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ABSTRACT

A Comparison Between Self-Cleaning Properites via Rolling Droplets and Condensation on
Superhydrophobic Surfaces

David Leland Miller
Department of Mechanical Engineering, BYU

Master of Science

Superhydrophobic (SH) surfaces are super water repellent surfaces on which a droplet of
water will bead up like a marble and roll off the surface with minimal tilting of the surface. This
is caused by the combination of a hydrophobic coating and a rough surface structure. To achieve
thermodynamic stability, surface tension of the water pulls the droplet into this shape to minimize
the contact area between the droplet and the surface. This creates a high contact angle (CA)
between the droplet and the surface and a low sliding angle (SA) of which the droplet begins to
roll off the surface. SH surfaces have a variety of potential applications such as drag reduction,
anti-icing, improved heat transfer through condensation, and self-cleaning. Numerous reports have
been dedicated to exploring the fluid dynamic behavior of water droplets on SH surfaces. This
thesis focuses on exploring the self-cleaning properties of SH surfaces. Surfaces contaminated
with salt, tobacco, and pollen are cleaned by rolling water droplets over the surface or condensing
water on the surface such that when large enough, these droplets roll away due to gravity. SH
surfaces explored here are composed of micro-scale or nano-scale rib and cavity structures and
and are compared with smooth, hydrophobic surfaces with a similar hydrophobic coating.

To determine the self-cleaning efficiency of each surface, the CA and SA were measured
before and after each surface was cleaned. In this study, it was observed that the presence of each
of the three contaminates considered greatly affects the overall hydrophobicity of the surface, as
indicated by the CA and SA. Ideally, as the contaminates are removed from the surface, the hy-
drophobicity of the surface improves to match the hydrophobicity of a clean surface. This is best
seen on surfaces contaminated with salt as the CA and SA match that of a clean surface after only
two to three water droplets roll over the surface or after the first condensed water droplets roll off
the surface. This implies that all the salt particles are removed from the SH surface. Surfaces con-
taminated with tobacco showed that the hydrophobicity improves to a limited extent when cleaned
with rolling water droplets or condensation but never is capable of matching the hydrophobicity of
a clean surface. This suggests that only a portion of the tobacco residue is capable of being removed
from the surface by either of the two cleaning methods considered in this thesis. Finally, when wa-
ter came in contact with pollen on the surfaces, it experienced hydrodynamic osmosis leading to
cellular bursting. After cellular bursting, the surface behaves as a hydrophilic surface and self-
cleaning properties were never observed on any surface contaminated with pollen. Thus, overall
this study shows that rolling water droplets over a contaminated surface and condensing water
droplets on a contaminated surface are both viable means of utilizing the self-cleaning properties
on SH surfaces. For the contaminates considered in this study, the efficiency of the self-cleaning
surfaces is shown to be the same for both micro-structured and nano-structured surfaces.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

One of the most notable aspects of the Lotus leaf is its ability to maintain a clean surface,

free of both water droplets and contaminates deposited on the surface. When water droplets roll

over the leaf, particles on the leaf’s surface preferentially adhere to the water droplet rather than

the leaf’s surface. This water can come in the form of both rain and condensation. Because a

unique chemical coating, micro-structures, and nano-structures make up the surface of the lotus

leaf, water droplets on the Lotus leaf bead up like a marble and quickly roll off the leaf, removing

any contaminates in its path. The ability of the Lotus leaf to maintain its cleanliness is known as the

Lotus Effect and is caused by a unique characteristic of the leaf called superhydrophobicity [1,3,4].

Superhydrophobic (SH) surfaces, such as the lotus leaf, are extremely water repellent sur-

faces. When water droplets are placed on these surfaces, they bead up like a marble and exhibit a

high contact angle (>120°) between the droplet and the surface. This high contact angle reduces

the total contact area between the droplet and the surface, thus minimizing the adhesive force be-

tween the droplet and the surface. Then, like a marble on a surface, minimal tilting of the surface

causes the droplet to easily roll off the surface. SH surfaces are made up of two components: a

rough surface structure and a hydrophobic chemical coating. The rough surface structure can be

any type of surface structure on the nano-scale, micro-scale, or a combination of the two. The

chemical coating can be any natively hydrophobic coating such as Teflon®, silanes, or waxes. Be-

cause of these two factors, the water droplets exhibit this marble like behavior in order to achieve

thermodynamic stability.

Mimicking the Lotus Effect has many potential industrial applications in which surface

contaminates can inhibit the efficiency of many products. One such application needing self-

cleaning surfaces is improved optical visibility through window. This could be applied to personal

glasses, building windows, or vehicle windshields. In the case of vehicle windshields, utilizing
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Figure 1.1: Water droplets on SH surfaces bead up like a marble exhibiting a high CA and SA.

self-cleaning properties can lead to an improved driver visibility. A second application of self-

cleaning surfaces can be found in the solar panel industry. Removing contaminates from solar

panels can result in more efficient solar cells, thus generating more electricity. And finally, a third

potential application of self-cleaning surfaces could be minimizing bacterial growth on a surface.

This study looks at the fundamental cleaning dynamics of artificial, self-cleaning surfaces which

will be beneficial in developing SH surfaces for each of the above listed applications.

1.2 Background

1.2.1 Introduction to Superhydrophobic Surfaces

SH surfaces are unique surfaces in which water droplets are repelled from the surface.

Because of chemical and structural make up of SH surfaces, water droplets on these surfaces bead

up like a marble creating a very high contact angle (CA) between the droplet and the surface at the

solid-liquid interface, as shown in Figure 1.1. The CA is indicated as θ in Figure 1.1. With the

smallest degree of tilt of the surface, the water droplet will roll off the surface like a marble. This

phenomena is due to the surface tension of the water droplet in which a marble-like shape achieves

thermodynamic stability and minimizes the surface energy of the water droplet [5].

Two distinct characteristics define SH surfaces: a high solid-liquid CA between a static

sessile water droplet and the SH surface (>120°) and a low droplet hysteresis (<10°) [6–8]. To

define a hysteresis, a surface is tilted with a water droplet on it such that the CA of the leading edge
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Figure 1.2: SEM images of the rib structures (left) and post structures (right) used for the surface
structure of SH surfaces. The scale shown is the same for both images.

of the droplet increases while the CA of the trailing edge of the droplet decreases. These angles

are respectively known as the advancing and receding angles and the hysteresis is the difference

between these two angles [9]. On SH surfaces, both the advancing and receding angle are high

(>120°) and nearly equal, resulting in a very low hysteresis. A third property related to the hys-

teresis is the sliding angle (SA) of the droplet, or the minimum angle required for the droplet to

begin rolling off the surface. The SA, α can be calculated from the advancing (θA) and receding

(θR) angles in equation 1.1

mgsin(α) = rdropπγLV (cosθR − cosθA) (1.1)

where m is the mass of the droplet, g is the gravitational constant, rdrop is the radius of the droplet,

and γLV is the liquid-vapor surface tension [10–12]. The SA on SH surfaces is typically less than

15°and can be as low as 0-1°depending on the SH surface [3, 8, 12, 13].

SH surfaces are created by the combination of a rough surface structure and a natively

hydrophobic chemical coating. The rough surface structure can be composed of any type of sur-

face structure on the micrometer scale, nanometer scale, or a combination of the two known as a

two-tier surface structure. To allow for a systematic study of various geometries to identify key

parameters influencing the super-hydrophobicity of the surface, some surface structures take the

shape of rib or post patterns as shown Scanning Electron Microscopy (SEM) images in Figure
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Figure 1.3: Schematic of water droplet in the Cassie-Baxter state (left) and the Wenzel state (right)
on a SH surface. Note that the water droplet sits on top of the rib structures in the Cassie-Baxter
state and floods the rib structures in the Wenzel state. Note that this schematic is not to scale.

1.2 [14]. However, random surface structuring is also commonly used for ease of manufacturing.

Hydrophobic coatings can be any natively hydrophobic material such as Teflon®, silanes, or waxes.

The combination of the surface roughness and hydrophobic coating causes a droplet of water to

bead up like a marble due to the surface tension between the water droplet, the surrounding air, the

SH surface and the air in the cavities of the surface..

