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ABSTRACT

When a beam of light goes from a denser medium to a less dense medium,

illuminates the interface of two mediums at an incident angle greater than the critical

angle 6, = sin”! (Q) light is totally internally reflected to the denser medium.
ni

At this moment, an evanescent field is formed, and it propagates along the surface of the
denser medium, attenuating exponentially away from the surface. When a 3 dense
medium is brought into the vicinity, a portion of light passes into it, attenuating the
reflected intensity. This phenomenon, called frustrated total internal reflection (FTIR),
has been utilized in visualizing contact dynamics. It also provides a means to understand
adhesion and friction between surfaces because they are known to depend sensitively on
actual contact area as well as magnitude and spatial distribution of gaps of near contact
down to the nanoscale. However, quantitative conversion of the reflected signal to gap
thickness has only recently been achieved by proper analysis of the Fresnel equation with
consideration of multiple reflections, transmissions, and polarization of light.

This thesis presents a study of applications of frustrated total internal reflection
(FTIR). First, we present a quantitative optical method to characterize dynamics of
contact formation between two mediums based on theory of FTIR. The method is first
validated by measuring height profile of convex lens in contact with flat prism surface

and comparing with Hertzian theory. The method is then used to track the evolution of



contact between a soft hemisphere brought into contact with a hard surface under water,
as function of hemisphere stiffness, and surface wettability. We find an exponential rate
of water evacuation from hydrophobic—-hydrophobic (adhesive) surfaces that is 3 orders
of magnitude smaller than that from hydrophobic—hydrophilic (non-adhesive) contact.
This counterintuitive result comes from adhesive surfaces to more tightly sealing puddles
of trapped water. Similar observation for a human thumb touching alternatively
hydrophobic/hydrophilic glass surfaces, demonstrates generality of the mechanism and
points to practical consequences.

Second, we investigate the potential of FTIR to measure the thicknesses and
deformations of thin Polydimethylsiloxane (PDMS) films. With tunable elastic modulus,
deformations of thin films can be converted into pressure values, thus FTIR can be
utilized as sensitive pressure sensor to measure bio-adhesion such as pressure distribution

under gecko feet and mussel feet.
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CHAPTER |

INTRODUCTION

Polymers have been widely used and researched, from our daily basis such as tires
[21], coatings [22-32] and glues [33] to advanced biomimicry technologies in fields of
haptics, soft robotics [34] and bio-adhesion due to their characteristic properties such as
accessibility, and low cost.

To better explore applications of polymers in these fields, it is crucial to
understand the contact mechanics involve surfaces and interfaces between polymers and
substrates, as contact mechanics is directly related to interfacial properties, such as
wetting [35], adhesion [36-38], and especially frictions [39].

Surfaces and interfaces in contact mechanisms can be studied quantitatively via
their surface energy/tension. Surface energy and interfacial interactions could lead to
adhesion phenomena including electrostatic forces, the van der Waals force, and
hydrophobic interactions in underwater conditions. However, the adhesion is sensitively
dependent on the distance between two surfaces, as it diminishes dramatically during
separation of two surfaces. Knowing where is in actual contact, where is in near contact
region down to nanoscale, and where is in far contact between surfaces is essential for us

to explore applications of polymers.



Furthermore, when two surfaces are brought in contact underwater, the
underwater contact mechanics could be more complicated. Because some water could
get entrapped in the interface which may lead to huge differences in adhesion behaviors
than that of dry contact. It’s necessary for us to understand the adhesion behaviors in wet
conditions, as in practically speaking, the applications of polymers in coatings, tires, and
haptics may confront different conditions than the ideal dry case. Understanding wet
contact mechanics between surfaces also help reveal nature mysteries such as how could
tree frog stick to flooded surfaces? As water entrapment could reduce the real contact
area between two surfaces thus eliminating the adhesion and friction significantly. How
does tree frog avoid this issue or how does it squeeze the water out? The answer becomes
extremely important and could contribute to applications of wet tire traction, polymer
coatings like sealing and high-end biotechnology such as bio-tissues adhesion.

As surface interactions are sensitively dependent on the distance between two
surfaces in nanoscale, thus an accurate measurement of gap thickness is required. In
recent years, frustrated total internal reflection (FTIR) has been widely used to study the
contact dynamics of two objects, due to its distinct advantages of measuring nanoscopic
films accurately and visualizing interfaces directly. However, in many cases which
assume the simple exponential decay function of FTIR without considering multiple
reflections and transmissions are underestimating the gap thickness.

This thesis presents a study of applications of frustrated total internal reflection
(FTIR). First, we present a quantitative optical method to characterize dynamics of
contact formation between two mediums based on theory of FTIR. The method is first
validated by measuring height profile of convex lens in contact with flat prism surface

2



and comparing with Hertzian theory. The method is then used to track the evolution of
contact between a soft hemisphere brought into contact with a hard surface under water,
as function of hemisphere stiffness, and surface wettability. We find an exponential rate
of water evacuation from hydrophobic—hydrophobic (adhesive) surfaces that is 3 orders
of magnitude smaller than that from hydrophobic—hydrophilic (non-adhesive) contact.
This counterintuitive result comes from adhesive surfaces to more tightly sealing puddles
of trapped water. Similar observation for a human thumb touching alternatively
hydrophobic/hydrophilic glass surfaces, demonstrates generality of the mechanism and
points to practical consequences.

In chapter 2, | provided fundamental knowledge of theory of polarization
dependent frustrated total internal reflection that counts multiple reflections and
transmissions.

In chapter 3, | provided essential information to help understand contact
mechanics, such as quantitative studies of surface energy and surface tension. Further,
classic Hertz contact theory without considering effect of adhesion has been introduced to
be compared with JKR and DMT contact theory which considered effect of adhesion.
Moreover, surface wettability has also been discussed to help understand the underwater
contact mechanics.

In chapter 4, a detailed frustrated total internal reflection apparatus and step by
step data acquisition showed and explained. Calibration of this apparatus was performed
by measuring gap thickness/height profile of convex glass lens in contact with glass

prism and compared with Hertz contact theory of elastic sphere in contact with half-space



and obtained excellent agreement. Further application of FTIR to measure thin polymer
films has also been evaluated in this chapter.

In chapter 5, | have discussed the synthesis and characterization of soft
elastomeric PDMS lenses and sheets and showed a schematic for the JKR setup to be
used for adhesion measurement between PDMS lens and substrates. Furthermore, |
studied the underwater contact formation and evolution between soft/hard surfaces of
varying wettability via FTIR. The experiments of thumb in contact with hard smooth
surfaces have also been performed to reveal underwater contact mechanisms of nature
cases, patterns and textures on the surfaces can help evacuate water out but can’t prevent
happening of adhesive sealing.

In chapter 6, | have discussed limitations of FTIR, and investigated the rise of
unknown offset in distance measurements that reported by other researchers. Possible
causes of offset such as background light, camera sensor issue, surface contaminations
and scattering has been evaluated.

In conclusion, FTIR is a robust tool that can help researchers to directly measure
and visualize the interface between two contact objects. The works presented in this

thesis could help researchers in contact mechanics, adhesion, underwater adhesion fields.



CHAPTER Il

INTRODUCTION OF TOTAL INTERNAL REFLECTION

Light is electromagnetic wave consists of coupled oscillating magnetic and

electric fields which are always perpendicular to each other [1].

2.1 POLARIZATION OF LIGHT

In classical physics, light can be thought of as a wave of electric and magnetic
fields that perpendicular to each other, and perpendicular to the direction of propagation

of waves, as shown in Figure 2-1.
- A >
] /W WW

Figure 2-1: Electromagnetic wave of wavelength A. Electric field vector E (red), and

magnetic field B (blue). Both waves are perpendicular to the direction of propagation.



Polarization of light, in Physics, is defined as a phenomenon applying to
electromagnetic waves that represent the geometrical orientation of the oscillations [2-6].
By convention, the polarization of electromagnetic waves refers to the direction of
electric field.

If a light wave is composed of electromagnetic waves that are oriented in all
different directions is called unpolarized light, for instances, sunlight or light emitted by a
lamp.

On the other hand, if a light wave consists of electromagnetic waves that are all
aligned in the same direction, or by same means, the electric field of light is only
vibrating in single plane along the direction of propagation, then the light is called linear
polarization.

If the electric wave of light has a constant amplitude and is orienting at a constant
rate in a plane perpendicular to the direction of propagation, or by same means, the
electric field can be split into two electric field have equal amplitude that are
perpendicular to each other, but the phase difference is /2, then this light is circularly
polarized as shown in Figure 2-2. If amplitude is not equal or phase difference is not /2,
then light is elliptically polarized. Both circular and linear polarization are special cases
of elliptical polarization.

The polarization of light can be simply adjusted by applying a polarizer in front of

the light source, as shown in Figure 2-3.
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Figure 2-2 Circular polarization of light. Image from Wikipedia.

If only a specific polarization of light waves that contains mixed polarization can
pass through an optical filter while all other polarizations of light waves are blocked off,
then this filter is called polarizer [7-10]. The filtered light beam with well-defined

polarization is called polarized light.

Figure 2-3 Unpolarized light passing through polarizer become polarized light.
4



2.2 REFLECTION AND REFRACTION OF LIGHT

When a light wave travels from one medium with given refractive index (n,) into
a medium with different refractive index (n,), at this moment, reflection and refraction
will happen. In the most general case, at the interface of two mediums, a certain portion
of the light is reflected to the first medium and remained portion of light is refraction into

the second medium.

Incident ray Reflected ray

E7
Medium 1

Medium 2

Refracted ray

Figure 2-4 Reflection and refraction of incident ray with polarization.

The reflective angle 8,and refractive angle 6, should follow Snell’s law as shown

below:

sin6q _Na (2.1)

sin 6, nq



In this equation, if n, is greater than n,, then second medium is denser than the
first medium, otherwise n, is the denser medium.
Snell’s equation also demonstrated that refractive angle 6,increases with increasing of
incident angle 6;.

Solving Maxwell’s equation for light wave hitting interface between two
mediums allows the derivation of the Fresnel equations for S-Polarization and P-
Polarization respectively shown below, which describes how much of the light reflected

to the first medium and how much of the light refracted into the second medium.

tp = 2n4 cos 0; (2.2)

N, cos Bj+nq cos O¢

te = 2n4 cos 0; (2.3)

nq cos 8i+n, cos B¢

__nycosBi—nqcos b (2 4)

Tp =
P n, cos Bj+nq cos B¢

__nycosBi—n, cos b (2 5)

S nycosB;+n, cos b

Fresnel equation demonstrates that refractive ray has same phase as incident ray
while the phase difference between reflective ray and incident ray is dependent on
incident angle 8; and refractive angle 6;. In case of n, > n,, if 6; < 6; then the phase

difference is .



2.3 TOTAL INTERNAL REFLECTION AND EVANESCENT WAVE

From Snell’s law we can see that refractive angle 6, increase with increasing of
incident angle 6;, as shown in Figure 2-5. Till refractive angle 6; reaches to 90< At this
point the corresponding angle of incident is called critical angle can be written as:

sinf; = % (2.6)
1

As incident angle increases, the refractive angle is also increasing but the intensity
of refracted ray is becoming dimmer while intensity of reflected ray is getting brighter,
till at incident angle exceeds critical angle, the angle of refracted ray approaches 90<all
incident rays will be reflected. This is called total internal reflection that can only happen
when the first medium is denser than the second medium (n; > n,). As shown in Figure
2-7, the intensity of refracted ray sharply goes to zero as the critical angle is approached,

which means that all energy from the incident ray is reflected.

" Qe 20° 42° 70?“ |

\ / Total internal reflection
I / is 100% efficient.

o 60°
0° 15° 30° #

Figure 2-5 Refractive angle increases with increasing of incident angle.



=
@
c
o)
)
L
e
0]
=
£
7
c
©
l_

30° 60°
Incidence angle

Figure 2-6 Intensities of refractive ray at both polarizations sharply reach to zero as

critical angle is reached.

Even all power from incident ray is carried by reflected ray when incident angle is
greater than critical angle. The transmitted (refractive) wave in the second medium is still
existing but it just does not carry any power in this case. Under the total internal
reflection condition, the transmitted wave is called evanescent wave that can be
characterized mathematically.

Let’s first assume for the plane of incidence as the xy plane at z=0, the plane of
interface of the two mediums as the xz plane at y=0, then the vector of the refracted
(transmitted) wave can be written as below [12]:

K, = ky + ky2 2.7)



Where k, = k. sin 8, and k,, = k; cos 6, where kis the wavenumber of the transmitted

wave vector, X and y are unit vector along x axis direction and y axis direction

respectively.

From the Snell’s law 222 = ¢ \ve know that sin 8, = sin 6; 2 then
sin 6, n; ne
Sin26;n?
ky =l 1 -T2 2.8)

In case of total internal reflection, n; > n, k,, is a pure imaginary quantity, let’s call it jA.
We know that transmitted wave can be described by following equation:

E = Eoeil{t—iwt (2.9)

By substituting Ktinto Eq.2.9 we get:

E’ — E’Oe—ﬁyﬂ'ktsin Orx—iwt (2.10)

So evanescent wave is transmitted wave that propagating along the interface between two

mediums and attenuates exponentially away from the interface, but this wave does not

carry any power [13-15].



evanescent wave

aqueous
buffer

(n1 = 133) ——

penetration
depth (d)

evanescent

coverglass
RSN

incident reflected collimated
wave incident laser illumination

angle reflected
wave

Figure 2-7 Total internal reflection happens at glass — water interface with evanescent

wave shown on the right image [16].

