting velocity, given by the balance of inertial and capillary stresses [6],
v=1/7/(ph) =26 m/sec. For h =10 nm, v =83 m/sec, this velocity will even exceed
the liquid-capillary limit set by v/n =70 m/sec! However, we observe entirely different
dynamics: here, the wetting front propagates more than an order of magnitude slower,
and at the same speed v through a 10 nm-thick film of air as through a 100 nm-thick
film of air, and is thus insensitive to the air film thickness. This suggests that liquid
inertia alone does not limit v, and that dynamics of contact initiation and growth are
significantly altered by the halo region ahead of the advancing contact line.

The anomalously low measured values of v points to an alternative mechanism of contact
line motion through the thin film of air. In order to understand how a wetting front
spreads, we consider the flow near the contact line, shown schematically in Fig. 5.4.a. The
air ahead of the contact line cannot drain fast enough through the thin gap and instead
accumulates in the halo. The contact line advances, driven by wetting forces; however, it
must also be accommodated by flow of the liquid along the liquid-air interface. This flow
must bypass the halo, which acts as a geometrical disturbance. Thus, the contact line
is effectively dragging the halo through the drop’s lower surface. This provides added
inertial resistance to the motion of the contact line, and limits spreading speeds to that
of a capillary wave, or the rate at which a disturbance with a typical scale #;,;, can move
on the surface of the liquid as the contact line advances. However, the formation of the
halo at the leading edge of the contact line leads to a resistance fundamentally dissimilar
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Figure 5.4: Surfing on a capillary wave: a) A schematic of the spreading capillary bridge.
Fluid is shown in blue, the halo region and thin film of air are shown in white, and
the surface is indicated by the black solid line. Viscous dissipation is localized in a
boundary-layer, indicated by the region trailing the contact line. b) The average contact
line velocity is plotted as a function of liquid viscosity; error bars indicate standard
deviation of all contact events. Mean velocity decreases as a non-linear function of liquid
viscosity. inset: over a small range, the velocity varies inversely with ¢, for the 5 ¢St
liquid, consistent with the predicted scaling for a capillary wave.

from classical dewetting films [46, 99, 128]. Here, the contact line is resisted also by the
inertia of the fluid displaced by the air in the halo.

The breadth of the halo region varies slowly, and thus we can estimate a wave number

corresponding to the average length of (¢1,4;,)¢ =20 um, and the velocity of such capillary

disturbances given by ¢ =, /p%ﬂ, where c¢ is the wetting velocity [46]. Substituting the
halo

typical value of £j,4;, =20 pm into this expression, we find that ¢ =4.3 m/sec, which has
the same order of magnitude as the velocity of the lowest viscosity 1 ¢St water - glycerol
solution that we measured.

In order to check whether the capillary wave argument has experimental support, we can
use the predicted relationship between ¢ and ¢4, in the inertial limit, where ¢ E,:all{f.
The velocity is nearly constant as shown in Fig. 5.2, and £, varies extremely slowly as
shown in Fig. 5.3; nevertheless, these quantities do vary slightly over the course of the
experiment. For the 5 ¢St liquid, the contact line velocity appears to vary inversely with
Lhalo, as shown in Fig. 5.4 inset. While the range of v and £, is insufficient to verify
the predicted scaling, the nearly 500 data points shown indicate consistency with the

capillary wave argument.
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5.3 Discussion

If we expect the wetting speed to weigh up the contact line capillary velocity, it should
correlate linearly with the inverse of liquid viscosity. This is while, the measured velocities
do not vary strongly as such for lowest viscosity values. However, our data density at
these lower viscosity values is insufficient to comment on whether this is a distinctive
regime, and how it might start transition to a viscous-dominated regime observed for
higher viscosities as shown in Fig. 5.4.(b) .