On SH surfaces, the water droplet can exist in one of two states shown in Figure 1.3. In the

first state, known as the Cassie-Baxter state, the water droplet sits on top of the surface structures

with air filling the cavities below the droplet as shown in Figure 1.3 (left). These air cavities

minimize the area in which the droplet is in contact with the surface, thus minimizing the attractive

forces between the droplet and the surface. A meniscus (not shown) between the surface structures

supports the water droplet on top of the surface structure, preventing the droplet from flooding the

cavities. This meniscus is maintained by the surface tension between the water droplet and the air

inside the cavities. Consequently, the water droplet exhibits the highest possible CA. This creates

a very mobile droplet, rolling at the lowest possible SA. Cassie and Baxter showed that the CA,

θ , of a droplet in this state can be calculated using the Cassie-Baxter equation given in Equation

1.2 [15]

cos(θ) = rFc cosθ
0 +Fc −1 (1.2)
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where r is the roughness factor, or the ratio between the total surface area and projected area, and

Fc is the cavity fraction, or ratio between the area on top of the surface structures and the projected

area. The cavity fraction will be further defined in Section 1.2.3. The Young’s contact angle, θ 0 is

the CA of a droplet on smooth hydrophobic surfaces with the same hydrophobic coating and can

be calculated by Equation 1.3

γLV cosθ
0 = γSG − γSL (1.3)

where γLV , γSG, γSL is the surface tension between the liquid-vapor, solid-gas, and solid-liquid

interfaces respectively. Generally speaking, γLG is the dominate term which influences the overall

behavior of any liquid, including water, on a SH surface.

If the hydrostatic pressure of the droplet exceeds the LaPlace pressure, the droplet will flood

the cavities transitioning to the Wenzel state as shown in Figure 1.3 (right). This is the second state

in which a droplet can exist on a SH surface. The LaPlace pressure is given as

∆P = γLG(1/R1 +1/R2) (1.4)

where R1 and R2 are the two primary radii of curvature of the meniscus between the cavities. In

the Wenzel state, the droplet is pinned to the surface because of the increased liquid-solid surface

contact area. Consequently, the CA decreases and the SA increases. Note the difference in CA, θ ,

between the Cassie-Baxter droplet and the Wenzel droplet in Figure 1.3. This is important because

the droplet is not as mobile on the surface and therefore can not roll off the surface as easily [16].

The CA, θ , of a droplet in the Wenzel state on a SH surface can be calculated using Equation 1.5.

cos(θ) = r cosθ
0 (1.5)

again where r is the roughness factor and θ 0 is Young’s contact angle. In some cases, such as

condensation, the droplets can exist in a mixture of the Cassie-Baxter and Wenzel state. This

occurs when some sections of the droplet are suspended over the rib cavities in the Cassie-Baxter

state and other areas of the droplet penetrate into the cavities. Consequently, the CA and SA

of these droplets typically measure in between a droplet fully in the Cassie-Baxter state and the

Wenzel state.
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I now give a background on how SH are manufactured followed by an overview of some

of the applications related SH surfaces including drag reduction, anti-icing and de-icing, conden-

sation, and self-cleaning.

1.2.2 Manufacturing Methods of Superhydrophobic Surfaces

Multiple methods have been developed to manufacture SH surfaces. These methods vary

widely from subtractive methods to additive methods. Regardless of the method, the primary goal

is to create a rough surface structure that is hydrophobic, either natively or by the use of a hy-

drophobic coating. Surface structures also greatly vary from random roughening of the surface to

very organized and uniform surface structures. Researchers may opt to focus on surfaces structures

arranged in repeating patterns, such as ribs and posts, to better predict the fluid dynamic behavior

of the surface. However, manufacturing these surfaces can be more complex, expensive, and time

consuming than random roughening manufacturing processes. Each process results in a different

scale, type, and robustness of the surface. Consequently, a great deal of research articles have been

written towards this topic of manufacturing SH surfaces.

Subtractive methods for manufacturing are those which remove material. In the case of

SH surfaces, this generally means carving, etching, or machining the surface structures out of the

existing surface. One such method for this is referred to as templation. Templation is useful for

mimicking the surface structure of a pre-exisiting surface, such as the Lotus leaf and other SH

surfaces found in nature. Essentially, a master textured surface is used for molding a new surface

and then lifted off, dissolved, or removed some other way from the newly formed SH surface

[17–19]. Another method used to create SH surfaces is via photolithography. This method involves

using using irradiation through a mask to create a desired feature pattern on the photoresists on the

surface. Then, using various etching techniques such as plasma and chemical etching, the surface

features of the surface are carved out of the parent material. Typically, a hydrophobic coating must

be applied to the structured surface to render the surface super hydrophobic. [4,14,20,21]. Finally,

plasma treatment is a third method which can be utilized for subtractive manufacturing of SH

surfaces. In this process, plasma etching accelerates reactive atoms and ions in the boundary layer

between the substrate to create deep cavities with steep walls [22–24]. A hydrophobic coating may
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need to be then applied to the surface depending if the original substrate was natively hydrophobic

or not.

Additive methods, bottom-up methods involve building up surface structures like building

blocks. These methods can used in nano-structure fabrication on SH surfaces and may combined

with subtractive methods to create a two-tier surface exhibiting both micro-structured and nano-

structured features. One common additive method is referred to as chemical deposition. In this

process, products of chemical reactions deposit on suitable substrates creating a variety of surface

structures and morphologies. Various depositions methods can be used including chemical bath

deposition, chemical vapor deposition, and electrochemical deposition [25–27]. Another additive

method called colloidal assemblies utilizes van der Waals forces of various closely packed particles

on the surface to create a textured surface. These particles can either be spin-coated or dip coated

to the surface [28, 29]. A third additive manufacturing process to create SH surfaces is called

layer- by- layer deposition. As the name of this method implies, polyanions and polycations are

alternatively applied to a surface using their electrostatic charge to build up the surface structure

necessary for the SH surface [30–32] . Often times, for any additive method, the material applied

to the surface is natively hydrophobic and so application of a hydrophobic coating is not always

necessary.

One of the biggest challenges of SH surfaces is creating a surface which will maintain its

superhydrophobicity. Natural SH surfaces found in nature have a unique advantage as the living

organism can continually replace and self-heal its surface structure and SH coating. This is pri-

marily due to cellular reproduction. Artificial SH surfaces do not have this advantage and so wear

down with time, frequently due to abrasion to the micro-structures and nano-structures or coating.

At this time and to this author’s knowledge, few studies have demonstrated surface roughness-

regenerating surfaces [33]. Degradation of the hydrophobic coating also limits the current use of

SH surfaces. Some researchers are investigating surfaces in which additional hydrophobic chem-

icals can be stored in a porous media and can replace the exterior, hydrophobic coating as it de-

grades [34–36]. However, unlike natural hydrophobic coatings, these surfaces still only have a

finite life span until all the hydrophobic chemical has been degraded. Because of this, much work

is still needed to develop commercially available, durable, hydrophobic surfaces. Li et al. and Xue
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et. al give a more detailed and extensive summary of the manufacturing processes fro SH surfaces

discussed in this section [33, 37].

1.2.3 Drag Reduction on Superhydrophobic Surfaces

One unique aspect of SH surfaces is the reduction of solid-liquid contact area between a

droplet in the Cassie-Baxter state and the surface as was shown in the left panel of Figure 1.3. Due

to the air filled cavities, water can flow over a SH surface in the Cassie-Baxter state with a shear

free condition exist above the gas. However, if the hydrostatic pressure of the fluid increases above

the LaPlace pressure (Equation 1.4), the water will flood the cavities and transition to the Wenzel

state.

Typically, on a non-SH surface, a no-slip condition exists in which the fluid directly in

contact with the surface flows at the same velocity as the surface. This means, that if the surface

is stationary, the fluid directly in contact with the surface must also be stationary regardless of the

velocity of the fluid through the rest of the system. This creates a velocity profile in which the

velocity of the fluid changes spatially. This velocity profile results in a shear stress at the surface,

τw, which can be calculated using Equation 1.6

τw = µ
∂u
∂y

∣∣∣∣
wall

(1.6)

where µ is the viscosity of the fluid, u is the velocity of the fluid parallel to the wall, and y is the

direction perpendicular to the surface.