2.4 FRUSTRATED TOTAL INTERNAL REFLECTION

As we mentioned in last chapter, when light goes from a denser medium into
second medium at an incident angle which is greater than the critical angle of two
mediums, all power of incident light will be totally internally reflected to the first
medium. At this moment transmitted wave is not disappearing, it still exists but doesn’t
carry any power, it becomes an evanescent wave that propagates along the interface but

attenuates exponentially away from interface.
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Figure 2-8 Frustrated total internal reflection happens when third medium with higher

refractive index is brought extremely close the interface.

The frustrated total internal reflection occurs when a third medium which has
higher refractive index than that of the second medium is brought extremely close (within
couple of wavelengths of light source) to the interface of the first and second medium.
The evanescent wave starts to carry power and transmits into the third medium. At this
point, total internal reflection at the boundary of the first and second medium is no longer
existing because some energy is carried into third medium, thus not all intensities are
reflected. We called this phenomenon frustrated total internal reflection as shown in

Figure 2-8.

The frustrated total internal reflection and evanescent wave have been widely
explored into different applications. For example, in biotechnology field, it was
developed as Total Internal Reflection Fluorescence (TIRF) Microscopy which utilizes

evanescent wave to illuminate and excite selected fluorophores instantly adjacent to

11



interfaces. TIRF makes it possible to visualize fluorescently labeled cells or cell cultures
[16-19].

In this thesis we built a simple optical apparatus based on theory of frustrated total
internal reflection and verified its ability to measure nanoscale distance between two
mediums in near contact region with Hertzian contact theory. Furthermore, we
investigated its capabilities of measuring thickness of thin polymer films and
deformations of thin films under pressure. Finally, this apparatus was used to visualize
and quantify time evolution of contact dynamic between soft semispherical

Polydimethylsiloxane lens and smooth glass surface in under water condition.

12



CHAPTER Il

INTRODUCTION OF CONTACT MECHANICS

Polymers have been widely used and researched, from our daily basis such as tires
[21], coatings [22-32] and glues [33] to advanced biomimicry technologies in fields of
haptics, soft robotics [34] and bio-adhesion due to their characteristic properties such as
accessibility, and low cost.

To better explore applications of polymers in these fields, it is crucial to
understand the contact mechanics between polymers and substrates, as contact mechanics
is directly related to interfacial properties, such as wetting [35], adhesion [36-38], and
especially frictions [39].

In this chapter, a broad overview of contact mechanics, interfaces are summarized

to serve as a key to understanding contact dynamics.

3.1 DEFINITION OF INTERFACES

Interface, in the physical sciences, is defined as the boundary between two spatial
regions occupied by different materials [40], specifically, when one of the phases is air or
vacuum, the interface is called surface. For instances, the surface of desk, is called
surface because it’s facing air. When water is spreading on desk, the boundary between

the water and desk is called interface. Macroscopically, the interface is a boundary

13



between two phases of distinct matters while in microscopic viewpoint, interface is
defined as the region where depletion in density is observed. The surfaces and interfaces
of polymer materials have attracted great attention across many research topics. Surfaces
and interfaces properties of polymer materials such as adhesion, friction, adsorption,
wetting and dewetting are crucial from both the industrial and scientific viewpoints.
Surfaces and interfaces of materials can be studied quantitatively via their surface
tensions/energies which give rise to the pervasive phenomenon: adhesion between two
surfaces. Adhesion including week van der Waals force and electrostatic force can play
significant role in macroscopic scale. In principle, a 1 cm? solid block of metal with only
the van der Waals force at interface can hang a car’s weight. However, these scenarios
are never observed in nature, due to adhesion is sensitively depending on actual contact
area between two surfaces. Knowing where is in real contact where is in nearly contact at
nanoscale between two surfaces become crucial two understand surface/interface

properties such as adhesion and friction.

3.2 SURFACE ENERGY AND SURFACE TENSION

The surface energy is the quantification of the work required to disrupt the
intramolecular bonds when a solid surface is created. Similarly surface tension is

referring to energy required to created liquid surface.

14



— )

LI

AT

Figure 3-1: Liquid molecules in “happy’” and “unhappy” states.

A liquid molecule in the middle of liquid is surrounding by same molecules,
interacts and benefits with all its neighbors find itself in a “happy” state. Meanwhile
another liquid molecule that stays at surface of liquid and faces the air loses half its
cohesion and becomes “unhappy”. This is the main reason that liquid droplet adjusts its
shape into spherical to minimize its surface area face to air.

If the cohesion energy of a molecule inside the liquid is U, then the molecule
sitting at the surface is short of approximately U/2. The surface tension can be defined as
the direct measurement of shortage of cohesion energy per unit surface area. Assuming a
is the size of molecule, then a2 is the area that exposed to air, the surface tension is of
order y ~ U / 2a?, for most of oils, the interactions are of the van der Waals force, then

we have U = kT, which is the thermal energy.
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Table 3-1: Surface tensions of few common liquids.

Liquid Helium(4K) Ethanol Acetone Cyclohexane  Glycerol
y(mN/m) 0.1 23 24 25 63
Liquid Water Water(100<C)  Molten Glass Mercury Water/oil
y (mN/m) 73 58 ~300 485 ~50

For water, the interactions between water molecules involves hydrogen bonds,
thus the surface tension of water is larger than other liquids (y = 72mJ / m?). While for
solids, they usually have higher surface energy, for example, the interactions between
metal molecules are mainly metallic bonds, which is way stronger than hydrogen bonds
thus metal has way higher surface energy. Surface tensions of few common liquids are

shown in Table 2-1.

3.3 CONTACT ANGLE AND SURFACE WETTABILITY

After knowing the definition of interface and how to quantitatively study the
surface using surface energy. The challenge is how can we measure the surface

energy/tension
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Figure 3-2: Schematic of a liquid drop sitting on solid surface, showing the quantities in

Young’s equation.

The easiest way to measure the surface energy is contact angle measurements as
shown in Figure 3-2. Contact angle, is the shape of the liquid-vapor interface meets a

solid surface, which can be used to quantitatively described by Young’s equation:

Yoo = Yo T 70 c0s(6c) (3.1

In Eq.3.1, y, . is the surface tension of liquid, y;. is the surface energy of solid,
and y, is the interfacial energy of solid and liquid, and & is the equilibrium contact

angle of given system. Based on Young equation, a well-defined system of liquid,
vapor(gas), and solid at a given state (certain temperature, pressure etc..) has an exclusive
equilibrium contact angle. In practice, the equilibrium contact angle is within range of

dynamic contact angle from minimum value receding contact angle to maximum value
17



advanced contact angle [41], and can be calculated from these values, which we will talk
about later. Overall, the Young’s equation can be used to calculate the surface tension of
liquid, surface energy of solid, or even interfacial energy between solid and liquid. The
equilibrium contact angle 4, is the parameter that can indicate the relative strength of the
molecular interactions of given system.

Combining the Young equation (Eq.3.1) with Dupréequation (Eq.3.2) can relate
the contact angle with the work of adhesion thus leading to Young—Dupréequation as

shown in Eq.3.3 [35].

WSL =Y + Ve ~ Vsg (32)

7,6(1 + cos(s.)) = Ws, (3.3)
With Young-Dupréequation, the measurement of work of adhesion could be
simplified. For example, by measuring the contact angle of water drop sitting on glass

slides, using Eq.3.3 you can calculate work of adhesion between water drop and glass

slide.
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Figure 3-3: Contact angles: non-wetting, partially wetting, perfect wetting. Image from

Wikipedia, By Arsteven.
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In 1964, Zisman published an method by applying different liquids with known
surface tensions of liquids on top of solid surface with unknown surface energy, with
cosine of measured contact angle of liquids and graphing them against the surface
tensions of liquids yield the critical surface tension of solid surface [42], this method is
called “Zisman Plot” as shown in Figure 3-4, a very quick and easy method to measure
critical surface tension which is the liquid with highest surface tension that can
completely wet the given solid surface. Note that critical surface tension is not same as
surface energy of solid but generally smaller than surface energy. The surface energy of
solid surface could be measured and calculated by Fowkes’ theory which takes dispersion
force, polar force, hydrogen bonding force, induction force (Debye), acid/base force,

etc... into consideration [44].
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Figure 3-4: Zisman plot for both homologous and non-homologous liquid.
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Even though the “Zisman Plot” can’t directly measure surface energy of given
solid surface, but it’s still a very useful way to estimate wettability of solid surface. As
shown in Figure 3-3, if contact angle is small, then the surface has good wettability, in
contrast, if contact angle is large, then surface has bad wettability. Similarly, if a droplet
of water is applied on a given solid surface, the contact angle of water drop can be used
indicate the surface wettability of water.

If contact angle 8 = 0< then we say the liquid is completely wets the substrate, if
0°< 8 < 90€ then this surface has good wettability, generally these types of surfaces are
called hydrophilic surfaces. Reversely, if 8 = 180°, then water doesn’t wet the surface at
all, in same way, if 90°< 8 <180°, surface doesn’t have good wettability of water, these
types of surfaces are called hydrophobic surfaces.

As surface energy is one of the most significant parameters that play in wetting
phenomena, it can also be utilized to represent surface wettability mathematically, the
spreading parameter:

S=VYsv =V — Vst (3.4)

As shown in Eq.3.4, the spreading parameter can be determined mathematically
by using y;, the surface tension of liquid, ys, the surface energy of solid, and yg; the
interfacial energy between liquid and solid. When S < 0, the liquid is partially wetting

the solid surface, otherwise the liquid is completely wetting the substrate.
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3.4 DYNAMIC CONTACT ANGLE

In practice, a given system of solid-liquid-vapor could yield a continuous range of
contact angle due to surface inhomogeneity and surface roughness, this phenomenon is
called contact angle hysteresis. The largest value of dynamic contact angle is called
advancing contact angle 6, while the smallest value is referred to receding contact angle
6. Both advancing and receding contact angle could be measured via dynamic

experiments where droplets or liquid bridges are moving as shown in Figure 3-5 [41].

receding angle
T advancing angle
Ba \ Or
A WL X .

advancing angle  receding angle

volume changing method tilting cradle

Figure 3-5: Advancing and receding contact angle measurement. Image from Weistron

Co.

The Young-Dupréequation assumes that solid surface is homogeneous and
frictionless. However, a real surface should take roughness and contamination into
account which will result in contact angle hysteresis, the equilibrium contact angle 6. can

be calculated from advancing and receding contact angle as shown:
22



r4C0S04+1R cOSO
Oc = arccos( A AR R) (3.5)

raA+TR
where
3 sin30, )
Ta = \[(2—3 cos 0 ,4+cos3 0y (3.6)
3 sin30g )
TR = \/(2—3 cos Og+cos3 Oy (3.7)

In most cases, for a chemically homogeneous surface, the contact angle hysteresis
is caused by surface roughness, which has strong effect on wettability of surface. The
effect of surface roughness depends on the real contact area between liquid and surface,
for example, if liquid wets the grooves of surface, then the real contact area is large,
otherwise some air bubbles could be trapped to reduce the actual contact area. When the
liquid completely wet the grooves of surfaces, it is called Wenzel state. Wenzel was the
first to evaluate the equilibrium contact angle of a rough surface based on roughness
ratio, which is defined as the ratio between the actual contact area and projected contact

area, Tyye = Aerue/Apro » and the Wenzel equation can be written as Eq.3.8:

C0S 8" = T¢pye COS O (3.8)

In Eq.3.8, 6~ is the measured contact angle, 6 is the Young’s contact angle when

surface is homogeneous and smooth. For a rough surface, the roughness ratio is always

greater than 1. Wenzel equation is applicable when the size of droplet is larger than the
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roughness scale by two to three orders of magnitude and becomes more accurate as drop
size becomes larger compared to the scale of roughness [45].

In case of droplet sitting on hydrophilic surface Eq.3.8 indicates that roughness
will enhance the surface wettability. In contrast, when droplet sits on a hydrophobic
surface, the roughness will increase the surface hydrophobicity. This can be explained
from theoretical side, for 8 > 90°,and 1, > 1, the measured contact angle could reach
to 8*~180°, thus surface becomes superhydrophobic due to effect of roughness.
However, in practice, this phenomenon can barely happen. Because for hydrophobic

surface, the droplet can’t completely wet the grooves.

Figure 3-6: Wenzel model of droplet sits on rough surface, the droplet completely wet

grooves of surface. Image from Wikipedia.
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When surface is hydrophobic or heterogeneous, the situation is complex. The
droplet can’t completely wet the grooves, leaving air pockets within grooves instead,
which causes less wetting as shown in Figure 3-7. This phenomenon can be described by

Cassie-Baxter model in Eq.3.9 as written:

cosO0* =0 TiueCOSO + 0 1 (3.9

wet wet

In EQ.3.9, 1 s the roughness ratio as we mentioned before, ¢, is the fraction of

wetted surface area. When ¢, . = 1, Eq.3.9 is same as Eq.3.8, so Wenzel is a special

wet

case of Cassie-Baxter model [46].
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Figure 3-7: Cassie-Baxter model of droplet sits on rough surface with air pockets

entrapped in grooves. Image from Wikipedia.