How will the spreading velocity change for a more viscous fluid? Typically the dissipation
at the contact line should occur on the scale of the flow; our observed £},,;, lengthscale
is the only candidate scale here, and thus the volume wherein the dissipation occurs
should be rﬁ}%alo. This scaling suggests that the contact line velocity should scale as
the square-root of the radius, which is inconsistent with observations, however; thus we
introduce a scaling that incorporates a viscous boundary layer. The flow around the
halo is inertial', but close enough to the contact line the fluid flows on scales that are
sufficiently small for the dynamics to be dominated by viscous dissipation. Dissipation
is nevertheless confined to a boundary layer along the solid-liquid interface, and the
propagation dynamics are governed by the balance of viscous and capillary stresses:

v
~ 1— s
Plhato  La

where ¢4 ~ +/vT is the length-scale over which dissipation occurs and is determined by
the time required for a boundary layer to develop 7. Here we note that the dominant
intrinsic length scale fp4, sets 7 ~ =2ale. The stress balance equation then reads:

T~ V32 5y~ (4)2/3. This suggests that the contact line velocity
P‘ghalo Khalo P Véhalo

varies inversely with the kinematic viscosity, consistent with our measurements.

While our experiments were conducted at low impact velocities significantly below the
splashing threshold, the observed wetting velocity might affect splashing, as viscous
liquids typically eject their sheet at a much later stage of the dynamics, when contact
through the air film is likely to have occurred [39]. When a drop approaches a solid
surface, even at moderate velocities the initial dynamics of wetting are strongly altered
by the confined air film, which is displaced by the wetting fluid, and consequently
deforms the liquid-air interface ahead of the contact line. The deformation results in
a capillary disturbance that precedes the wetting front and leads to anomalously low
wetting velocities beneath the impacting drop. These dynamics, ahead of the contact
line, are inertial. Several nanometers below, trailing the contact line, a boundary layer
is formed and the flow is viscous. These dynamically different regimes are coupled by

A g viscosity increases, we anticipate that viscous effects will play an increasingly important role;
using the contact line velocity and £, to calculate the Reynolds number Re =vL/v = vl g, /v, we
find that the Reynolds number goes from ~ 20 for pure water, down to 0.06 for the 100 ¢St solution; the
Reynolds number is approximately 1 for the 20 ¢St solution
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the halo geometry, as on the one hand, the size of the boundary layer depends on the
time it takes the wetting front to traverse the size of the halo. On the other hand, the
size of the halo depends on the propagation speed of the contact line, which is driven by
the extreme curvature and hindered by the trailing viscosity. Thus, the wetting front is
surfing on a capillary wave and dragging a viscous tail in its wake.

99






Conclusions and Perspectives

The goal of this dissertation was to experimentally investigate the wetting dynamics
of droplets falling on smooth surfaces through air. We developed nanometer precise
measurement techniques and employed high-speed imaging for our observation of droplet
deformation, air film formation and rupture, liquid-solid contact formation, and propaga-
tion of the contact line on the surface. We included the circumstantial conclusions at
the end of each chapter. Here, we summarize our main findings followed by few future
perspectives.

6.1 Conclusions

6.1.1 Microscopy

We implemented and calibrated 2 highly-sensitive microscopy techniques (FTIR and
FIF) to monitor the air film thickness and morphology at high speed during the droplet
impact process. We employed machine learning algorithms to improve FIF resolution in
the z1 — x9 plane for droplet impacts. Using deep neural networks, we eliminated the
painful FIF fringe demodulation. We showed that the FTIR microscopy can achieve 4D
profilometry accurate up to few nano-meters in the x3 direction for both homogeneous
and birefringent substrates.

6.1.2 Wetting Initiation

Before a droplet can contact a surface during impact, it must first displace the air
beneath it. Over a wide range of impact velocities, the droplet first compresses the air
film, enhancing its resistance to drainage, and slowing the progress toward the surface;
indeed, the air film can resist the droplet so much that it rebounds off of the air film
without making contact. For impact velocities exceeding a critical impact velocity, the
droplet always makes contact. The initiation of contact formation requires a topological
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transition whereby the initially connected gas domain is ruptured, and a liquid capillary
bridge forms, connecting the droplet to the surface. Our measurements showed that for
impact velocities exceeding the critical velocity, the air film ruptures at a nearly identical
height 20 nm, for two fluids - silicone oil and a water glycerol mixture. By evaluating the
observed height and time before contact, we showed that the data are consistent with a
linear instability driven by van der Waals forces for experimentally measured values of
the Hamaker constant.