However, at the air-water interface of the cavities, the low viscosity of the air exerts very

little shear stress on the water [38]. Where an air-water interface exists, as indicated by the blue

regions of Figure 1.4a, the no slip condition is replaced by a shear free boundary condition. The

water-solid interface regions on top of the surface structures, where the no slip condition still holds,

are indicated by the red region of Figure 1.4a. An aggregate shear stress of the two regions results

in an apparent slip at the plane of the water-surface interface. Figure 1.4b shows a representative

aggregate velocity profile of a fluid flowing over a SH surface as indicated by the red arrows and

the solid red line. As is evident by this velocity profile, a velocity at the surface exists and is termed

a slip velocity, us.
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Figure 1.4: (a) SEM image with air-water interfaces indicated in blue and solid-water interfaces
indicated in red. (b) The aggregate velocity profile over a SH surface indicated by red arrows. Note
that in Figure (a), the flow direction is longitudinal to the rib structures and in Figure (b) the flow
direction is transverse to the rib structures.

The slip length, λ , shown in Figure 1.4b, represents the distance into the surface the veloc-

ity profile would extend to reach a no slip condition. This slip length is based on a local extrapo-

lation of the velocity profile, as indicated by the red dotted line. This can be used to calculate the

slip velocity, us, of the surface given Equation 1.7 [39],

us = λ
∂u
∂y

∣∣∣∣
wall

(1.7)

which is the aggregate velocity of the fluid at the plane of the wall. The slip length is a function

of the cavity fraction and naturally increases as the cavity fraction increases. Intuitively, this is

expected as increasing the air- water interface region would increase the shear-free region of the

surface, presuming the fluid remains in the Cassie-Baxter state.

Utilizing SH surfaces for the purpose of drag reduction can be advantageous in many in-

dustrial scenarios including shipping, piping, and micro-fluidics. In some cases, SH surface have

shown a drag reduction of up to 40% [10,38]. The geometric configuration of the micro-structures

of SH surfaces has proven to be a significant factor in achieving the greatest drag reduction. Several

researchers have shown that flow longitudinally along rib structures is preferred so as to create long

uninterrupted paths of shear-free flow. Additionally, rib-structures consistently out perform post
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structures. Also, researchers have shown that post structures perform better in a regular, repeating

pattern as opposed to a staggered patten [10].

There are two significant challenges towards the application of SH surfaces in industries

for the purpose of drag reduction. The first is the durability of the SH surface. As discussed in

Section 1.2.2, abrasion to the surface quickly wears down the surface structures and hydrophobic

coating. Explicitly, even though the overall shear stress is reduced due to the water-air interface,

the reduced water-solid interface means that the shear stress is more centralized on the surface

features causing increased wear on the surface. The second challenge is if the hydrostatic pres-

sure exceeds the LaPlace pressure, than water will flood the surface and transition to the Wenzel

state [40, 41]. When this happens, the advantageous shear-free region and is replaced by greater

contact area of the water-solid interface, resulting in a drag increase. While some researchers have

investigated restoring the Cassie-Baxter state by keeping the cavities pressurized, injecting air bub-

bles, gas generation, and electrolytic recovery, most proposed solutions have proven challenging

and problematic [42]. Developing a durable and feasible surface structure is the primary focus of

many researchers to achieve drag reducing surfaces.

1.2.4 Anti-Icing and De-Icing using Superhydrophobic Surfaces

Ice build up is a critical issue in many industries and results in the failure of systems in-

cluding airplanes, wind turbines, and power lines. Each winter, ice results in billions of dollars

in damages [43]. SH surfaces have also shown potential to assist in preventing ice build up and

de-icing [44, 45].

Icing on surfaces can occur in two different ways. First, small micro-droplets in the air can

impact a sub-cooled surface and subsequently freeze to that surface creating a layer of ice across

the surface. Second, water droplets can nucleate on a supercooled surface and subsequently freeze

over into frost. This is referred to as condensation frosting. Using SH surfaces, two different

methods, known as the anti-icing approach and de-icing approach, have been developed to prevent

and remove ice from a surface.

Anti-icing is a passive method which prevents water droplets from building up on a SH

surface. Because of the low hysteresis of SH surfaces, micro-droplets in the air that impact the

surface are easily able to bounce or slide off the surface due to external forces such as gravity
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and aerodynamic drag. Additionally, because of the reduced water-solid interface between the

droplet and surface (presuming the droplets are in the Cassie-Baxter state), heat transfer between

the droplet and surface is minimized. Consequently, the onset of heterogeneous ice nucleation

is delayed long enough for the droplet to roll off the surface. Many researchers have shown that

in a laboratory setting this is an effective way to prevent water droplets from freezing on the

surface [46–50].

In addition to micro-droplets impinging on a surface, ice frequently forms via conden-

sation frosting. This occurs in humid environments where water molecules in the air condense

on a subcooled surface and immediately freeze to the surface. Unfortunately, due to condensa-

tion beginning everywhere on the surface, including within the cavities of the surface structure,

condensation frosting can still occur on these surfaces, although total ice buildup is still dimin-

ished [47, 51–54]. Consequently, more active approaches are needed to prevent ice from forming

on SH surfaces, such as applying heat to the surface. This is referred to as a de-icing approach.

De-icing can occur at one of two phases of the ice build up. First, the surface can be heated

after the frost has already formed on the surface. Murphy et. al recently showed that frost on

supercooled surfaces can be easily removed during melting on nano-structured surfaces. During

condensation frosting the frost essentially freezes around the entire nano-structured surfaces, in-

cluding in the cavities of the surface structures. However, as the frost melts, the water droplets in

the cavities spontaneously transition to the Cassie-Baxter state, exhibiting all the desirable prop-

erties of a droplet in such a state including a low hysteresis and SH. This make the droplet very

mobile and able to slide off the surface with minimal external forces [55].

Antonini et. al investigated an scenario in which they combined anti-icing and de-icing

methods. In their study, they examine how ice builds up on a NACA0021 airfoil where the leading

edge is heated in a climate controlled closed loop wind tunnel. Without heating, ice would build

up on the airfoil. However, heating the airfoil along the leading edge of the wing delayed ice

formation on the surface, but did not prevent it. Water droplets would form along the leading edge

and be pushed towards the back of the wing due to aerodynamic drag. Because only the leading

edge was heated, the water droplets would freeze along the trailing edge of the wing. The same

droplets formed on an airfoil coated with a SH surface. However, because of the low hysteresis and

SA, the droplets were quickly swept away due to aerodynamic drag so that no ice build up could
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(a) (b)

Figure 1.5: (a) Filmwise condensation occurs on smooth, hydrophilic surfaces where the con-
densed water forms a thin film across the entire surface. (b) Dropwise condensation occurs on SH
surfaces where the water droplets bead up like a marble and are easily mobile on the surface.

occur on the surface. From their study, they conclude that the combination of heating the leading

edge and coating the surface with a SH surface can be very beneficial in preventing ice build up on

the surface [56].

1.2.5 Condensation on Superhydrophobic Surfaces

SH surfaces also show improved heat transfer potential through condensation. Conden-

sation is frequently observed in nature and an extremely important aspect in many industrial ap-

plications such as energy production, water harvesting, water desalination, thermal management,

and environmental control [57]. All these systems can benefit greatly from improved heat transfer

through the application of SH surfaces.

When water vapor cools on a smooth, hydrophilic surface, it transitions from a gaseous to

a liquid state. Because water droplets are attracted to hydrophilic surfaces, the droplets will spread

out across the surface, maximizing the contact area with the surface. As these droplets coalesce

together, they create a film of water across the surface. As the film layer of water thickens due

to continued condensation, the heat transfer resistance also increases which reduces the overall
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efficiency of the condensing system. This type of condensation is referred to as filmwise conden-

sation and and is shown in Figure 1.5a in which the film of condensed droplets has spread across

the entirety of the surface.

On SH surfaces, condensation is drastically different and has been the topic of a number

of research articles [58–63]. Because of the hydrophobic nature of the surface, the condensed

droplets bead up as shown in Figure 1.5b. Due to the concentrated heat transfer, the majority of

the condensed droplet initially nucleate in the cavities of the surface structures and grow to fill

these cavities [64]. Consequently, often times these condensed droplets are in the Wenzel state,

especially on micro-structured surfaces. Wier and McCarthy confirmed that these water droplets

are in the Wenzel state by comparing the hysteresis of the surface before and after water droplets

condensed on the surface. In the case where condensed droplets were present, the hysteresis was

significantly higher than the hysteresis on dry surfaces implying that the condensed droplets were

in the Wenzel state [11].