The wetting transition from one state to another state has been researched widely
in recent years, especially one-way transition from less stable (metastable) Cassie-Baxter
state to more stable Wenzel case. During this process, liquid begins to nucleate from the
middle and propagates to the edge of droplet as shown in Figure 3-8. Other people have
reported the propagation could happen from the edge droplet to middle of droplet as
shown in Figure 3-9.

The root cause of wetting transition was dominated by the competition between
the external forces and energy barrier. External forces such as vibration, mechanical
impact, compress and particularly Laplace pressure can overwhelm the energy barrier to

trigger the wetting transition.
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Figure 3-8: Wetting transition from Cassie-Baxter state to Wenzel state. Image from

Wikipedia.

In fact, the wetting transition can be reversible if both states are
thermodynamically stabilized by changing thermodynamic variables such as pressure and

temperature or by applying external forces [47].

Cassie-Baxter state| Step 1

Step 2 lh«iec
Wenzel state
— UG
UUUuUuuUuL) UUUuUuuuLy

Figure 3-9: Wetting transition from Cassie-Baxter to Wenzel state. Beginning from the

edge of droplet to center of droplet [47].

3.5 HERTZIAN CONTACT THEORY

The deformation of two solids is depended on contact mechanics when they are
brought into contact. Directions of stresses along the contact interface could be either

perpendicular to the interface or parallel to the interface, which is determined by the
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direction of applied external load. In this thesis, we will discuss frictionless contact

mechanics with only perpendicular load applied.

R,
N\ Rl E1,191

N\ R E, 9,

Figure 3-10: Hertzian contact for two spheres contact with each other.

In 1882, Heinrich Hertz first studied contact mechanics between two elastic
objects with smooth surfaces in contact with each other [48]. For special cases of Hertz
contact which is contact between two elastic spheres with modulus E; and E,, radii R,
and R, respectively, squeezed against each other under external load that perpendicular to
the contact interface as shown in Figure 3-10, or the contact between a sphere and the

surface of a half space as shown in Figure 3-11. For the case of two spheres in contact
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with each other, the radius of contact was calculated based on minimizing the stored

elastic energy due to deformation caused by external forces and is written as Eq.3.10:

_ ( RiR; s 3F(1-0?) Y3 3.10
a= (R1+R2) ( 4E* ) (3.10)
where
(1-v®) _ a-vh) | A-v)
e + oz (3.11)

where v; and v, are the Poisson ratios of the two solids. The deformation distance that

perpendicular to the interface of contact is given by Eq.3.1:

h= (R1+R2)1/3 (3F(1—u2))2/3 (3.12)

RiR, 4E*

where h is also called total indentation.
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Figure 3-11: Hertzian contact for a sphere contact with elastic half-space.

For case of a sphere in contact with flat surface, one can think is the radius of
curvature for a flat surface is infinity, which means R, = co. As shown in Figure 3-11.

Under external load P , the radius of contact presented in Eqg.3.10 can be simplified as:

__ (3PR 1/3
a= () (3.13)

4E*

Where E* is same as the one in EQ.3.11. Then the total indentation or the deformation

distance can be written as:

h=2% (3.14)

Outside the contact region (r > a) gap distance between two bodies is:

r2

d="+u,—h (3.15)
2R
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Where u, is the combined elastic deformation of two bodies, or the displacement of

points on the flat surface outside the contact area, which can be written as:

U, = aiz ((2a? —r?)sin™? (g) +ar(1 - (i—j)ﬁ (3.16)

_n'R

For other cases such as contact between two cylinders with parallel axes, contact
between a rigid conical indenter and half-space, contact between two crossed cylinders,
and contact between rigid cylindrical indenter and half-space as shown in Figure 3-12 can

also be derived.

Figure 3-12: Hertzian contact. (a) contact between two crossed cylinders. (b) contact
between a rigid cylindrical indenter and half-space. (c) contact between a rigid conical

indenter and half-space. (d) contact between two cylinders with parallel axes.
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3.6 JOHNSON-KENDALL-ROBERTS (JKR) CONTACT THEORY

Hertzian contact theory assumes the contact between two objects is non-adhesive
contact which means there is no surface interaction, or the surface interaction compared
with applied load is too weak to be considered. Let’s assume externally applied load is
relatively weak and contact area is small, thus the adhesive force/adhesion due to van der
Waals force, capillary, liquid-bridges forces, or electric static forces are becoming
dominated. In this case, the original Hertzian theory which doesn’t account effect of
adhesion may not be applicable.

In 1971, Johnson, Kendall and Roberts further developed Hertzian contact theory.
Upon their observation, when two solid surfaces are brought into close contact at low
loads, the attractive adhesion (van der Waals forces, surface attraction, capillary, liquid-
bridges forces) are playing crucial role that cause the contact area is larger than that
predicted by Hertzian contact theory as shown in Figure 3-13, moreover, after removing

the low external loads, the area of contact has a non-zero value.
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Figure 3-13: JKR contact model with effect of adhesion accounted. a, is the radius of
contact predicted by Hertz, a, is the radius of contact predicted by JKR model.

Apparently a; > a,.

JKR contact model is originated from Hertz contact model but incorporating the
effect of adhesion within the area of contact by balancing stored elastic energy and the
loss in surface energy. The apparent load or total load (P;) between adhesive contact
bodies including effect of adhesion is higher than the external applied load (P,) can be

expressed in EQ.3.17 as shown:

P, = Py + 3nRW + /6rRW P, + (3mRW)?] (3.17)

With known apparent load, the radius of contact originated from Hertzian theory but

incorporated with work of adhesion can be generated as:

a® = =[P + 3nRW + J6mRWP + (3mRW)?] (3.18)

Note that is we assume there is no work of adhesion (W = 0) then the Eq.3.18 is
same as Eq.3.13 indicates that JKR model is originated from Hertzian theory. On the
other hand, if we assume there is no applied load (P, = P = 0), the radius of contact will

become a non-zero value:
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3 _ 3R(6mRW)
T 4E*

(3.19)

Which matches the observation mentioned above, after removing the external
load, the contact area is a non-zero value. During removing the externally applied load
P,, the apparent load P; decrease with decreasing of applied load P,, after completely
remove the applied load (P, = 0), additional force is required to sperate two surfaces and

can be written as:

P

3
pull-off = _ET[RW (3.20)

Note that this pull-off force is independent of moduli of two objects.

3.7 DERJAGUIN-MULLER-TOPOROVE (DMT) MODEL

JRK model is considering effect of adhesion within contact area, while
alternatively DMT model assumes that contact dynamic within contact area is same as
that of Hertzian contact theory, but additional attractive interactions (adhesion) is acting
outside the contact area.

Based on this theory, the radius of contact between two elastic spheres is given by:

a® = == (P + 4mRW) (3.21)

4

The pull-off force to achieve zero contact area or to sperate two surfaces is:
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Ppull—off = —2nRW (322)
In 1977, Tabor parametrized the contradiction between the JRK and DMT models

by a single parameter called Tabor parameter () given by:

1

w= 22 (3.23)

*2, 3
E Zy

Where z, is the equilibrium distance between two elastic spheres in contact. It turns out
JRK model is applicable to large, compliant spheres in contact with larger u, while DMT

model is applicable for small and rigid spheres in contact with smaller value of u.
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CHAPTER IV

QUANTITATIVE FRUSTRATED TOTAL INTERNAL REFLECTION (FTIR) FOR
THIN FILM CHARACTERIZATION

The adhesion and friction strategies are known to sensitively depends on the
interactions between two contact mediums, knowing where is in far contact, where in
actual contact, and where is in near contact down to nanoscale is crucial to better
understand adhesion and friction. A precise and accurate measurement of nanoscopic gap
thickness is necessary to quantitatively study the contact dynamics of between two
mediums. In recent years, frustrated total internal reflection (FTIR) has been prompted as
a robust tool to directly image and quantitatively resolve the contact formation between
two surfaces. However, many studies utilized the simple intensity exponential decay
function of evanescent field which didn’t account multiple reflections and refractions at
the interface were potentially underestimated the actual distance in near contact region.
Here in this chapter, we utilized the Fresnel equations to total up multiple reflections and
refractions to accurately render measured intensity of frustrated total internal reflection.
Furthermore, quantitative validation of FTIR were performed by placing a convex lens
with known radius of curvature on flat glass prism surface, comparing measured height

profile with Hertzian contact theory and obtained great agreement. Moreover, the
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potential of FTIR technique to measuring thin polymer film were evaluated and

compared with Ellipsometer results.

4.1 INTRODUCTION

As we mentioned earlier in the thesis, total internal reflection happens at when
light goes from a denser (higher refractive index) medium into a less dense (lower
refractive index) hit the interface at an incident angle which is greater than the critical
angle of two mediums. At this circumstance, all intensities of incident light are internally
reflected, not energy can transmit into second medium. However, the transmitted light
(refraction) isn’t disappearing, it becomes an evanescent field that propagates along the
interface and attenuates exponentially away from the interface. When a third medium
with higher refractive index than that of the second medium is brought very close to the
interface, total internal reflection is frustrated, energy from reflected light starts to
transmit into third medium via evanescent wave. By analyzing the intensity change of the
reflected light, distance between the third medium and the interface can be obtained.

In recent years, frustrated total internal reflection has been widely used in researching
field of contact dynamics. In 2017, Brygida utilized this technique to directly visualize
contact formation between human fingers and glass surfaces, further quantifying the
growth of contact area verse time [50]. Observation shows when human fingers in contact
with hard, smooth surface, the area of contact grows relative slow and follows a first-
order Kinetics relationship.

The process of human fingers giving rise to contacts with soft objects such as soft

rubber is intuitively faster than that of contacts with hard surfaces as shown in Figure 4-1.
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This experiment perfectly revealed and explained why pen has rubbery grips. With soft
rubbery grips, the contact area between fingers and grips can grow very fast so adhesion

and friction will be strong enough for human to hold pens tightly.
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Figure 4-1: (1) Contact formation between finger and hard, smooth surface. (2) contact

formation between finger and soft rubbery surface [50].

In 2016, Needham used this technique to directly image real contact area of
footwear as shown in Figure 4-2. In his setup, couple of LEDs are placed under the
corners of glass waveguide to achieve total internal reflection inside it, cameras are
placed underneath the waveguide to capture the intensity change [51]. Further analysis

could convert the intensity profile into pressure profile based on strength of intensity.
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Figure 4-2: (a) FTIR setup. (b)Total internal reflection is achieved by placing LEDs

under the corner. (c)-(f) Images obtained via cameras [51].

Furthermore, Eason utilized same setup as shown in Figure 4-3 to directly
measure stress distribution and contact area under gecko foot via high-resolution tactile
sensing array which is made from polydimethylsiloxane (PDMS). When external
compressive force is applied on sensing array the small bumps will be deformed which

frustrates total internal reflection leads intensity of reflection changes.
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measurement [51].
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Figure 4-3: FTIR setup with tactile sensing array for stress distribution and contact area

In 2014, Kolinski used simpler version of FITR that composed of glass prism,
laser, and fast camera to visualize dynamic of water droplet impacts on glass surface as
shown in Figure 4-4 [52]. In his experiment, total internal reflection is achieved at glass-
air interface, when water droplet is approaching very closely to the interface but not
actually in contact with interface, the total internal reflection is frustrated, energy of

incident light is transmitted into water droplet, a dark ring is observed at this moment. As
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the distance from water droplet to interface gets shorter, more energy starts to transmit
into droplet thus the ring is getting expanded and darker. Eventually when droplet is
touching the interface, the interface of glass-air is replaced by glass-water interface, at
this point, most of energy transmitted into water, completely dark area shows up. It is
interesting that when droplet is very close to the interface, a hollow ring rather than solid
circular area is observed. The reason is resistance from air can deform water droplet into

concave shape when it’s moving, so there is air entrapped.
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Figure 4-4: (a) FTIR Setup composed of laser, fast camera, and prism. (b) dynamic of
water drop impact prism surface, upper is sideview, lower is image from fast camera

[52].

Kolinski then used evanescent wave exponentially decay function in Eq.4.1 to
directly calculate distance between droplet and prism surface at each frame as shown in
Figure 4-5.

I =Ie %% (4.1)
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Where I is intensity of evanescent wave, z is distance between droplet and interface. k is

penetration depth given by Eq.4.2 as shown:

% = 47”\/71% (sin ;)% — n2 (4.2)

Where A is the wavelength of the light source.

However, the most recent work from Chao indicated that Kolinski’s method
assumes energy transmits into droplet are absorbed which neglects multiple reflection
and refraction happen at the interface is underestimating the distance between droplet and
prism surface [53]. The underestimation could lead to significant impact on
understanding adhesion and friction behaviors as they are known to depends sensitively

on interactions happening in near contact region down to nanoscale.
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Figure 4-5: (a) FTIR image of droplet impact on glass surface. (b) and (c) distance

analysis of each frame [53].

In next section, we will go through the theoretical design of quantification of

FTIR and explain why Kolinski’s method is underestimating the gap thickness.

4.2 THEORETICAL DESIGN OF FTIR

Let’s consider the similar system as Kolinski’s experiment the glass-air-water
three mediums system as shown in Figure 4-6. Light goes from glass into air and third
medium water is very close to glass-air interface. The refractive index of glass n;,
refractive index of air n, and refractive index of water ns should follow n; > n; > n,.