Crucially, there is a distinction between the silicone oil and the water solution, that
implicates another mechanism for nucleation of contact during impact of the solution.
The premature nucleation of contact beneath impacting solution droplets might be due
to electrostatic charges, but the data are widely scattered, and a systematic outcome was
not obtained for contact formation at the transitional impact velocity between bouncing
and contact formation. These observations suggest a means of addressing the challenging
interfacial forces boundary condition that arises in the numerical calculation of thin film
flows, by simply introducing a contact cut-off scale for wetting fluids at 20 nm.

6.1.3 Wetting Propagation

The wetting process resulting from an impact of a droplet is mediated by the formation
and growth of nanoscale liquid bridges, binding the liquid to the solid across a thin film
of air. As the liquid bridge expands, air accumulates and deforms the liquid-air interface,
and a capillary wave forms ahead of the advancing wetting front. The contact line is
surfing on the capillary wave. 2 new length-scales I}, and dh govern the dynamics of
the propagating contact line beneath the impacting drop. All of these dynamics revolve
around the entrained air film beneath the impacting drop. This capillary wave regularizes
the pressure at the advancing wetting front and explains the anomalously low wetting
velocities observed in the experiment.

6.2 Perspectives

In the course of this research, we identified several open questions. Three of these
questions are named below as possible future research directions.

6.2.1 Microscopy on Curved Surfaces and Scale Dependency

We conducted all our dynamic profilometry measurements on flat rigid surfaces. Before,
during, or after an impact, a compliant surface may deform, become curved, or shape sharp
ridges [20, 62, 62, 72, 91, 133]. This may compromise the accuracy of our profilometry
technique depending on the length scale and radius of the surface curvature.
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Hentschel and Schomerus [52] formulated curvature corrections to Fresnel’s laws at
a nonplanar boundary. The implications of such corrections in the FTIR and FIF
microscopy methods are yet to be studied and incorporated. The mapping procedure
from the recorded reflected light intensity to profilometry may no longer be straightforward
and require solution of an optical inverse problem. Deep learning-based algorithms can
be explored as a possible solution, where numerical calculations of Maxwell’s equations

are used to generate training data.

There are further difficulties in measuring surface profiles with sharp boundaries. These
are attributed to the perceptible reflected lights outside the numerical aperture of the
objective or inadequate image resolution for steep height differences. This makes it
challenging to use our optical techniques on nano/micro-scale solid substrate topogra-
phies [132].

6.2.2 Soft Interfaces

In all of our work, the impact surface was a rigid solid. In our research group, other
scientists are studying the impact of soft elastic hemisphere on flat rigid substrates [138].
This has extensive applications in the field of soft robotics. They found evidence that
depending on the impact speed a pocket of air can get trapped in a dimple between the
hemisphere and the substrate, preventing direct solid—solid contact at the center of the
impact area. The current microscopy setup constructed in this work can be readily used
for visualization and dynamic profilometry of the soft elastic impactors, shedding light
onto dynamic processes occurring during compliant impact.

Alternatively, there is much discussion about the role of substrate compliance on e.g.
droplet splashing [55]. Despite the profound activity in the area of wetting on compliant
substrates, little exists in the direct measurement of air film thickness and contact
formation during droplet impact. The microscopy methods described in this work could
be directly employed to this end using a coated substrate.

6.2.3 Additional Physical Effects

In this work, we mainly varied the liquid properties, but not the properties of the
surrounding gas. It would be interesting to study the dependency of nanometer-scale air
film on the ambient pressure of the surrounding gas.

Recently, Gao et al. [44] studied the dynamics of electrically charged falling droplets prior
to contact with solid substrates. The electrostatic stresses profoundly alter the wetting
outcome and can even suppress formation of the air dimple. The scale of short-range
forces like electrical double layer forces and Maxwell pressure are unexplored territories.
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Chapter 6 Conclusions and Perspectives

In our work, we did not quantify the surface potential of the liquid/solid surfaces!.
Quantitative consideration through calculation of the electrostatic forces acting on the
droplet surface might shed light on physical mechanisms of air film rupture under the
impacting droplets.

IWe measured the total surface charge of few mica sheets by use of Electrometer model B2987B
provided by keysight (www.keysight.com). However, the measured quantities are the sum all of charges
including those on the sheet edges that come onto contact with the probe.
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