Several articles, however, have reported that these condensed droplets can jump from the

Wenzel state to the Cassie-Baxter state upon coalescence with other droplets. Boreyko and Chen

showed that when two droplets coalesce and minimize their surface energy, the excess energy is

released and the new combined droplet spontaneously jumps off the surface. This is caused by

the liquid bridge between the two coalescing droplets impinging upon the SH surface and pushing

the droplet away from the surface. When the surface is orientated horizontally, the newly formed

droplet is found sitting in the Cassie-Baxter state after it has spontaneously jumped off the surface

and fallen back down [58]. Qu et al. observed that droplets that initially nucleated around two-

tiered posts can jump laterally across the surface. When they do so, these droplets run into other

condensing droplets initiating a second droplet coalescence event and spontaneous jumping [65].

Dorrer et al. observed that droplets can exist in both the Cassie-Baxter state and Wenzel state.

They showed that dewetting of the surface, or transition from the Wenzel to the Cassie-State, can

occur when a condensed droplet in the Wenzel state coalesces with a droplet in the Cassie-Baxter

state [66]. This spontaneous jumping motion has primarily been observed on nano-structured

surfaces and two-tiered structured surfaces. In the case of many pure micro-structured surfaces,

the energy released is not sufficient enough to overcome the adhesive forces between the droplet
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and the surface structures and the droplets do not jump, but may transition from the Wenzel to the

Cassie-Baxter state.

The advantage that SH surfaces offer during condensation in terms of heat transfer is the

mobility of the condensed droplet on the SH surface. Again, because of the low hysteresis and SA

of the surface, newly condensed droplets can be removed from the surface with minimal external

force. Additionally, condensed droplets that jump off the SH surfaces orientated vertically to not

fall back onto the surface. There are three significant factors related to the improved heat transfer

as condensed droplets are removed from the surface. First, energy the water vapor absorbed during

the condensation process is also physically removed from the surface when the droplet jumps or

rolls off the surface. Second, as the condensed droplets are swept away or jump off the surface,

nucleation sites where they were sitting on the surface are continually freed. Nucleation sites of

condensation represent high heat fluxes as droplets form and are typically found at defects on

the surface. Because these nucleation sites are continually made available, higher heat transfer

rates occur. Finally, as noted during filmwise condensation, the condensed film of water acts

as an additional thermal resistance layer and partially insulates the surface. Because no film of

water develops on the surface, this additional thermal resistance does not exist during dropwise

condensation. All these factors lead to increased heat transfer coefficients on SH surfaces during

condensation [57].

1.2.6 Self-Cleaning Properties of Superhydrophobic Surfaces

Finally, SH surfaces have shown potential for serving as passive, self-cleaning surfaces

[1, 3, 12]. As discussed in Section 1.1, there are a number of applications in which SH surfaces

can be utilized as self-cleaning surfaces. These include but are not limited to improved visibility

through windows, improved irradiation absorption on solar panels, and minimized bacteria growth

on a SH surface [67]. While the concept of self-cleaning surfaces is generally accepted, few

studies have investigated how effective SH surfaces are at removing different contaminants from

the surface. This study aims to add to the overall understanding of the self-cleaning dynamics and

to compare the cleaning efficiency on SH surfaces when each contaminated surfaces is cleaned by

rolling water droplets over the surface and by exposing the surface to condensation such that the

condensed droplets clean the surface.
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(a) (b)

Figure 1.6: Schematic showing a water droplet sliding over a smooth surface (a) and rolling over
a SH surface (b). In case (a), the contaminates, represented by the triangle, circle, and square, are
left behind on the surface while in case (b) the same contaminates adhere to the rolling droplet and
are removed from the surface. (Figure adapted from Barthlott and Neinhuis’s work [1]).

When an arbitrary object is placed on an inclined surface, it can roll down the surface, slide

down the surface, or stay stationary on the surface. Typically, circular objects, like cylinders and

spheres, prefer to roll down the surface while other objects, like cubes, will slide down the surface

or remain stationary on the surface. Rolling occurs when the center of gravity and frictional force

of an object creates a coupled moment sufficiently large enough to form a pivot point on the leaded

edge of the object. This is generally caused by the minimized contact area between a cylinder

or sphere and the surface. This same phenomena is seen when water droplets are placed on an

inclined SH surface. Essentially, because of the high contact angle and low hysteresis, the water

droplet behaves like a sphere and rolls, not slides, off any inclined SH surface [13].

This behavior of water droplets rolling over SH surfaces is key for self-cleaning. Barthlott

and Neinhuis illustrate how a water droplet removes contaminants from a surface as shown in

Figure 1.6a. In the left panel, a water droplet with a large hysteresis is shown sliding on a smooth

surface. As this water droplet slides across the surface, it encounters some particulates, represented
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by a triangle, circle, and square, which it picks up. Because of the small receding angle on the tail

end of the droplet, these particulates are left behind on the surface as the droplet continues down

the slope. Conversely, in Figure 1.6b, a water droplet is shown rolling over a SH surface. Because

of surface tension, the water droplet maintains its spherical shape as it rolls over the SH surface.

When this droplet encounters the same contaminants, the particles adhere to the droplet and the

rolling motion of the droplet prevents the particles from being deposited on the surface again. This

is primarily caused by the high receding angle, or trailing angle, of the droplet which gives both

the droplet and the attached contaminants rolling momentum. Consequently, these particles roll

with the droplet as it rolls off the surface, thus creating a self-cleaning effect [1]. This self cleaning

phenomena causing by rolling droplets on a SH surface was first seen on the lotus leaf and thus

coined the “Lotus Effect” in 1977 [68].

Quan et. al confirmed these observation in their study on self-cleaning surfaces via droplet

impingement. Using high speed imaging, they studied droplets impinging on SH surfaces, hy-

drophobic surfaces, and hydrophilic surfaces contaminated with dust particles and observed that

the receding angle is the deciding factor in the droplet’s ability to remove the dust particle. They

conclude that self-cleaning is realized in two steps, first that the particle adheres to the droplet and

second that the droplet recoils and releases after impinging on the SH surface [67]. Performing a

force balance analysis, they conclude that interface force between the dust particles and the droplet

and the Van der Waals forces between the dust particle and the surface are dominating forces which

determines if a impinging droplet will remove a dust particle from the surface [67, 69, 70].

Yu et. al claim that there are four primary criteria for self cleaning surfaces: 1) high CA,

2) low SA, 3) low adhesion force between the surface and the particles, and 4) proper particle

size [71]. Several articles have been published discussing various techniques to make SH surfaces

to satisfy these requirements [72–83]. However, only three studies have been performed to sys-

tematically analyze the dynamics and efficiency of self-cleaning surfaces [1,3,12]. Between these

studies, the general consensus is that nearly all particles loosely deposited can be removed from

SH surfaces. Surprisingly, beyond these three studies, very little work has focus on the efficiency

of SH surfaces.

First, Barthlott and Neinhuis investigated water droplets rolling over various contaminated

leaves and estimated how effective these leaves were at removing the natural contaminates from the
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leaf’s surface. In their study, they examined the self-cleaning properties of eight different species

of plants, half of which had leaves that exhibited SH properties and the other half which exhibited

hydrophilic properties. Each leaf was contaminated with several different particulates including

dried soil, barium sulphate, silicon carbide (SC) dust, quartz dust, and more. The contaminated

leaves were then cleaned for 2 mins using a sprinkler which produced water droplets between 0.5-3

mm in diameter to simulate a rain shower. Using SEM imaging to count the number of particles on

the surface both before and after the simulated rain, it was determined that the hydrophilic leaves

retained 40-80% of the contaminates on their surface while all the contaminates were removed

from the SH leaves [1]. In a separate report, Barthlott and Neinhuis give an overview of the various

plants that exist which can exhibit self-cleaning properties and discuss the molecular characteristics

of these plants [84].

Furstner et. al considered the self-cleaning properties on three types of artificial SH sur-

faces including silicon wafer with various post arrays, replicates of water-repellent leaves, and

commercial metal foils hydrophobized with a fluoridating agent. Each surface was then contami-

nated with a luminescent and hydrophobic powder and then cleaned using a fog treatment which

produced micro-droplets on the surface ranging from 8-20µm and by simulated rain showers sim-

ilar to the cleaning process used by Barthlott and Neinhuis. Using SEM imaging, the number of

particles on the surface were counted before and after the surfaces were cleaned. Their results

showed that the fog treatment was very effective at removing contaminates from the surface for

surfaces with pronounced structures less than 5µm. Without these cavities, a film of water would

form on their surfaces. Additionally, by varying the Weber number of the rain droplets in the

simulated rain shower, Furstner et. al were able to vary the impact pressure of droplets on the con-

taminated surface. This experiment showed that less contaminates remained on the surface with

greater the impact pressure. From their study, Furstner et. al determine that kinetic energy is one

of the major factors that influence the overall cleaning efficiency of the surface [12].