Let’s first consider condition of incident angle is less than critical angle (6; < 6.).
Under this condition, as shown in Figure 4-6, light goes from glass into air, at the
interface, partial energy of light reflects to glass and rest energy of light transmits through
the interface and hit the interface of air-water then same reflection and refraction happen
again causes multiple reflections and transmissions at both glass-air and air-water
interfaces.

If the distance between the water phase and the glass phase is d, which is the
thickness of air phase. The optical path difference or equivalently, the phase difference

of the successive reflected light can be expressed by Eq.4.3 as given by:

__4nd

6 A

Jn% —n?sin? 6, (4.3)
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Then amplitude of reflected wave can be calculated by multiplying the e/¢, where
j is the imaginary unit. To total up all the reflected light, it is necessary to understand
how to connect the refraction and reflection coefficients of Fresnel equation as we
mentioned in Eq.2.2 — Eq.2.5.

As shown in Figure 4-7, when light goes from one medium to another medium,
partial of light energy is reflected and rest is refracted. If there is no energy absorbed by
mediums, then this system is reversible. In 3" picture of Figure 4-7 light ray x should
have same amplitude as incident beam while light ray y should have zero amplitude.
Stokes relation can be deducted as given by Eq.4.4 and Eq.4.5:

t'tE+71%E=E (4.4)

r'tE+trE=0 (4.5)
Where t and r are refractive and reflective coefficients provided by Fresnel equations in
Eqg.2.2to Eq.2.5.

The amplitudes of each reflected light beam can be expressed using the amplitude
of incident light E, starts from the first reflected light beam they are: ry,E, t1,t,1753Ee/%,
tiotamiriEe?% ., By adding them up we can get the total reflectance as written in

Eq.4.6:

— 7'12+T23ej5 (46)

- 1+T12r239j6
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As we mentioned above r is provided by Fresnel equations which is polarization
dependent. By substituting Eq.2.4 we get total reflectance for P-polarization as shown

below:

nycos 61-nqcos 92) (n3cos 6,—nycos 93) famd | 2 2 . o
(nzcos 61+nqcos 6, + nopcos f3+nzcos O, EXp\J\ 32T nSIn 61

npcos 61—-njcos 92)(n3cos 6,-nycos 93) .[ 4md 2 2.i 2
1+(n2cos 81+n1c05 0,/ \nycos Bz+nzcos 0,/ SXP | I\ T2 27N 6,

T =

4.7)

From Eq.4.7 if we know the incident angle 6;, wavelength of light source A, with
measured total reflectance, then the distance between first medium and second medium
can be calculated.

Let” now consider the situation where incident angle is greater than critical angle

(6; > 6.). As we talked earlier in Section 1.3, Eq.4.3 becomes an imaginary number,

. : _ s/ 41td . _s .
while e/% becomes a real number e =% where §' = ==./—n3 + n sin? 6;, then e =" is

an exponential decay function which is evanescent wave that attenuate away from the
interface. In contrary, the refractive angle is becoming imaginary number. Therefore, the
reflective coefficients become complex number a as well, the absolute values of
reflective coefficients equal to 1 which describe the condition of total internal reflection.
Overall, the total reflectance Eq.4.7 is still eligible to calculate the total reflectance
regardless of relation between incident angle 6; and critical angle 6..

If we plot the gap thickness d verse total reflectance r. Kolinski’s method of
using simple exponential decay function which neglects the multiple refraction and

reflection of light is underestimating the gap thickness as shown in Figure 4-8.
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Etior3t;, Ery,

Figure 4-6: Three mediums system to show geometry at interface with multiple refraction

and reflection [53].

Figure 4-7: Stokes relations. If there is no absorption, (1) and (2) should be reversible.
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Figure 4-8: At fixed system, Kolinski’s method is underestimating gap thickness [53].

4.3 EXPERIMENTAL SETUP AND DATA ACQUISITION

A schematic of frustrated total internal reflection (FTIR) setup is shown in Figure
4-9. Light beam comes from red LED (M660L4, A~665nm, from Thorlabs) passes
through linear polarizer to be polarized into P-polarization then reflected by two mirrors
to illuminate the top surface of the NBK-7 glass dove prism with refractive index n,; =
1.52, at an incident angle which is greater than the critical angle of glass-air interface
(60 = 41°), but less than critical angle of glass-water interface (8 = 61°) to achieve total
internal reflection at glass-air interface. A circular shape water droplet is then placed on

top of prism surface to help accurately determine incident angle 6;.
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Figure 4-9: Experimental setup. A circular shape water droplet is placed on prism surface

to determine the incident angle.

Light is totally internally reflected at the interface of glass-air, when a spherical
waterdrop is place on glass surface that partially the surface with high contact angle, then
FTIR happens. Energy starts to transmit into water phase through evanescent wave, a
high-speed camera (VEOA410 purchased from Phantom) with max resolution of 1280x800
pixels? at frame rate 100fps is placed on the other side of the dove prism to collect
reflected signal. Due to FTIR, the contact between droplet and glass prism shows dark
area in camera signal. However, the circular contact area between droplet and glass is
captured as elliptical shape rather than circular shape due to distortion caused by
refraction during the optical light path as shown in Figure 4-10. The distortion (D),
according to geometrical optics calculations, is a function of incident angle 6; as written

below:

D = cos 6; (sin‘1 (2 sin (Hi — %))) (4.8)

nq
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If we can obtain the distortion, then accurate incident angle 8; can be calculated
consequently.

As shown in Figure 4-10, a dark elliptical contact area is shown, by fitting the
edge of dark area into ellipse, the ratio of short axis to long axis which is the distortion D
can be obtained. The polar coordinates function of ellipse is shown below:

2 a2b2

" b2cos20+a?sin20

p (4.9)

Where p is the distance of edge between origin, a is the long axis and b is the short axis.
The aspect ratio of distortion D = b/a. With known aspect ratio, the directly method of

using Eq.4.8 to calculate incident angle 6; which is hard, the easiest way to do is doing a
look-up table by inputting different 6; to generate corresponding D as shown in Figure 4-

12. Then with known D, the incident angle 8; can be directly matched.

Figure 4-10: Distorted image of water drop in contact with prism surface.

After obtaining the incident angle 6;, with a given system such as glass-air-water,

then we know all the parameters required from Eq.4.7 to calculate distance between the
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first and the third medium which is the thickness of the second medium. But due to the
nature of the Eq.4.7, it is impossible to calculate gap thickness d from total reflectance r.
The best way to obtain d from r is doing look-up table again by inputting gap thickness d
to generate r thus we can use known r that captured by camera to find gap thickness d in
look-up table. The look up table of given system of glass-air-water mediums for both S

and P polarization is shown in Figure 4-13.

200 |
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o
bt
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Figure 4-11: Ellipse fit for Eq.4.9.

The scale bar of Figure 4-10 can be obtained by measure the radius of water drop

on prism surface and divide it by the long axis of elliptical dark area obtained by ellipse

fit. The scale bar here, is also the lateral resolution of our apparatus.
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Figure 4-12: Aspect ratio vs incident angle, the table could be directly used to match
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Figure 4-13: Look-up table for given system of glass-air-water at 8; = 45°.
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4.4 SETUP CALIBRATION WITH HERTZIAN CONTACT

After explaining the data acquisition including fixing distortion D, obtaining
incident angle 6;, and converting total reflectance into gap thickness d. Now we are
going to verify our theoretical design with well-established Hertzian contact theory.

As we discussed earlier in this thesis, for an elastic sphere in contact with a smooth flat
surface, the contact area can be described by Eq.3.13, and the gap thickness between two
objects along the radial distance can be expressed by Eq.3.15. To achieve Hertzian
contact, a glass convex lens (LA1608, radius of curvature R = 386 mm) is placed on the
prism surface as shown in Figure 4-14, this makes three mediums of FTIR become glass-
air-glass that satisfy n; = n; > n,. Hence this system is qualified to measure the
thickness air medium between convex lens and prism surface to compare with Eq.3.15 of

Hertzian contact theory.

Convex lens

BK7 Glass
Prism

[ laser
_—

Polarizer

Figure 4-14: Convex lens is placed on prism surface to be used for calibration.

Since a new system is built, accompanied look-up table for both P and S

polarization is generated for glass-air glass system is shown in Figure 4-15.
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Figure 4-15: Look-up table for given system of glass-air-glass at 8; = 45°.

Experimental data obtained from high-speed camera after dividing background
image is shown in Figure 4-16.2, after fixing the distortion obtained from water droplet
experiment, a circular contact area is observed as shown in Figure 4-16.4. And the center
of contact can be obtained via ImageJ or 3D quadratic surface fit as shown in Figure 4-
16.3. As we can see from the image, center of contact is dark, but the color is fading

away from the center of contact, which means the gap thickness is getting larger, till the
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color is completely white representing the surface of convex lens is too far to frustrate the

total internal reflection at the interface.

Convex lens

BK7 Glass
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Figure 4-16: Raw data processing for convex lens contact with prism surface. (1)
Experiment setup. (2) Normalized image before fixing distortion. (3) 3D quadratic fit to
find contact center. (4) Normalized image after fixing distortion. (5) Step of averaging

reflectance along the radial distance away from center of contact.

The next step of data processing is average reflectance along the radial distance
from the center of contact as shown in Figure 4-16.5. Then use look-up table showed in
Figure 4-15 to convert reflectance into gap thickness and plot gap thickness d verse radial
distance x. The shape of plot matched with Hertzian contact theory excellent as shown in

Figure 4-17.
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Figure 4-17: Height profile of convex lens LA1608 with 20 grams of applied load, the

measured height matched with Hertzian theory very well.

Furthermore, we applied different weights on convex lens to increase contact area
and measured the height profiles (gap thickness between lens and flat surface) to compare
with Hertzian contact theory with changing of applied load.

As shown in Figure 4-18, different loads were applied on the top of convex to
achieve Hertzian contact, measured height profiles agreed with Hertzian contact theory
very well, which means our technique is a reliable technique for measuring thickness of
nanoscopic thin gap between two contact objects with very high lateral resolution (pixel
to pixel distance is around 3 um depends on camera sensor) and very accurate of vertical

resolution (around 10nm).
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Figure 4-18: Elastic deformations of convex lens with external applied loads. Circular

points represent measured heights, solid lines represent Hertzian predictions.

4.5 POLYMER THIN FILM MEASUREMENT

After verifying our technique is capable of measuring gap thickness between
convex lens and flat smooth prism surface. As we discussed earlier in Figure 4-6, if a
given system composed of three mediums with refractive indices satisfies n; > n; > n,.

Then the thickness of the second medium n, can be measured. Based on requirement, we
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investigated our apparatus to measure the thickness of thin Polydimethylsiloxane
(PDMS) films.

In this system, first medium is glass with refractive index n; = 1.52, the second
medium is PDMS with refractive index n, = 1.43, for third medium we need choose a
liquid that can make intimate contact with PDMS surface but can not diffuse into PDMS,
the Cinnamaldehyde with refractive index n; = 1.62 is chosen. Consequently, the
incident angle should be greater than the critical angle of glass-PDMS interface 6, =
70.2, the corresponding reflectance to gap thickness look up table is shown in Figure 4-
19.

The PDMS base (Sylgard 184 Silicone Elastomer Kit from Dow) was mixed with
crosslinker at a fixed ratio 10:1 and dissolved into Chloroform (CHC5) to achieve
different concentrations (1%~5%). PDMS solutions were then applied on 25 X 25 mm?
glass slide that attached to spin coater, and span at 2000 rpm for 30 seconds. After spin
coating, all glass slides with coated PDMS films were sealed into glass petri dish and put
into oven curing for 3 days at 60<

After curing, glass slide with film is placed on prism surface gently with index
match oil (Immersion Oil Type N, Nikon) trapped in between to make glass slide and
prism become same phase. A layer of Cinnamaldehyde is then applied on top of PDMS

film as shown in Figure 4-20.
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Figure 4-19: Look up table for glass-PDMS-Cinnamaldehyde system at incident angle

91' = 750 .

The incident angle calculation and data processing are same as we discussed in
earlier section. Normalization setup was performed via dividing the images obtained from
high-speed camera by a background image. Normalized images were then converted into

height profile which is the thickness of thin film.
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Figure 4-20: Experiment system of glass-PDMS-Cinnamaldehyde and their structures.

As shown in Figure 4-21.2, the thickness of PDMS film isn’t changing as time
goes, which means the Cinnamaldehyde oil wouldn’t penetrate into PDMS film.
Furthermore, this method could also be used to visualize the large-scale surface
topography as shown in Figure 4-21.1, small bumps are directly visualized. Note that
those bumps are caused by multiple reasons such as large-scale roughness on the surface
and thermal fluctuations of camera sensor. Detailed analysis could by performed by
involving techniques such as AFM, ellipsometer and profilometer. It is impossible to use
FTIR to investigate nanoscale roughness of surface due to limitations of lateral resolution
of camera sensor and wavelength of light source.

The theory of FTIR to measure thickness of thin film is very close to the theory of
ellipsometry. Both are using same Eq.4.7 to calculate thickness but in our FTIR
apparatus, we are directly measuring change of intensity, while ellipsometry is measuring
change of polarization of light. This main difference makes FTIR less sensitive than
ellipsometry in terms of thickness measurement, but FTIR can measure large area of thin

film and can visualize large-scale topography films.
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Figure 4-21: Thickness of PDMS film measured by FTIR. (1) Surface topography of thin

PDMS film. (2) Thickness of PDMS verse time.

In this chapter, we have discussed theory of frustrated total internal reflection in
depth and. showed step by step procedure of incident angle calculation, image processing

to convert reflectance to gap thickness. And validated our apparatus via Hertzian contact
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theory. Furthermore, we have explored FTIR to thin polymer film characterization such
as surface topography and thickness measurement. Moreover, we discussed the difference
between FTIR and Ellipsometry, and their own advantages

Overall, FTIR is a robust technique that can be used to measure thickness of thin

polymer films and gap between two contact objects.
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CHAPTER V

ATTRACTIVE FORCES SLOW CONTACT FORMATION BETWEEN
DEFORMABLE DOIDES UNDERWATER

From wet tire traction to underwater adhesion, the evacuation of a thin layer of
water between two surfaces is essential for contact formation and subsequent interactions
[54-45]. Elegant examples in nature use many different strategies to adhere and grip
strongly. For example, biological adhesive systems such as mussel foot protein have
demonstrated the need to displace interfacial water and the role of hydrophobicity in
achieving high underwater adhesion [57-59].

On the other hand, spider silk uses hygroscopic compounds in aggregate glues to
get rid of interfacial water and hence hunt in wet habitats [60]. Apart from solely
chemistry-based solutions, nature has also employed surface patterning to remove
interfacial water and, hence, achieve high underwater adhesion and friction, for example
in the case of tree-frogs and geckos [61-64]. They rely on weaker van der Waals
interactions and water evacuation to create a dry adhesive contact. Additionally for tree-
frogs, one finds features such as patterned toepads that have channels designed to collect
the water during the attachment cycle and keep the contact interface dry [65], reminiscent
of tire tread patterns that help drain the water during rolling on wet surfaces.\ Despite its

ubiquity in biological and everyday phenomena, a practical understanding of the
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dynamics of evacuating fluid between a soft elastomer and a solid surface during and
after collision remains elusive due to the complex interplay between adhesion lubrication
forces, solvation forces, roughness and material mechanics [66-68]. Initial steps toward
the problem were undertaken eight decades ago by Eirich and Tabor [69]. Their simple
hydrodynamic calculations show that the pressure mediated by a viscous liquid, between
metal surfaces brought into contact can be large enough to cause first elastic, and then
plastic deformation. Subsequent work demonstrated that elastohydrodynamic forces also
cause an increase in the liquid’s viscosity [70]. For contacting pairs where one of the
surfaces is soft, the large film pressures are not observed, and the liquids entrapped can
be considered isoviscous. This case was first studied by Roberts and Tabor in which an
optically smooth rubber surface approaching a glass substrate was found to deform
elastically before contact and entrap the liquid, resulting in a bell-shaped elastic
deformation. The evacuation process of the entrapped liquid was studied using optical
interferometry and a liquid of sufficiently high viscosity was chosen to slow down the
evacuation rates so that it could be captured as a function of time. The equilibrium film
thicknesses (~ 20 nm) for water were influenced by double-layer forces and a function of
electrolyte solution. The evacuation dynamics were then analyzed to estimate the
viscosities of the solutions using the squeeze-film equation by Reynolds [71]. For the
case of distilled water entrapment, Roberts and Tabor highlighted that the Reynolds
equation was not applicable due to collapse of thin film and entrapping of water pockets.
Later, Davis et al. elegantly integrated the lubrication forces and linear elasticity to

formulate the collision theory for soft elastic spheres in a fluid [72].
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Several studies have extended the elastohydrodynamic theory to systems in which
the soft surface is an elastic film supported by a hard substrate [73-75]. There, a
significant amount of stress is transferred to the underlying substrate resulting in a higher
effective elastic modulus and this reduces the elastohydrodynamic response in
comparison to that observed for the elastic-half space made of the same material.
Frechette et al. measured the deformation and hydrodynamic forces simultaneously to
explain the role of elastic forces on hydrodynamic interactions and hence provided
insights into the dynamics of contact formation due to the release of stored elastic energy
[76]. They also disentangled the contribution of elastic compliance and surface roughness
to elastohydrodynamic deformation by comparing the measured film thicknesses with
those predicted from lubrication theory [77]. The advancement in elastohydrodynamic
theory has provided a central understanding about the initial state (before any contact) of
systems critical to soft coatings for tribology, adhesives and biomaterials. However,
desired end properties such as underwater adhesion or friction between soft-hard
contacting pairs require the evacuation of trapped water for intimate solid-solid contact,
and this condition is still difficult to comment upon without a detailed understanding of
the processes following the initial deformation, especially when long-range, adhesive
interactions are not negligible.

In this chapter, | report the evolution of underwater contact between a soft
elastomeric lens and hard surface of variable surface energy by visualizing the initial
contact formation and measuring the evolution of the entrapped liquid film over time. |
determine the dependence of fluid evacuation on the surface wettability and elastomer
modulus in the underwater collision as it is essential to any observed transient and final
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adhesion and friction state. Our results have implications for problems in which the
timescale of wet contact is relevant: from tire traction on wet roads to design of
underwater adhesives and lubricants to understanding biological solutions for wet traction

and adhesion.

5.1 MATERIALS AND METHODS

5.1.1 SYNTHESIS OF SMOOTH ELASTIC POLYDIMETHSILOXNAE LENSES

Soft and smooth elastomeric lenses of varying modulus were synthesized by
cross-linking PDMS. A desired range of moduli was achieved by changing the cross-link
molecular weight (M,) of the monomers in accordance with the network theory, which
states that the elastic modulus of a perfectly cross-linked system is inversely proportional
to M, and can be estimated using the relation, E = pRT /M.. where p is the density of the
polymer, R is the gas constant, T is absolute temperature, and M.. is the cross-link
molecular weight. Vinyl-terminated PDMS of three different molecular weights (M,,)
(DMS V-05 [Mw = 800 g/mol], V-31 [Mw = 28,000 g/mol] and V-41
[Mw=62,700 g/mol]) as monomers, tetrakis-dimethylsiloxysilane as tetra-functional
cross-linker and platinum carbonyl cyclo-vinyl methyl siloxane as catalyst were procured
from Gelest Inc. Monomer and cross-linker were first mixed in a molar ratio of 4.4 in an
aluminum pan, then the catalyst was added as 0.1 wt% of the total mixture and finally the
batch was transferred to a syringe with a needle for casting. Before casting the lenses, the
syringe was place in a vacuum chamber for 5 mins to remove all the air bubbles

entrapped while physical mixing. As the process of mixing and vacuum application for
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air bubble removal is prone to cross-linker evaporation, the initial ratio of
monomer:cross-linker was set higher than the required stoichiometric ratio for reaction.
Previously, this methodology has proved to avoid the cross-linker evaporation below
stoichiometric ratio and, hence, minimize the adhesion hysteresis due to viscose-
dissipation of the unreacted groups in the network [81-82].

Lenses for JKR measurements and FTIR experiments were casted on fluorinated
glass petri-dishes. Fluorinated dishes were used as it has surface energy lower than
PDMS, hence, the PDMS mixture drop maintains a hemispherical shape. The dishes were
sealed with glass lid and were cured at 60<C for 3 d. Further, the lenses were transferred
to cellulose extraction thimble for Soxhlet extraction where toluene refluxes at 130°C for
48 h. PDMS lenses were again transferred to a fluorinated dish and dried in air for 12 h.

Finally, the lenses were vacuum dried at 120°C for 16 h and then used for
experiments. The radius of curvature was measured by fitting a 3-point circle to the
image obtained using an optical microscope (Olympus). Lenses with curvatures below
the capillary length of PDMS were selected for experiments (1.25 + 0.05 mm for
modulus and adhesion measurements through JKR framework and 1.50 + 0.05 mm for
FTIR measurements) to ensure perfect hemispherical shape. Larger lens size was used for
FTIR experiments to have large contact area for visualization. The PDMS lenses of 0.7,
0.9, 1.48, 9.2 and 9.7 MPa elastic moduli were obtained (in section 3.4) in the process.
The clean base-bath treated borosilicate glass petri dishes were immersed in a 0.1 wt%
solution (nitrogen purged throughout) of heptadecafluoro 1,1,2,2 tetrahydrodecatrichloro

silane (procured from Gelest Inc.) (in toluene) for 8 h to deposit the fluorinated
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monolayer. After solution treatment, the petri dishes were thoroughly rinsed with toluene,

ethanol and deionized water and then dried in oven.

5.1.2 FABRICATION OF VARING WETTABILITY GLASS PRISM

Uncoated glass dove prisms (N-BK7) for FTIR experiments were procured from
Edmund Optics. The received prisms were sonicated in toluene, acetone, ethanol and then
deionized water for 1 h each. Prisms were blown dry with nitrogen and then plasma
sterilized for 5 min to remove any sort of contaminants. One of these prisms was kept as
control glass. Another cleaned prism was dipped into a 0.1 wt% OTS (procured from
Gelest Inc.) (in toluene) solution for 8 h and the nitrogen was purged into the solution.
The OTS-t-glass prism was then rinsed with copious amount of toluene to get rid of any
untethered residues of OTS. The OTS-t-glass prism was then annealed at 120°C for 6 h
to enhance ordering of hydrophobic monolayer and minimize the contact angle
hysteresis. Three measurements at different spots yielded a static contact angle of 108” +
3° on the OTS-t-glass prism. To obtain prism surfaces with different wettability, the OTS-
t-glass prism was air plasma treated for 1, 2, 3, 4 and 10 s. The contact angles obtained on
those surfaces were 87.7°+ 0.3°, 51.2°+ 1.8°, 35.9'+ 1.0°, 25.4° £ 0.8°, 0° £ 0°. The long
time (10 s) plasma treated prism (0° + 0°) and the control glass prism showed the same
results for evacuation dynamics experiments. The OTS monolayer was also prepared on
the silicon wafers (procured from Silicon Inc.) following the procedure reported in the

literature
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5.1.3 JKR CONTACT EXPERIMENT

JKR contact mechanics experiments between PDMS lenses and OTS treated
surface have been performed to test viscoelastic hysteresis in the PDMS network and

help determine the moduli of PDMS lenses.

Computer |

.

i ~<— Load cell

Substrate

PDMS

Motor

Dry or wet
XY Translating stage ——

Figure 5-1: Schematic of experimental setup for in-situ force and contact area
measurements. A microscope camera is used on the top of transparent glass arm holding
PDMS for capturing contact area. The substrate can be kept in dry or underwater
conditions. The substrate is moved up or down using a stepper motor with a pulse size of

20 nm [81].

JKR contact mechanics experiments were to extract the moduli of the synthesized
PDMS lenses. The OTS silanized silicon wafer was loaded with a PDMS lens up to a
maximum force of ~ ImN and then retracted. During the process in-situ measurements of
the contact radius (a) and normal force (N) was done. The experimental setup for these
experiments has been shown in Figure 5-1. Data has been plotted as a® versus N in

Figure 5-2 and fitted to Eqg.3.18 (JKR model) in order to extract E* (effective modulus)
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and W (energy of adhesion). E* depends upon the elastic modulus of the two materials
and their Poisson ratio as (1/E* = (1 — V2 )/Esphere + (1 — Viisstrate )/ Esubstrate )- AS
the OTS silanized silicon wafer and glass prism (for FTIR experiments) substrates are
hard, the quantity E,prate t€NAS to oo, Using the Poisson’s ratio for PDMS equals to 0.5
(for perfect elastic systems), elastic modulus for PDMS can be extracted. Table 4-1 show

the moduli and hysteresis of the PDMS lenses used in our experiments.

0.7 MPa Loading
0.7 MPa Unloading
1.5 MPa Loading
1.5 MPa Unloading
9.7 MPa Loading
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Figure 5-2: Schematic Contact radius of PDMS lens with OTS substrate, and applied
normal force was measured simultaneously in loading (filled symbols) as well as
unloading (hollow symbols) cycle for three moduli of lenses 0.7 (red circles), 1.5 (blue

squares) and 9.7 (black triangle) MPa. The normal load versus a3 data is fitted (solid
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lines) to Eq. 2.18 (JKR equation) to obtain the work of adhesion (reported in Table 4-1)

and the modulus presented in the graph legend [20].

Table 5-1 Elastomer modulus (G) and work of adhesion numbers calculated using

Eqg.3.18 for PDMS approaching OTS coated substrate.