Bhushan et. al. performed similar studies on artificial SH surfaces in which they consid-

ered the difference cleaning efficiencies of various surface structures. In their study, they consider

surfaces composed of nano-structures, micro-structures, and two-tier structures composed of both

micro-structures and nano-structures. Two chemical hydrophobic coatings were utilized including

plant wax extracted from the Lotus leaf and alkane n-hexatriacontane (C36H74). Their surfaces

17



were contaminated with Silicon Carbide (SiC) and subjected to the same simulated rain storm as

Barthlott and Neinhuis. Silicon Carbide (SiC) was chosen for of its similar hydrophilicity, shape,

and size to that of natural dirt. During cleaning, the surfaces were situated at their respective SA

(3-10°) and 45°. Using SEM images, the number of particles on the surface were counted both

before and after the surface was cleaned. The results of their study show two factors related to

self-cleaning properties. First, the tilt angle of the surface played a significant role in the self-

cleaning efficiency as the surfaces tilted at 45° consistently had less particles on the surface than

the respective surfaces situated at their SA. Second, they determined that surfaces with two-tiered

structures consistently exhibit higher cleaning efficiencies than micro-structured and nano struc-

tured surfaces, which were about equal. This is because the two-tiered structure minimized the

contact area of both the water droplets and the contaminating particles [3].

One unique aspect that this thesis considers is utilizing the self-cleaning properties of SH

surfaces during condensation. To this author’s knowledge, only two studies have considered this

possibility to date [2, 85]. The first study was performed by Wisdom et. al. in which they consid-

ered the condensation on cicada wings, a natural SH surface. As discussed previously, condensed

droplets on certain surfaces may experience a spontaneous jumping motion upon coalescence with

other condensed droplets. During their study, Wisdom et. al. observed that the condensed droplets

would engulf and lift the particulates off the surface when it coalesced with other condensed

droplets and experienced this spontaneous jumping motion. This is advantageous as the Van der

Waals forces, which promotes adhesion of the particulate to the surface, primarily acts perpendicu-

lar to the surface. Consequently, the out-of-plane jumping motion dislodges the adhered particulate

from the surface. Other cleaning methods such as air or water streams remove the contaminate by

the use of shear stress which acts parallel to the surface. Wisdom et. al dubbed this self propelled

cleaning method as the “Cicada Effect” because it was first observed on cicada wings [85].

Watson et. al. observed that the lotus leaf lives in an environment which experiences long

season without rain, but still experiences condensation on a regular basis. They show that similar

to a cicada wing, particulates are removed from the lotus leaf via jumping condensed droplets.

During these dry seasons, condensation is the primary way in which contaminates are removed

from the lotus leaf. The implication of this is that surfaces placed in an environment that experi-

ences frequent condensation can passively clean themselves without any outside interference [2].
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Figure 1.7: Schematic demonstrating the cicada effect in which two small condensed droplets
coalesce and spontaneously jump off the surface, removing any contaminate adhered to or engulfed
by the droplet. This figure is adapted from Watson et al. [2]

Furthermore, Watson et. al. illustrates the “Cicada Effect” as shown in Figure 1.7 in which a

schematic of two small, condensed droplets are shown coalescing together and jumping off the

surface. Various particles, represented by red, yellow, green, and blue particulates, are shown en-

trapped by the two initial droplets and still engulfed in the coalesced droplet after coalescence and

jumping off the surface. If the surface is vertical, the aggregate droplet will not fall back onto the

surface due to gravity. Thus, the contaminates engulfed by the condensed droplets are successfully

removed from the surface.

1.3 Contributions

While Wisdom et. al and Watson et al. have established the practicality of self-cleaning

surfaces via condensation, studies have not yet quantitatively measured the efficiency of utilizing

condensation as a method of self-cleaning SH surfaces. Additionally, to date no study compares the

efficiency of cleaning via condensation to the more traditional approach of cleaning via simulated

rain showers and rolling droplets over the surface as performed by Barthlott, Furstner and Bhushan.
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This study seeks to bridge the gap between these two cleaning methods to better understand the

dynamics of self-cleaning surfaces and concludes that condensation and rolling droplets can have

the same cleaning efficiency on SH surfaces.

Additionally, this thesis considers the effects of surface structure size on the cleaning ef-

ficiency of the SH surfaces. To do this, the cleaning efficiency on various SH surface structures,

including micro-structured surfaces, nano-structured surfaces, and smooth hydrophobic surfaces,

are examined in this study. The results of this thesis show that the cleaning efficiency is unaffected

by surface structure size. However, this thesis concludes that SH surfaces are preferable to smooth,

hydrophobic surfaces for self-cleaning applications because of the mobility of the droplet, as indi-

cated by the SA of the surface. To date, only Bhushan et al. report the effects of surface structure

size on the the cleaning efficiency of SH surfaces [3].

Finally, the contaminates used in this study, including salt, tobacco, and pollen, vary sig-

nificantly from the contaminates used in previous studies. These three contaminates are common

contaminates found in nature that typically have negative effects on industrial applications. This

thesis shows that the cleaning efficiency of the SH surface is primarily driven by the contami-

nate and not the cleaning method or surface structure. To date, most contaminates used in self

cleaning studies have all been loosely bound and scattered across the surface. Consequently, these

contaminates are easily removed as water droplets roll over the surface. Because of the stronger

adhesion between tobacco and the surface and pollen and the surface, this study shows that not all

contaminates can be removed from SH surface.

1.4 Thesis Organization

The overview presented of several different applications of SH surfaces has noted that not

much work has been dedicated to understanding the intricacies of the self-cleaning properties of SH

surfaces. For this reason, I aim to further explore the efficiency of the self-cleaning properties of

SH surfaces as they are cleaned by water droplets rolling over the surface and by condensation. In

the subsequent chapters of this thesis, experiments will be described for evaluating how effectively

various contaminates are removed from two types of SH surfaces. One will be composed of micro-

structures and the other with nano-structures. They will be cleaned via rolling water droplets and

via condensation. Contaminates considered include salt deposits, tobacco residue, and pollen.
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Chapter 2 of this thesis will discuss the methodology used in the experiments including

the contamination procedures, cleaning procedures, and a discussion of how the surface cleanli-

ness is evaluated. Chapter 3 of this thesis will present and discuss the results of the experiments

performed. This will include a discussion of how effectively each contaminate was removed from

the surface, a comparison between the two cleaning methods used in this study, and an analysis

of the effect of surface structure scale. Lastly, Chapter 4 will present the important conclusions

drawn from this study as well as ideas for future work. The raw data collected for this study will

be presented in Appendix A.

21



CHAPTER 2. METHODOLOGY

This chapter describes the methodology used throughout this study. It is broken up into

five sections. The first section discusses the processes used to contaminate the surfaces. Then,

the two cleaning processes used in this study are described. The third section gives a description

of the equipment used to measure the CA and SA on each SH surface. Fourth, a discussion with

regard to determing the cleaning efficiency of each cleaning method is presented. The final section

summarizes the overall process used in this study.

This study primarily focuses on comparing the cleaning efficiency of micro-structured SH

surfaces to the cleaning efficiency of a nano-structured SH surfaces. Two methods to clean the

surfaces are examined including first rolling water droplets over the surface and second condensing

droplets on the surface until the droplets grow large enough to roll off the surface. The CA and

SA are used to estimate the surface cleanliness. Surfaces contaminates considered in this study

include salt, tobacco, and pollen.

The micro-structured surfaces were fabricated in the Brigham Young University clean

room. This is accomplished using photolithography and surface etching techniques to create a

rib pattern structures on silicon wafers. Teflon® coating, a natively hydrophobic coating, was then

applied to the structured surfaces rendering the surface superhydrophobic [14, 86]. The micro-

structures used for this study are 25µm tall and an approximate pitch of 15µm with a 70% cavity

fraction.