Mec (Wors-ppms) air Elastic Modulus (Wors-ppms) air
(gm/mol) (approach) (mJ/m?) (MPa) (retraction) (mJ/m?)
800 50.4 1.2 9.7+£0.0 55.4 +0.6
6000 422 +2.3 1.5+00 42.4 3.0
62700 442 +10 0.7+£0.01 69.2 +0.6

5.14 FTIR SETUP AND EXPERIMENT

A Schematic of the FTIR setup is shown in Figure 5-3.1A The top surface of the
dove prism is illuminated by a polarized mounted LED (M660L4, A ~ 665 nm, bandwidth
20 nm, obtained from Thorlabs). The dove prism glass material is transparent to the light
wavelength and the prism surface is optically flat. Incident angle (6; = 64.4°+0.17 with
respect to glass surface normal of the p-polarized light (A = 665 nm) has been selected
between the critical angle for glass/water and glass/PDMS interface. At FTIR condition,
an evanescent wave propagates along the interface with its intensity decaying as an
exponential function along the Z direction in the second medium. When a third medium
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comes into the evanescent wave, a portion of the energy is refracted into the third
medium. This energy loss carries the information of film thickness of the second
medium. As we discussed in last chapter multiple transmissions and reflections, and also
the light polarization plays a crucial role in accurate predictions of film thickness. Thus, a
polarizer was used in the light path to set the p-polarization of the incident light. When a
PDMS lens approaches the glass prism underwater, the FTIR phenomenon starts to occur
at a separation comparable to the wavelength of light. The Z-stage is connected to the
PDMS lens through a load cell to control the vertical displacement of the lens to achieve
an initial load of (7 £0.2) g after which the motor is stopped.

The reflected intensity profiles from the dove prism were collected using a high-
speed camera (VEO410 procured from Phantom) with a video resolution of 1287128
pixels? at 24 and 1000 fps. The fast frame rate (1000 fps) was good enough to visualize
the initial contact formation whereas the slow frame rate (24 fps) allowed us to capture
long time videos for studying water evacuation dynamics from the hydrophobic-
hydrophobic entrapment. Figure 5-3B (left image) shows a raw grayscale frame of a
video which shows both, the region of dry contact or dark pixels, i.e. PDMS in contact
with the hard substrate, as well as the bright pixels which corresponds to the case of a
thin water film in between the PDMS and substrate. Before performing the experiments,
a water droplet is put on the top of a dry hydrophobic prism which gives a perfectly
circular boundary line for the droplet and the image is captured. The captured image is
elliptical and used for calculating the aspect ratio for back transformation of the acquired
data and the incident angle. A transformed frame of a video was then divided by the
background image (frame with total internal reflection of the light at every pixel or t=0
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image) of that video. The normalized intensity at each pixel (reflectance) was then
converted into corresponding water film thicknesses (k) using a Look-Up Table for p-
polarization presented in Figure. 4-4 to render a 3D height map. The Look-Up was
created using the relationship between normalized reflection intensity (reflectance, |#|?)
and the film thickness. This reflectance equation (Eqg. 3.7) accounts for multiple
reflections and transmission summed (geometric series) using Stokes’ relations and for
light polarization through Fresnel equation and has been reported in detail earlier. The
lateral resolution of the camera is ~ 15 um/pixel. To verify the FTIR technique and our
analysis protocol, | measure (Figure 5-5) the air film thickness between a convex glass
lens (radius of curvature: 386 mm, obtained from Thorlabs) and glass prisms (pristine and
OTS coated) under a 20g load. The measured gap thicknesses showed an excellent
agreement with the Hertzian contact theory.

The total reflected amplitude (7) is related to indices of refraction of glass (n,),
water (n,) and PDMS (n3). 84, 6,, and 65 denotes the incident angles for glass/water,
water/PDMS and PDMS/water interface. j is an imaginary number and h is the gap or

water film thickness between prism and PDMS lens.

5.2 PRINCIPLES OF EXPERIMENT

3D imaging of the contact made between a soft elastomer and hard substrate
underwater was achieved using the principle of frustrated total internal reflection (FTIR).
Figure 5-3A shows a sketch of the experimental setup where a BK7 glass (refractive
index n; = 1.52) prism has the top surface enclosed in a polytetrafluoroethylene

chamber filled with water (n, = 1.33). The polydimethylsiloxane (PDMS, n; = 1.43)
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was selected as an elastomer because of several reasons. The PDMS has a negligible
swelling ratio in water, which ensures constant material properties and reduces the
possibility of absorption of any water throughout the observed process [78]. The PDMS

elastomeric network is fully crosslinked and does not contain any nanoparticles for

reinforcement.
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Figure 5-3: Schematic (not to scale) of (A) the frustrated total internal reflection imaging
setup and (B) the out-of-contact elastohydrodynamic deformation with labeled relevant
phenomena. (C) Backward transformed (using the ellipse’s aspect ratio) FTIR image (left
image) for a PDMS elastomer/hard substrate (51 “water contact angle) contact
underwater. Right image shows the height map (side view) calculated by normalizing the
gray-scale image (left image) with background and conversion to corresponding heights

using reflectance equation (chapter 3). (D) Volume entrapped versus time data for
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PDMS/glass (empty blue squares) and PDMS/OTS-t-Glass contact (empty red circles)
and the corresponding exponential fits (solid black lines) to extract the decay constant.

Volumes are calculated by integrating the height maps at every time step [20].

Additionally, the PDMS lenses (blue hemisphere in Figure. 4-3A) used were all
Soxhlet extracted for three days before use to ensure the removal of uncross-linked
chains which can potentially change the viscosity and wetting of entrapped water, hence
the evacuation dynamics. The PDMS lens is brought into contact with the glass substrate
with a translational Z-stage connected to a stepper motor, at a constant approach velocity
sufficient to cause elastohydrodynamic deformation of the elastomer (0.9 mm/sec).
Images are captured by a high-speed camera at different frame rates based on the time
span of the process studied. Fig. 4-3B shows the schematic of phenomena at the contact
interface before the contact between an elastomer and a hard surface. The hydrodynamic
resistance causes the elastic deformation to the elastomer and surface forces might play a
role in evacuation of liquid when the two surfaces are in close proximities. We explored
the parameter space encompassing three moduli (0.7, 1.5 and 9.7 MPa) for soft PDMS
lenses and six substrates with water contact angles in air ranging from 0°to 108 < The
PDMS lenses of variable elastic modulus were synthesized by employing network theory
[79]. Evolution of contact area of the lenses while pressed against a low surface energy (~
24 mJ/m2) monolayer (octadecyltrichlorosilane (OTS) treated silicon wafer) was
analyzed to extract the modulus using the JKR model. To prepare substrates with varying
contact angles, an OTS monolayer was solution deposited on a glass prism following the
procedure described in the literature [80]. The static water contact angle on OTS-t-glass
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prism is measured as 108 =3 (3 repeats at different spots). Lower contact angles
(87.70.3<51.2<£1.8< 35.9%1.0< 25.4°+0.8< 0°x0°) were achieved by plasma
treating the OTS-t-glass prism for different exposure times. The methodology for surface
preparation and resulting surface chemistry (evaluated by X-ray photoelectron
spectroscopy and attenuated total internal infrared spectroscopy) has been described in
great details elsewhere.

Figure 5-3C shows the transformed FTIR image (att = 1.5 sec) for
PDMS/intermediate wettability glass (with water contact angle of 51°+1.8< contact
under water. The dark region represents the pixels for which the evanescent wave is
totally frustrated due to contact of PDMS with the substrate, resulting in refraction of
incident light into PDMS, whereas the white region represents pixels where the wave is
partially frustrated due to presence of entrapped water. The captured image is elliptical
due to optical light path and back transformed using aspect ratio of ellipse to perform
analysis. A look-up table (Figure 5-4) between the modulus of total reflectivity squared
(reflectance) versus film thickness was prepared using the Stokes’ relations and Fresnel
equations for p-polarization, which was then used to convert the reflectance of every
pixel to the height of water entrapped. Any pixel with water film thickness less than 3 nm
is considered as contact due to the limit in resolution for this technique. Further, Figure 5-
3C shows the side view of the heightmap corresponding to the gray-scale image. The
obtained spatiotemporal (height maps at each time step) data is used for calculating the
volume of entrapped water by integrating the height maps at each timestep, represented in

Figure 5-3D.
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Figure 5-5: Measured air film thickness for a glass lens/glass prism (hollow red square)
(A) and glass lens/OTS-t-glass prism (hollow blue diamond) (B) contact for an external
applied load of 20 gm. The corresponding predictions by Hertzian theory are represented
by the dashed black line in each graph. The radius of curvature for the glass lens is 386

mm [20].

5.3 DYNAMICS OF WATER EVACUATION

Figure 5-3D shows the water evacuation profiles for two extreme cases of
wettability, i.e., PDMS/glass and PDMS/OTS-t-glass contact underwater. The volume of
entrapped water was observed to decrease exponentially with time after initial contact
irrespective of the substrate chemistry and the PDMS elastic modulus (G). The decay
constants (K) for different cases were obtained by fitting the volume versus time data to
the equation, V(t) = Vye~Xt, and the results are shown in Figure 5-6. In Figure 5-3D, it
can be noted that the time required to evacuate water from a hydrophobic-hydrophobic
entrapment is ~ 3 orders of magnitude higher than that required for the hydrophilic-
hydrophobic entrapment. The results are surprising as we expected that the water
evacuation would be faster from two hydrophobic surfaces entrapment due to their
thermodynamic inclination to be in contact. We expect the contact between two
hydrophobic surfaces underwater to be dry based on earlier measurements using surface-
sensitive sum-frequency generation spectroscopy (SFG) and the measured work of
adhesion (~ 80 mJ/m? same as thermodynamic prediction) between PDMS/OTS-t-glass
under water. In comparison, we expect the glass-hydrophobic contact should always

contain a thin layer of water, which has also been verified by SFG [54].
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Figure 5-6: Effect of material moduli and chemistry. (A) Dependence of water
evacuation rate constant on elastomer modulus (G) for different substrate wettability
represented by the log-log plot. The vertical and horizontal dashed black line segments
demarcate the role of substrate chemistry and modulus by comparing the change in
order of magnitude in K values. (B) Log(K) versus contact angle plots for three moduli
of PDMS. The plots clearly point towards a transition in evacuation dynamics as the
slope of data changes about ~42°7 i.e. the point at which underwater thermodynamic
work of adhesion is zero (dashed vertical black line). The dashed vertical black line
separates the adhesive and non-adhesive regimes. Dashed colored lines are exponential
fits to K versus contact angle data for two segments about the transition point for three
moduli of lenses. All the rate constants are calculated from the volume entrapped

versus time data as shown in Figure 5-3D.
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5.4 EFFECT OF PDMS MODULI AND SUBSTRATE WETTABILITY ON RATE
CONSTANT

In Figure 5-6A, we plot the decay rates (K) for water evacuation as a function of
bulk modulus (G) of PDMS for substrates with different wettability represented by water
contact angles. The positive slope for all the trends represents faster evacuation for higher
G. Further, the value of K increases with a decrease in substrate contact angle. It is
evident from the graph that the effect of modulus (less than 1 order) is very small
compared to that of surface wettability (more than 3 orders) for the parameter range
explored here. Figure 5-6B shows a plot of log(K) versus contact angles for PDMS lenses
with different modulus. There is a notable, apparent change in slope around ~42 °contact
angle (intersection of the two linear fits) for all the cases of G, indicating a transition in
the mode of evacuation dynamics. The transition is also clearly visible in a log(K) versus
cosine of contact angle plot (Figure 5-7). We were unable to increase the modulus of
PDMS any further due to limitations in synthesis and the use of other stiffer polymers
will reduce the elastohydrodynamic deformation (by 2-3 orders of magnitude for glassy
polymers) and would make it difficult to monitor using FTIR [83]. For one hydrophobic
surface, we explored the effect of loading velocity on initial volume entrapped (after the
complete approach) and on the rate constant for a particular surface chemistry. While
initial volume increases with loading velocity, this leads to no observable change in K

(Figure 5-7).
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5.5 INITIAL CONTACT FORMATION AND MODES OF EVACUATION

To shed lighter on the changes in the evacuation rates Figure 5-9 shows the
spatiotemporal heightmaps for initial contact formation and the following water
evacuation for interfaces between PDMS lens (0.7 MPa) and three different substrates
(glass (09, intermediate glass (i-glass) contact angle (35.9%1.0), OTS-t-glass (108 +
39). Corresponding gray-scale images are shown under each heightmap. t = 0 is chosen
arbitrarily from initial frames of each of the three cases where the elastohydrodynamic

deformation can be noticed clearly.

A
t=0 t=0.140s t=0.283s t=0.617s t=3.940s t=ow Height (nm)
/ 4 \\ _V , - < ’- ;;’/' 200
\ 9 % e “4 Imu
B
t=0 t=0.095s t=0410s t=1.458s t=776s t=o0 Height (nm)
‘\ / '\; V =
N\ \ \ /’ Iun

82



t=0 t=0.014s t=0.107s t=15s t=720s t

o0 Height (nm)
(

500
lum
1 00
,‘ Y

200
\ -
\
o) @ 0 ' ‘ .

Figure 5-9: Spatiotemporal height maps and corresponding gray-scale images for
PDMS/glass (red panel) (A), PDMS/intermediate contact angle (35.9 =1.0) glass
(green panel) (B) and PDMS/OTS-t-glass (blue panel) (C) interface. For all the cases,
black outline enclosed box represents the frame where motor stopped. The left and
right panel for the case (B) and (C) represent frames of two separate repeats performed
at 1000 frames/sec and 24 frames/sec to capture the initial short-time deformation and
contact formation and long-time water evacuation from the entrapments. For (A), all
the frames belong to a single experiment performed at 24 frames/sec. The data
presented is for the case with PDMS lens of 0.7 MPa (G) and the observed trends are

independent to G.

Figure 5-9A shows the entrapment of water in bell shape (t = 0) and the
subsequent growth of area (t = 0.14 s) outside the bell as the normal displacement
progressed to reach the final normal load for the PDMS lens/glass contact underwater. A
continuous thin film of water is observed throughout the apparent contact area with the

additional symmetric puddle (water bell) in central position (Figure 5-9A and Figure 5-
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10A). The puddle height decreases with an increase in puddle radius (t =0.140stot =
3.490 s). Additionally, the 2D line heightmaps (Figure 5-10A) for the contact formation
shows the gradual height decrease of thin film and the puddle without any contact
between the PDMS and glass suggesting that the water evacuates axisymmetrically
without any barrier in flow path. Even though the final state (t = o) of the contact
interface seems to be completely dry, certainty of intimate atomic contact cannot be
guaranteed due to limitation in the film thickness resolution (~ 3 nm) of the FTIR
technique. Previously, the SFG [54] results have shown that the contact interface between
hydrophobic PDMS and hydrophilic sapphire surfaces are not dry. Molecular dynamics
simulations have also shown that a hydrophobic surface (contact angle > 90 is fully
hydrated even if the second contacting surface is not highly polar (contact angle < 609.
Similarly, the PDMS (hydrophobic) and glass (highly polar) contact is hindered due to
the presence of a stable continuous nanometer thick film of water in between [84].
Figure 5-9C left-hand panel shows the initial (t = 0) water entrapment for the PDMS lens
approaching OTS-t-glass underwater. Suddenly after the small puddle formation, the
puddle gets asymmetrically deformed (as evident in t = 0.014 s). In fact, it is apparent
from 2D cross-sections of Fig. 3C (line heightmaps, Figure 5-10B) that the symmetry of
the deformed lens is broken (instability) when the peripheral gap thickness is still ~100
nm (for the case with softest lens) and, immediately after, a part of the peripheral bell
appears to snap into contact. This leads to enhanced asymmetry (Figure 5-10B) and
breakdown of the puddle into multiple smaller puddles (t = 0.107 s). Further, it is evident
from the 2D line heightmaps (Figure 5-10B) that majority of the apparent area is true
contact (in FTIR limit) between the PDMS and OTS-t-glass at the motor stop time.
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Figure 5-9C right-hand panel illustrates the water evacuation from the small puddles
entrapped between PDMS lens and OTS-t-glass contact where the height of individual
puddles goes down with a decrease in puddle radius, in contrast with that of the
PDMS/glass contact. In this case, no continuous thin film for the apparent contact is

observed suggesting barriers in the water flow path.
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Figure 5-10: 2D line heightmaps along x and y direction for PDMS/glass (A) and
PDMS/OTS-t-glass (B) contact. Last frame for both the cases is at the instance where

the motor stopped. The dashed blue circle in part (B) highlights the instability in
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elastohydrodynamic deformation. Five heightmaps along each x and y is shown for
the corresponding positions marked in gray-scale images. All considered cases are
around the center as the initial projected apparent area for elastohydrodynamically

deformed lens is small.

Figure 5-9B shows the initial contact formation (left-hand panel) and the water
evacuation (right-hand panel) from the PDMS lens/i-glass interface. The initial behavior
of the system is similar to the PDMS/glass interface where first we observe water
entrapment (t = 0) in a bell-shape due to elastohydrodynamic deformation followed by a
decrease in puddle height and an increase in puddle radius (t = 0.095 s). With the
reduction in puddle height, we start to observe an instability and waviness in the water
film thickness with water entrapped in a combination of puddles and thin film at the
center region (t = 0.410 s). We then observe that the entrapped water in combined
(puddle-film) state (t = 0.410 s) further coalescing with existing puddles growing and
nearby film disappearing (t = 1.458 s). Similar behavior of increment in the height of
puddles is also observed in the PDMS lens/OTS-t-glass interface case but the process
there is much faster and completed even before the motor stops. The evacuation from the
smaller puddles at the PDMS lens/i-glass interface optically followed the mechanism of
that for PDMS lens/OTS-t-glass interface where the heights of the puddles are found to
decrease with time without the presence of a continuous thin film. Despite the similarity
in the evacuation mechanism, the dynamics of evacuation from PDMS lens/i-glass
interface is much faster than that of PDMS lens/OTS-t-glass interface, which further
emphasizes the role of adhesion in evacuation mechanism.
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5.6 HUMAN THUMB CONTACTS

To explore the generality of the observations to realistic contacts, we study the
dynamics of biological underwater contacts of a human digit (thumb outermost layer:
stratum corneum) with hard hydrophilic (bare glass) and hydrophobic substrates (OTS-t-
glass) in Figure 5-12 (larger area with corresponding gray-scale images in Figure 5-11).
For both the contacts, it is observed (Figure 5-11) that the protruding ridges of the thumb
tend to come in contact (t = 0) with the hard substrate in an unconnected fashion. Further,
the contact region evolves underwater in a two-step coalescence process (fromt=0tot=
0.04 s and t = 0.04 onwards) similar to that reported earlier for the dry human figure-
tip/glass contact [50]. The number of junction points increases (first step, t=0tot=0.04
s) followed by the growth in their areas (second step, t = 0.04 onwards) resulting in the
connection of those junction points into continuous ridges (result of second step). The
growth is usually fast (within few seconds) and ascribed to the plasticization (reducing
the elastic modulus to few MPa from ~ 1 GPa) of stratum corneum due to hydration
[86,87]. The right thumb of two subjects (first authors, both male, right-handed Asian)
were brought into contact at an angle of 0 with the glass prism. The glass was loaded to a
constant force of 10 0.5 N and was held in position for 1 minute. Three repeats were
done for both the subjects. For every repeat, 15 non-overlapping areas (~ 4 mm?) were
averaged for volume and one of the repeats for one of the subjects is shown as a function
of time in Figure 5-11B for clarity. The data for second subject is presented in Figure 5-
12. For both the cases, t = 0 sec is defined as the time when FTIR technique starts to
sense the thumb ridges. The apparent area of thumb stops changing at t = 0.1 sec. Before

the experiment, the thumb of the subject was first washed with commercial soap, then
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wiped with ethanol using a nonwoven paper and finally rinsed with ultrapure water
(Millipore filtration system, volume resistivity of 18.2 MW.cm) for 10 seconds. This

study was deemed exempt from the IRB and approved by The University of Akron.

A

Figure 5-11: Spatiotemporal height maps and corresponding gray-scale images for a
human thumb in contact with glass (A) and OTS-t-glass (B) capturing various events
during contact formation and water evacuation. The black solid dot in all the images act
as a reference point. Both the contacts are loaded with a normal force of 10 N. Some of
the pixels (white region) in these height maps are saturated due to the upper limit of the
FTIR technique. The black solid and dashed box at t = 0.10 s represent the region 1 and 2

used for evaluating volume versus time in Figure 5-12.
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Figure 5-12 shows the evolution of water heights in a randomly selected region
(for evolution of complete region see Figure 5-11) of thumb/glass and thumb/OTS-t-glass
contact. It is clear from these spatiotemporal heightmaps that the thumb valleys act as
channels for collection of water from the ridges (t = 0.10 s), facilitating the growth in
contact area. After ridges connect (t = 0.40 s), for the case of thumb/glass interface
(Figure 5-12A, top panel), we observe that the water valleys are continuous and gradually
narrowed with time, enhancing the width of ridges and, hence, the contact area.
Eventually some of the ridges joined due to the diminishing valleys for some regions of
the thumb (t = 10 s), suggesting evacuation of water through valleys to a large extent. In
the case of thumb/OTS-t-glass interface (Figure 5-12B, bottom panel), we observe an
instability (t = 5 s) in the valley region following the ridges connection (t = 0.40 s) and
subsequent water evacuation. There is a sudden breakdown in the continuity of flow path
of the valleys resulting into unconnected entrapments of water in valleys (t = 5 s), causing
evacuation of water to lesser extent. The long-time dynamics shows that the evacuation
from these entrapments happen as discreet puddle-wise events. To quantify the dynamics
of water evacuation, we plot the average volume versus time curves for the thumb/glass
and thumb/OTS-t-glass contact in Figure 5-12B. Initially the water evacuation for both
the cases follows similar dynamics with deviations starting at ~ 7 sec. Interestingly, the
asymptotic volume, after the evacuation process, is much higher for the case of
thumb/OTS-t-glass contact. To check for the test subject variability, we have reported the
spatiotemporal heightmaps for another subject in Fig. 5.9 which shows similar features as

reported above for Figure 5-12B.
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similarity in evacuation dynamics till ~ 7 sec (marked by vertical dashed-dotted black
line) and differences in asymptotic volume for the two cases. The light green shaded
region represents the water evacuation through valleys for glass case till ~ 13 sec and
for OTS-t-glass case till ~ 7 sec. The evacuation limit for glass is reached due to
elastic support of stratum corneum whereas that for OTS-t-glass is reached due to
elastic support along with localized entrapment of water puddles shown in part A

(bottom panel).

Now, we seek to understand the trends in dynamics of water evacuation and provide
deeper insights into the process of contact formation, subsequent evacuation and their links
with the observed rate constants (K). Figure 5-6 demarcates the role of PDMS modulus
and surface wettability in the observed evacuation dynamics. The faster dynamics for
higher G could be due to a lower apparent contact area at the same normal force, hence, a
smaller water evacuation path. Another possibility is that the lenses with higher G cannot
conform to the surface roughness which can result in wider channels for water evacuation.
The significant effect of surface wettability on evacuation dynamics and the change in
slope in log(K) versus water contact angle (q) around ~42° has been rationalized using a

thermodynamic argument below.

5.7 TRANSITION IN EVACUATION DYNAMICS

The crossover in slopes (Figure 5-6B) of rate constants is intriguing as it points
towards a transition in the evacuation mechanism. The significance of the transition point

with respect to substrate wettability can be related to the corresponding adhesion energies
91



for the system using the Young [88] and Dupré&[89] equations and available experimental
values.
The Dupréequation for two continuum media (Subl and Sub2) interacting in a

third medium (say underwater) can be written as Eq. 4.1.

(WSubl—SubZ)Water = Ysub1-water + Ysub2—-water ~ Ysub1-sub2 (4'1)

where (Wsyp1—sub2)water 1S the thermodynamic work of adhesion under water and y's
are interfacial energies between Subl, Sub2 and water. Subtracting from Eqg.4.1 the
Dupréexpression for Sub1-Sub?2 in air (third medium), and substituting the difference in
interfacial energies under water and in the dry case for Subl and Sub2 in terms of water
contact angles ((Gsup1-water)air AN (Gsuba—water)qair) @nd water interfacial energy

(Ywarer) Using the Young’s equation we get, Eq.4.2.

(WSubl—Subz)Water = (WSubl—SubZ)air ~ Ywater [COS(HSubl—water)air + COS(BSubZ—water)air] (42)

For this study, Sub1l is the hard substrate (Sub) and Sub2 is PDMS. Plugging in
the interfacial energy for the water-air interface (72.8 mJ/m?) and the contact angle (110)

of water on PDMS in Eq. 4.2, we get Eq. 4.3.

(Wsub—-poms)water = Wsub—ppms) air = Ywater ¥ COS Osup-water + 25 (4.3)

If the observed transition point (~427) represents the point where
(Weub-ppms)water 1S €qual to zero, we estimate the (Ws,p—ppums) air t0 be equal to 29
mJ/m?. The estimated dry work of adhesion for ~42 water contact angle is in agreement
with the experimental value (30 £3 mJ/m?) measured during the loading cycle using the

JKR method. The change in slope where the underwater thermodynamic work of
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adhesion is zero suggests that formation of dry contacts or barriers in water flow path is
responsible for slowing down the evacuation rates, as seen in Figure 5-3D and Fig. 4-6.
Connected barriers in the flow path presents the argument of sealing mechanism or water

entrapment in smaller puddles.

We highlight that the observed point (~427 of transition in dynamics should not
be considered as special number. The transition point depends upon the thermodynamics
of the three phases. Any change in the surface energy of the elastomer or selected liquid
will shift the transition point to either the lower or the higher side. The open question is to
synthesize the elastomers with varying surface energies and hence design a universal
evacuation curve. Further, modelling the dynamics about the transition point requires a
broad consideration of parameter space which is yet to be discovered, especially, the
influence of roughness seeks our attention and will thrive the field of underwater contact

mechanics.

5.8 CONTACT FORMATION AND SUBSEQUENT EVACUATION

Uniting our observed trend with the established knowledge of thermodynamics
and material deformation allows us to explain the contact formation in terms of two
sequential processes. First, for all the cases presented in Figure 5-9, the PDMS lenses
undergo elastohydrodynamic deformation due to liquid viscous forces which results in
entrapment of water (confirmed from the height maps before contact, Figure 5-10). The
contact region has water trapped in the center as a bell shape cavity with contact initiating
at the periphery. The shape of this initial cavity is generic (also observed for much stiffer,

glassy solids and more viscous fluids), though its scale depends simply on competition
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between respective factors of solid and liquid response: lens curvature and modulus vs.
collision speed and liquid viscosity [84]. The second process differs depending on the
surface energy of the substrate. For the case of PDMS/glass contact, the water evacuates
rapidly and smoothly through a thin film of water reducing its height with time. In the
case of PDMS/OTS-t-glass contact, the puddle quickly and asymmetrically breaks into
smaller puddles, which drain over a much longer period, limited by a tighter seal of the
adhesive contact at the periphery. The possibility that absorption of a portion of the
entrapped water into the PDMS lenses plays a parallel role with lateral drainage is not
apparent in the data and would not explain the transition in the rates with surface
chemistry, as the same lenses are used in all experiments and the only variable is the
surface chemistry of the glass.