Nano-structured surfaces used in this study were provided by Moxtek, Inc. Details of the

fabrication processes and the applied hydrophobic coating for these nano-structured surfaces are

proprietary and will not be disclosed in this thesis. The nano-structured ribs are nominally two

orders of magnitude smaller than the micro-structured surfaces at a few hundred nanometers tall

with a pitch approximately 100 nm wide. The cavity fraction agin is 70% to provide a more direct

comparson between the micro-structured and nano-structured surfaces.

22



Figure 2.1: Schematic of setup to contaminate SH surface with salt. Note, measurments are not to
scale.

The self cleaning properties on smooth surfaces with Teflon® coating or the proprietary

coating used on the nano-structured surfaces are also considered in this study. These surfaces do

not consist of any micro or nano structures, allowing for a controlled surface where only the surface

chemistry is varied. Smooth surfaces composed of the Teflon® used on micro-structured surfaces

and smooth surfaces composed of the proprietary hydrophobic coating used on the nano-structured

surfaces are both considered in this study.

2.1 Contamination Processes

This study focuses on removing 3 common contaminates that may accumulate on exposed

surfaces in industrial applications: salt, tobacco, and pollen. This section is dedicated to discussing

how each of these surfaces are contaminated. Each contaminate greatly effects the hydrophobicity

and self-cleaning properties of the SH surface. As such, these effects of each contaminate will be

individually discussed later in this study.

2.1.1 Salt Deposits

An atomizing spray bottle containing saturated salt water was utilized to contaminate the

SH surfaces with salt. The setup to contaminate a SH surface with salt is shown in Figure 2.1.

The surface was placed under a halogen light, 15 cm away from the light base, and allowed to heat
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Figure 2.2: Schematic of setup to contaminate SH surface with tobacco.

due to the intensity of the light to approximately 80°C . The saturated salt water was then sprayed

on the surface from approximately 30 cm away from the surface at a 30° angle. This covered the

surface with salt saturated micro-droplets. The atomizing spray bottle discharged 0.158±0.02g of

saturated salt water per spray. The water was then evaporated from the surface, leaving behind

small salt crystals. Evaporation occurred quickly because of the high heat from the halogen light

and low local relative humidity (about 20%).

The amount of saturated salt water discharged from the atomizing spray bottle was deter-

mined by discharging a single spray of the saturated salt solution into a dry paper towel from 30

cm away and at an angle of 30° (similar to the salt contamination process). The mass of the pa-

per towel was measured both when dry and wet and the differnece indicated the mass of the salt

water deposited on the paper towel . This process was repeated 20 times, resulting in an average

discharged mass of 0.158±0.02g. Only the mass ofthe salt water solution and not the total mass

of the salt discharged from the spray bottel was determined using this approach. To ensure the salt

solution was saturated, enough salt was mixed into the solution such that salt crystals were always

present in the solution and could not be further dissolved into the water.
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Figure 2.3: Pollen from Morning Glories (left), Petunias (middle), and Daylily (right) flowers were
used to test the self-cleaning properties on SH surfaces.

2.1.2 Tobacco Residue

Tobacco residue was deposited on a SH surface by completely burning a single 0.85g

cigarette 80 mm long. Marlboro® cigarettes were used because of their popularity throughout

the United States [87, 88] . This was done under a fume hood in a 12cm x 12cm x 12cm enclosed

box referred to as a burn box and is shown in Figure 2.2. Four surfaces were contaminated at a

time, each situated nearly vertically approximately 5cm above the cigarette. The enclosed burn

box was used to confine the smoke from the cigarette to the air immediately surrounding the sur-

faces, accelerating the tobacco deposition rate. The contained smoke could then adhere to the SH

surfaces. The surfaces were only removed from the burn box once the cigarette was completely

burned and the smoke had dissipated. Tin foil was placed under the cigarette to collect the ashes

from the cigarette.

2.1.3 Pollen Particles

Ipomoea purpurea (Morning Glories), Petunia integrifolia (Petunias), and Hererocallis (Daylily),

all shown in Figure 2.3, were used to deposit pollen particles on the surface. This was accomplished

by folding back the flower petals and gently shaking the stamen and pistil portions of the flower

until pollen particles fell onto the surface. The stamen and pistil portion of the flower is the stem

inside of the flower where the pollen rests.
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While this deposition method does not produce an even distribution, it was sufficient for

the needs of this study. Due to the nature of the pollen sticking to the surface when water droplets

come in contact with it, the cleaning methods used in this study were unable to remove any pollen

from the surface and thus a process that produces a more even distribution was not pursued. Con-

sequently, only observations with regards to a water droplet’s interaction with the pollen particles

were able to be made and reported.

2.2 Cleaning Processes

In this study, two methods were utilized to clean the SH surfaces. The first was rolling

water droplets over a contaminated surface. The second was condensing water droplets on the

surface and allowing them to grow large enough to roll off the surface. The following sections will

describe each of these cleaning methods in detail.

2.2.1 Cleaning Via Rolling Droplets

On SH surfaces, droplets generally roll instead of slide across the surface. As they do so,

they may pick up contaminates in their path. The first step of this study was to analyze the cleaning

efficiency of these rolling water droplets over a contaminated SH surface. For contaminates that

can be removed from the surface, a distinct droplet path forms a droplet rolls over a contaminated

surface. In this droplet path, all particulates visible to the naked eye are removed by the rolling

droplet. For example, Figure 2.4a shows a nano-structured SH surface contaminated with salt par-

ticles, as indicated by the white particles on the surface. Figure 2.4b shows the same surface after

three individual water droplets rolled over the surface, creating three distinct droplet paths on the

surface as indicated by the thick, straight, dark lines on the surface. Using image processing tech-

niques, 99-100% of the visible particles were successfully removed from the surface. To enhance

the visual contrast between the salt and the droplet path in Figure 2.4, more salt was deposited on

the surface than is typically used to test the surfaces. These droplet paths were seen on all surfaces

contaminated with both salt and tobacco after a water droplet rolled over the surface.

To attempt to clean a SH surface with rolling water droplets, each contaminated surface was

placed on a tilting stage at a 45° angle and a single droplet 2-2.5 mm in diameter was placed on the

26



(a) (b)

Figure 2.4: One a distinct feature of self-cleaning is the droplet path, which is where particulates
have been removed from the surface after water droplets roll over the surface. (a) Shows a surface
with salt particles loosely placed on the surface. (b) Shows the same surface as (a) after 2 mm
water droplets rolled over the surface.

surface. Because the SH surface was situated at an angle greater than the largest SA, the droplet

would immediately roll off the surface as soon as it was placed on the surface. Additionally, the

surface was situated so that the droplet would only roll along the ribs. As the droplet rolled off

the surface, it would remove contaminates in its path. The CA and SA were then measured in the

droplet path to determine the “surface cleanliness.” Details of the definition of “surface cleanliness”

related to the CA and SA are discussed in Section 2.4. Two to four subsequent droplets were then

placed on the surface when tilted to 45° and allowed to roll off further removing any contaminates

on the surface. Each subsequent water droplet was placed in the exact same spot as the previous

droplet to ensure each water droplet followed the same droplet path. Smooth surfaces contaminated

with tobacco required larger droplets (about 3 mm in diameter) and higher angles (between 65-90°)

before to the droplet would roll off and clean the surface. Without this, the smaller droplets would

remain pinned to the surface, even when the surface was raised to a vertical position.

2.2.2 Cleaning Via Condensation

The second method used in this study to clean SH surfaces was condensing water droplets

on contaminated SH surfaces. When a condensed droplet on a vertically oriented surface reached a

critical diameter of 0.75±0.2mm on micro-structured surfaces and 1.1±0.2mm on nano-structured
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Figure 2.5: Schematic of the humidity box from a top down view used to condense water droplets
on SH surfaces. A peliter plate was used to cool each surface below the dew point temperature of
the environment.

surfaces, the force of gravity exceeded the force of surface tension holding the droplet to the SH

surface and the droplets would roll off the surface. Ideally when this happened, the droplet would

remove all the contaminates in its path. For purposes of this study, the surface was situated so that

the rib structures of each surface were vertical. As discussed in Section 1.2.5, several researchers

have observed condensed droplets spontaneously jumping off SH surfaces. In this study, the con-

densed droplets did not jump but rolled off the surface. The distinction between droplets rolling off

the surface and jumping off the surface is related to the surface energy associated with the nano-

structured and micro-structured surfaces. Typically, jumping droplets occur on two-tiered surfaces

which have a high surface energy.

To condense water droplets on the SH surfaces, a 10 cm x 18 cm x 28 cm humidity box

capable of creating an environment between 80-90% humidity was constructed. A schematic of

this humidity box is shown in Figure 2.5. A humidity sensor was initially placed in the humidty

box and continually reported the humidity to be between 80-90%. The temperature and pressure

of the enclosed environment were held at ambient conditions of 23°and 86 KPa. The SH surface
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was placed vertically inside the humidity box on a Peltier cold plate such that the rib structures

on each surface were also vertical. The surface temperature of the SH surface was then lowered

approximately 3-5° below the dew point temperature. This temperature, which is based on the

environment’s humidity, temperature, and pressure is calculated using the Magnus Formula shown

in equation 2.1

Td =
B1[ln RH

100 +
A1T

B1+T ]

A1 − ln RH
100 −

A1T
B1+T

(2.1)

where Td is the dew point temperature, T is the ambient temperature [89], RH is the relative humid-

ity of the environment and is a function of temperature, pressure, and total water vapor present in

the gas. Alduchov and Eskridge calculated A1 = 17.625 and B1 = 243.04° C based on vapor pres-

sure measurements [90]. As long as the surface was cooler than the dew point temperature, water

droplets condensed on the surface. These condensed micro-droplets were allowed to coalesce with

neighboring droplets and continue to grow until they reached a critical diameter of 0.75±0.2mm

on micro-structured surfaces and 1.1±0.2mm on nano-structured surfaces. After this, the droplets

would roll off the surface.

To create a humid environment, a small open dish of water was placed inside the humidity

box. Using a fish tank bubbler, small micro-air bubbles were pumped through the water which

would quickly absorb water vapor via mass diffusion, reaching nearly 100% humidity in the air

bubbles. When these bubbles reached the top of the water, the humid air would be released into the

surrounding environment, thus increasing the overall humidity of the environment. The fish tank

bubbler pump was placed inside the humid environment to maintain a closed system and not pump

additional dry air into the humid environment. A small computer fan was used to mix the water

vapor with the surrounding air inside the humidity box to establish a constant humidity throughout

the environment. The fan was positioned in the environment as to not blow directly across the

SH surfaces. This prevented any shear stress from acting on the condensed droplets causing the

droplets to roll off the surface prematurely. A DSLR camera was placed in front of the humid box

to video droplets condensing on the surface.

One observation made during this study was the cyclic pattern in which the condensed

droplets would roll off the surface. As each condensed droplet reached the critical diameter, the

condensed droplet would first roll off the surface removing all droplets, and ideally contaminates,
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(a) (b) (c)

Figure 2.6: (a) Droplets growing during the initial stages of a condensation cycle on nano-
structured surface, 15 mins into the condensation cycle . (b) Condensed droplets 60 mins into
a condensation cycle. Droplets (about 1.1 mm in diameter) just prior to rolling off the surface
are indicated by red arrows. (c) Droplets growing in the previous rolling droplet paths’ indicating
the beginning of a second condensation cycle, approximately 90 mins into the condensation cycle.
Each image shows the same area on the surface with a consistent scale between images.

in its path. This would then open up nucleation sites, allowing new droplets to form in the droplet

path. With time, approximately 90 mins on the nano-structured surfaces and 45 mins on the micro-

structured surfaces, all the initially formed droplets on the surface had rolled off the surface and

were replaced by newly condensed droplets. The droplets that reached the critical diameter tended

to originate on the top third of the surface and so no more than one droplet rolled over any single

location. A series of droplets forming and rolling off the surface is termed a “condensation cycle”

for the purposes of this work.

A condensation cycle is best seen in Figure 2.6. This figure shows a clean, nano-structured

surface undergoing condensation. The surrounding environment has 80-90% humidity, with am-

bient temperature and pressure. The surface was cooled to 15° C. Initially, in Figure 2.6a, the

condensed droplets grow and coalesce at approximately the same rate, all appearing to be similar

in size. As the droplets grow large enough to reach the critical diameter, the gravitational force

exceeds that of the surface tension holding the droplet to the surface and the droplet rolls off the

surface, removing all other droplets in its path. Droplets near the critical diameter are indicated be

the red arrows in Figure 2.6b. Once a droplet has completely rolled off the surface, new droplets

begin to grow in the initial droplet’s path, as seen in Figure 2.6c. A new condensation cycle begins

when all the initial condensed droplets have rolled off the surface. These condensation cycles are
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(a) (b)

Figure 2.7: (a) Image of a Sessile Droplet used to measure CA. (b) Post processed image use to
measure CA. The blue line shows the triple contact line of the droplet, the red line shows the 5th
order polynomial fit to both edges of the droplet, and the green line shows the tangent line to the
polynomial fit at the triple contact line.

used in defining distinct intervals over which cleaning occurs via condensation on a contaminated

surface.

2.3 Contact Angle and Sliding Angle Measurements

This study uses the CA and SA measurements as two indicators of the surface’s hydropho-

bicity. This section is dedicated to describing how each of these data points are measured. One

effect of the rib patterns on the SH surfaces is a difference in CA and SA when looking trans-

versely vs longitudinally across the ribs. In general, the CA and SA in the longitudinal direction

are higher and lower respectively than in the transverse direction. Here, only the CA and SA in the

longitudinal direction are measured and reported. However, the results of the measured CA and

SA presented in Chapter 3 are expected to be the same, with a shift, for the transverse direction.

2.3.1 Contact Angle

Contact angles are measured using a goniometer created by Kimberly Stevens of Brigham

Young University (awaiting publication). This goniometer images a 2 mm diameter, sessile droplet

on a SH surface using a Nikon D5200 SLR camera. Back lighting creates a silhouette of the sessile
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droplet in the image as shown in Figure 2.7a. Image processing techniques using an automated

polynomial fitting (APF) scheme were utilized to find the base line, or triple contact line, of the

droplet. This line is the circumferential path where liquid, solid, and gas phase intersect and is

indicated by the blue line in Figure 2.7b. Additionally, using APF techniques, both the left and

right edges are found and a 5th order polynomial is fitted to each edge as indicated by the curved

red lines [91, 92]. Using this data, the tangent line to the polynomial fit at the triple contact line is

calculated and is indicated by the green line in Figure 2.7b. Subsequently the angle between the

tangent line and base line can both be calculated. This angle is the resulting contact angle. For each

sessile droplet analyzed, the average CA between the left and right side of the droplet is reported

which could vary by 1-2°. Because this difference is within the error of the measurement, it was

determined this variation is insignificant.

This APF technique has proven to be accurate to ±2° in comparison to the axisymmetric

drop shape analysis (ADSA) methodology. The ADSA is generally accepted as the standard and

most accurate method to measure the CA of axisymmetric droplets [91]. However, on SH surfaces

composed of rib patterns, the method is invalid because the rib patterns cause the droplet to have

an elliptical base line. Because of this, the APF technique is used and the larger range of error is

unavoidable.

2.3.2 Sliding Angle

A tilting stage was constructed to measure the sliding angle of each surface. As seen in

Figure 2.8, this tilting stage had two plates connected together via a hinge. The bottom plate was

attached to a large block that could be held starionary to prevent any external motion. The top plate

attached to the bottom plate via a hinge and had one degree of freedom in which it could rotate.

The top plate also had a slot cut out which the SH surface could be placed and not slide off the

plate when tilted. A long bolt threaded through the bottom plate raised and lowered the top plate.

Finally, an Angle Cube® was secured to the tilting stage which measures the angle of the top plate

from horizontal.

To measure the sliding angle, a SH surface was placed on the tilting stage in the premade

slot when the top plate was horizontal. A 2 mm droplet was gently placed on the surface. Then the

bolt attached to the bottom plate was slowly rotated until the droplet began to roll off the surface.
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Figure 2.8: Tilting stage used to measure the SA on each surface.

The angle of the top plate measured by the Angle Cube® was then recorded. The Angle Cube®

has a accuracy of ±0.2° and a resolution of 0.05°. Additionally, the Angle Cube® was tared on

a flat, horizontal optics table which has had extensive testing to ensure it is level so as to assume

there is no variability in the zero-ing of the measuring device. The user would twist the bolt which

rotated the tilting stage by 0.73±0.24°. This is based on 67 data points, with three different users

simply twisting the bolt. Using a root-sum-squares method, this results in an overall uncertainty

of ±0.76°. However, to account for any additional human error, this uncertainty is increased to be

±1°.