Now, we discuss the similarities in the water evacuation dynamics for a model
system (PDMS lens/hard contact) with a complex reality (human thumb/hard contact).
The water evacuation dynamics for both thumb/glass and thumb/OTS-t-glass contact is
identical till ~ 7 sec (Figure 5-12B) and can be ascribed to the presence of valleys which
facilitate the drainage (Figure 5-12A). We observe striking differences between the
dynamics of thumb/glass and thumb/OTS-t-glass contact after ~ 7 sec that can be
explained with our knowledge of the evacuation process for the model systems. The
cleaned surface of stratum corneum is known to be highly hydrophobic (contact angle of
125°- 1307 [90] due to which the thumb/OTS-t-glass interface should behave in a
similar fashion as the PDMS lens/OTS-t-glass interface at microscopic scale. For initial
region (till ~ 7 sec) the elastic modulus is high enough such that the adhesive forces have
no effect on the dynamics. Subsequently, we observe sudden asymmetric break down of
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the valleys (Figure 5-12B, bottom panel) for the case of thumb/OTS-t-glass interface
which results in localized water entrapments. The instabilities in the valleys for
thumb/OTS-t-glass contact seem similar to the breakdown of a large puddle into multiple
smaller puddles for the case of PDMS lens/OTS-t-glass contact. Additionally, we observe
asymptotic volumes for both thumb/glass and thumb/OTS-t-glass contact. This volume
represents static condition in the observation timescale wherein the elastic stiffness of the
ridges in the fingerprint support cavities of water in the valleys between. The previously
reported drop in stiffness of the stratum corneum of a human finger with
hydration/moisturization is likely changing this elastically supported volume as the
contact evolves. The larger value of static volume of trapped water associated with
thumb/OTS-t-glass contact is consistent with the notion that sealed puddles of
incompressible water are contributing to the resistance of the fingerprint ridges to further
collapse.

Here, we would like to point out that for the hydrophobic-hydrophobic (PDMS
lens/OTS-t-glass) contact formation under water, we have made new observations which

are discussed below.

5.9 WATER PUDDLE BREAKS DOWN BEFORE CONTACT

The instability in the deformation of a single puddle for the case of the PDMS
lens approaching OTS-t-glass before any direct contact (Figure 5-9C and Figure 5-10B)
points toward the presence of long-range hydrophobic forces, popularly known as
solvation forces. When two hydrophobic surfaces approach each other underwater, a

water-vapor cavity formation takes place that applies negative Laplace pressure on both
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the surfaces resulting in the observed attraction between them [91]. The cavity formed is
a transient state which is lower in energy than the two hydrophobic surfaces separated by
some water layer but is still higher in energy when compared to the final thermodynamic
equilibrium state of direct solid contact [91]. These hydrophobic solvation forces cannot
be accounted for by the Derjaguin-Landau-Verwey-Overbeek (DLVO) or Lifshitz theory
and have now been proven to exist, experimentally as well as through simulations and
theory. Using surface force apparatus, it has been shown that these forces start to show up
at separations of 20-100 nm (depending upon the hydrophobicity) for two rigid
hydrophobic surfaces underwater [91].

We also observe that during instability only a part of periphery touches the
substrate (Figure 5-10B). We speculate that as the water evacuation rates are high
initially due to the high stored elastic energy, hence hydrostatic pressure, the peripheral
edge opposite to the edge in contact is found to stay out of contact for some time to
facilitate water evacuation. After a certain time, the entire peripheral area is found to seal
with the smaller water puddles trapped in between. The evacuation mechanism for these

smaller puddles following the sealing is unobservable and has been hypothesized below.

5.10 HOW IS WATER ESCAPING FROM SEALED ADHESIVE ENTRAPMENT

The water evacuation from the smaller puddles entrapped between the PDMS lens
and OTS-t-glass (Figure 5-9C) can happen in multiple ways. PDMS elastomer, despite its
negligible absorption of water (~40 mol/m?), is known to allow some diffusion through
its bulk in response to concentration gradients inside and across its surfaces [92]. In our

case, presoaking the PDMS lens for ~6 hr prior to data collection and conducting
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measurements underwater were found to eliminate its effect, as no differences in the
decay constant (K) were observed upon increasing the presoaking time or across
successive collisions in subsequent hours of the experiment. Further, the difference in
the rate constants for evacuation (K values reported in Figure 5-6) for the glass substrate
with 88°and 108~ contact angle does not support the diffusion argument as both the
substrates make adhesive contact with PDMS underwater and the K values should be
similar if the mode of evacuation is diffusion through the PDMS material. Lastly, it is
possible that the water is evacuating out along the interface through gaps smaller than the
measurable length scale. It is well known that even though all the glass surfaces used are
optically smooth, these surfaces are rough at nm length scale. The roughness at smaller
length scales can remain as an interconnected channel facilitating the water evacuation
along the interface. Further, the final equilibrium state can have majorly dry regions with
water sealed at small scale roughness. The effect of surface roughness on water
evacuation is difficult to investigate using the FTIR technique as the rougher surfaces
will contribute to the light scattering and make the data analysis impractical. On the other
hand, making rough or patterned PDMS structures is feasible and will be the scope of our

future studies.

5.11 CONCLUSION

Competition between adhesive forces and fluid drainage can play a crucial role in
collisions between deformable objects. While adhesion energetically favors contact
between hydrophobic contacting pairs, that very affinity dynamically leads to entrapment

of isolated puddles, thus delaying their ultimate contact. The paradoxical relationship
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between kinetics and thermodynamics may explain why underwater adhesive designs
which rely on surface hydrophobicity alone do not produce the best performance. Patterned
or special morphology is necessary to increase evacuation rates.

We have demonstrated that increasing adhesive interaction between soft bodies
leads to as many as 3 orders of magnitude in dynamics inhibition of their contact formation
due to tighter sealing of trapped water, in a controlled system with simple geometry. In
the complex practically important system — human thumb contact underwater — we found
that competition between the same physical drivers plus surface texture led to a logically
consistent, non-trivial result: the surface texture facilitates the initial drainage till the point
where the adhesive forces overcome the elastic response of the thumb, that prevents longer-
term approach to more fully intimate contact due to better sealing of puddles trapped
between the adhesive contact.

Achieving conformality in wet/underwater environment is an inevitable
requirement for most of the tissue adhesives and hemostatic sealants. The rapid yet robust
performance of any bio-adhesive confronts the challenge of water removal [93,94].
Further, evolution of underwater contact area is important as it determines the creation of
friction which is essential in everyday life. It would have been impossible to even hold a
wet glass of water without any intimate contact. Though the increase in real contact area at
microscopic level to high tangential frictional force in dry haptics has been well studied,
the augmentation of human tactile sensing underwater is challenging as the primary factors
include the length scale and time scale of contact [95]. Quantifying the area growth laws

and exploring the wet haptics will be the scope of our future studies. Additionally, the
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fundamental insights stemming from this study will act as critical design parameters and

further development of the field of tissue adhesives.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

In this thesis, we have demonstrated the basic theory of frustrated total internal
reflection and showed couple of examples of how other people use this technique to study
contact dynamics between two surfaces such as pressure distribution underneath gecko
foot, real contact area between footwear and glass floor, and why pens have rubbery
grips. Furthermore, some researchers tried to use this technique to quantitatively study
the contact dynamics between two surfaces by using simple exponential decay function
of evanescent wave, but in recent years other people have approved that simple
exponential decay function assumes all energy transmitted into third medium is gone that
neglects multiple reflection and refraction is underestimating the real distance between
two surfaces (Chapter 3) and having huge impact on understanding friction and adhesion
behaviors. Significant efforts have been made by us to follow Fresnel equation (Eq.4.7)
to correctly quantify frustrated total internal reflection apparatus. In Chapter 3, step by
step procedure of building right angle prism based FTIR setup, incident angle
calculations, data acquisition and image processing of converting reflectance to nanoscale
gap thickness have been shown. Moreover, gap thicknesses between glass convex lens
placed on flat prism have been measured and compared with Hertzian contact theory of

elastic sphere contacting with half space to verify our assumption. Excellent agreement
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with Hertzian contact theory was obtained, we then explored the capability of this
technique to measure the thickness and surface topography of thin polymer films and
compared it with ellipsometry.

In chapter 5, we utilized FTIR technique to study underwater contact formation
between soft PDMS lens and hard smooth prism surface. Interestingly, we found a
counterintuitive result. Thermodynamics tells us to expect underwater contact between two
hydrophobic surfaces to result in stronger adhesion compared to two hydrophilic surfaces.
However, presence of water changes not only energetics, but also the dynamic process of
reaching a final state, which couples solid deformation and liquid evacuation. These
dynamics can create challenges for achieving strong underwater adhesion/friction. Closer
investigation, requiring sufficiently precise resolution of film evacuation while
simultaneously controlling surface wettability has been lacking. I perform high resolution
in-situ frustrated total internal reflection imaging to track underwater contact evolution
between soft-elastic hemispheres of varying stiffness and smooth-hard surfaces of varying
wettability. Surprisingly, | find exponential rate of water evacuation from hydrophobic-
hydrophobic (adhesive) contacts is three orders of magnitude lower than that from
hydrophobic-hydrophilic (non-adhesive) contacts. The trend of decreasing rate with
decreasing wettability of glass sharply changes about a point where thermodynamic
adhesion crosses zero, suggesting a transition in mode of evacuation, which is illuminated
by 3-dimensional spatiotemporal heightmaps. Adhesive contact is characterized by the
early localization of sealed puddles, whereas non-adhesive contact remains smooth, with
film-wise evacuation from one central puddle. Measurements with a human thumb and
alternatively hydrophobic/hydrophilic glass surface demonstrate practical consequences of
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the same dynamics: adhesive interactions cause instability in valleys and lead to a state of
more trapped water and less intimate solid-solid contact. These findings offer a new
interpretation of patterned textures seen in underwater biolocomotive adaptations and
insight toward technological implementation.

Most importantly, couple of research have reported that when they are using FTIR
to measure the gap thicknesses between convex lens and prism surface, they detected
25nm offset in gap thickness measurement. Which means measured thickness is around
25nm greater than theoretical thickness. But this can be solved by simply shift
experimental data down, and it will match theoretical data very well. We did encounter
the same issue too.

The first experiment we did is changing the material of the second medium, for
example change air to water, then gradually added glycerol into water solution to increase
the refractive index of it (refractive indices shown in Table 6.1). With changing of the
second medium the change of look-up table is shown in Figure 6-1. We found that offset
increases with increasing of refractive index of the second medium, further investigation
showed that RGB values of area that in actual contact don’t change. However, as shown
in Figure 6-1, at real contact area, the intensity value or in other word the RGB value
should be 0 while right now it’s not 0 but a constant value that across all cases. This
means there is source of intensity that contribute to the offset. Suggestions from other
research indicated that could be caused by scattering from surface roughness, surface
contamination, background light, dusts on the surface, change of polarization of light due
to interactions with materials and non-linear sensitivity of camera sensor. We are going to
discuss these possibilities one by one.
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6.1 ISSUES WITH CAMERA SENSOR

One possibility is that the camera sensor may not recognize complete dark (zero
intensity) correctly. In other words, when there is no intensity, the sensor still reflects
non-zero RGB value. To verify that, we did experiment by closing the shutter of camera.
At this circumstance, no light can go into sensor and the RGB value is zero. This means

our camera can recognize complete dark correctly, and it’s not cause of offset.
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Figure 6-1: Look up table changes with changing of second medium.

6.2 EFFECT OF BACKGROUND LIGHT

As we already know that there is no issue with camera sensor and the offset seems

comes from constant extra source of light, one may think it could come from background
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light. To verify that two experiments were performed, the first one is turning off our light
source, such that only background light can go into sensor, however, we didn’t detect any
intensity at this point, the intensity value showed is zero. The second experiment was
performing Hertz contact experiment in dark room, no changes were detected, the offset

is still there.

6.3 EFFECT OF POLARIZATION CHANGE

It is well known that when light interacts with materials the polarization of light
could be changed. In our setup light must go through couple of mirrors and one prism
before it goes into sensor, thus there is chance that polarization of light could be changed
during light path. To make sure polarization of light goes into sensor remains same as it
comes out from LED, an additional polarizer is placed right in front of the camera lens.
By performing the Hertz contact experiment, the offset is still there. This didn’t solve the

problem at all.

6.4 EFFECT OF SURFACE CONTAMINATION AND ROUGHNESS

It is very hard to quantitatively study the effects of surface contamination and
surface roughness. But any roughness or tiny particles on the surface could trigger
scattering of light that could be received by camera and counted as extra source of light.
Note that this effect is not limited to surface of prism but on all surfaces during the light
path, for example, surface of mirror and surface of camera lens. Overall, the extra source
of light or so-called offset in this thesis is likely caused by scattering of surfaces in the

light path.
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6.5 CONCLUSION

After above discussion, we think this offset is caused by scattering of light. Same
as other techniques, FTIR needs to be calibrated every time before use to find this offset.
People who want to utilize this technique should aware this issue and avoid it. Or

even identify the root cause of this problem.
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