The size of the droplet is critical to the accuracy of the SA and CA measurements. For

both measurements, a 2 mm diameter droplet was used. This droplet size was chosen based on the

Bond number (equation 2.2)

Bo = ∆ρgL2/σ (2.2)

which represents the ratio between gravitational and surface tension forces. For the Bo number,

∆ρ is the difference in density between the water droplet and the surrounding air, g represents the

gravitational constant, σLV is liquid-vapor surface tension, and L is the characteristic length. In the

case of water droplets, the characteristic length is the diameter of the droplet. For a Bo equal to 1,

which is used throughout this study, droplets must have a 2 mm diameter. A Bo equal to 1 implies
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the effects of gravity and surface tension are of the same order. To create 2 mm diameter droplets,

a 27 gage needle was held slightly above the SH surface and water was slowly released until the

weight of the droplet exceeded the surface tension’s hold between the droplet and the needle. At

this point the droplet would fall onto the surface, creating a 2 mm droplet. This process proved to

be both accurate and repeatable.

2.4 Metric For Contaminate Removal

One of the biggest challenges of this work was to define to what degree the surface was

contaminated with salt, tobacco, and pollen and how that degree of contamination changed as

the surfaces were cleaned, either via rolling droplets or condensation. Multiple approaches were

considered including counting the number of particles on the surface at the macroscopic and mi-

croscopic levels as other researches have done [1,3,12]. However, counting the number of particles

visible to the naked eye did not satisfy the desired outcomes of this study and counting the number

of particles on the surface at a microscopic scale proved to be too time and resource intensive to

acquire statistically significant data. A system focusing on droplet behavior and surface hydropho-

bicity was chosen which satisfies both time and financial constraints. Specifically, this system

focuses on how the CA and SA improve as a contaminated surface is cleaned. This answers the

fundamental question as to how the hydrophobicity of the surface, as indicated by the CA and SA,

is affected by the presence of contaminates.

The averages for the CA and SA before and after each surface is contaminated is pre-

sented in Table 2.1. This table represents the initial conditions for each clean and contaminated

surface. SH surfaces in Table 2.1 include micro-structured surfaces with a Teflon® coating and

nano-structured surfaces with a proprietary coating. Smooth surfaces coated with Teflon® or a

proprietary, hydrophobic coating are also shown Table 2.1. Notice that for both nano-structured

surfaces and micro-structured surfaces, the CA for a clean surface is clearly higher than any of the

contaminated surfaces. Additionally, the SA of a clean surface is notably smaller than any of the

contaminated surfaces. This leads to the initial conclusion that the presence of each contaminate

can greatly affect the overall hydrophobicity of the surface, as indicated by the CA and SA.

Operating on the basis that the contaminates cause the reduction in hydrophobicity, the CA

and SA are measured both before and after a surface is cleaned. Great care was taken to ensure
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Table 2.1: Tabulated values for average static CA and SA on clean and contaminated SH
surfaces are shown here. Surfaces included micro-structured surfaces, nano-structured

surfaces, smooth surfaces with a Teflon® coating, and smooth surfaces with a
proprietary coating. The number of surfaces tested for each surface

structure is reported in Table 2.2.

Nano-structured
Surfaces

Micro-structured
Surfaces

Smooth surfaces,
Teflon Coating

Smooth Surfaces,
Proprietary Coating

Contaminate
Contact
Angle

Sliding
Angle

Contact
Angle

Sliding
Angle

Contact
Angle

Sliding
Angle

Contact
Angle

Sliding
Angle

Clean 144° 10° 150° 7° 122° 32° 112°
Did Not

Roll

Salt 135° 13° 140° 10° 114° 39° 102°
Did Not

Roll

Tobacco 131° 40° 142° 18° 107° 71 ° 96°
Did Not

Roll

Pollen 45°
Did Not

Roll
65°

Did Not
Roll - - - -

the CA and SA were measured in areas that had been cleaned on the surface such as within the

droplet path after the surface was cleaned by rolling droplets. As contaminates are removed from

the surface, the CA and SA of the surface will approach that of a clean surface. Conversely, if

contaminates are still present after the surface is cleaned, a reduction in the overall hydrophobicity

of the surface from a clean surface will be apparent due to the CA and SA still being disparate

from the clean surfaces.

2.5 Test Procedures Summary

In summary, this study evaluates the cleaning efficiency of water droplets on four surfaces

including a SH micro-structured surface, SH nano-structured surface, a smooth hydrophobic sur-

face consisting a Teflon® coating, and a smooth hydrophobic surface consisting of a proprietary

hydrophobic coating used on the nano-structured surfaces. Each surface is contaminated with one

of three contaminates including sea salt build up, tobacco residue, and pollen deposits. The CA

and SA of each surface is measured on the contaminated surface. Then, the surface is cleaned

either by rolling droplets over the surface or by condensing water on the surface. Afterwards, the

CA and SA are again measured on each surface to determine the change in the hydrophobicity of

the surface. Increased CA and decreased SA indicate that contaminates have been removed from
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Table 2.2: The following table shows the number of surfaces tested for each contaminate.
Pollen was not tested on either smooth surface.

Clean Salt Tobacco Pollen
Rolling
Droplets

Condensed
Droplets

Rolling
Droplets

Condensed
Droplets

Rolling
Droplets

Condensed
Droplets

Rolling
Droplets

Condensed
Droplets

Micro-Structured
SH Surfaces 9 6 10 7 6 6 3 2

Nano-Structured
SH Surfaces 8 8 8 7 8 6 3 2

Smooth Surface,
Teflon Coating 6 4 7 4 6 4 - -

Smooth Surface,
Proprietary Coating 6 4 6 4 6 4 - -

the surface. Additionally, the same cleaning and test procedures were performed on clean surfaces

to establish a base line to compare the difference between the contaminated surfaces and clean

surface. Table 2.2 shows the total number of surfaces tested for each case. The results for all CA

and SA changes will be presented in the following chapter.
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CHAPTER 3. RESULTS AND DISCUSSION

This chapter presents the results for the self-cleaning experiments performed in this study.

First, the results for the CA and SA tests after the SH surfaces are cleaned of salt, tobacco, and

pollen via rolling droplets are presented and the cleaning dynamics related to rolling water droplets

are discussed. Following this, a similar discussion presents the results of the CA and SA tests after

the SH surfaces are cleaned via condensation and describes the cleaning dynamics associated with

cleaning via condensation. The next section presents a non-dimensional CA and SA to compare the

two cleaning methods in this study. A full comparison between cleaning via rolling droplets and

cleaning via condensation is reserved for this section. Finally, the effects of the surface structure

will be examined by comparing the micro-structured and nano-structured surfaces to the cleaning

efficiencies of smooth surfaces with the same hydrophobic coatings.

3.1 Cleaning Via Rolling Droplets

The first cleaning method tested was rolling water droplets over each contaminated surface.

As is discussed in Section 2.2.1, contaminated surfaces were cleaned by one to four water droplets

rolling over the surface. The CA and SA were then measured in the droplet path (See Figure 2.4).

This section discusses the effects salt, tobacco, and pollen have on the overall hydrophobicity of

the surface. The cleaning efficiency for each contaminate was tested on both the micro-structured

and nano-structured surfaces.

3.1.1 SH Surfaces Contaminated with Salt and Cleaned via Rolling Droplets.

Salt was deposited on each surface using an atomizing spray bottle to spray the surface with

salt saturated micro-droplets as described in Section 2.1.1. Small, micro-scale salt crystals formed

as the micro-water droplets evaporated from each surface. SEM images of these salt crystals are

shown on the micro-structured surfaces in Figure 3.1a and the nano-structured surfaces in Figure
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(a) (b)

Figure 3.1: SEM images of salt particles deposited on top of a micro-structured SH surface (a) and
a nano-structured SH surface (b). Note the difference in scales between the two images.

3.1b. Note the difference in scales between the two images which emphasizes the salt crystals’

location and size with repect to the surface structures. In both these images, the salt particles

sit on top of the rib structures. Because the initial salt water droplets are not forcibly placed on

the surface, which would cause a high stagnation pressure and possibly wetting the surface, it is

expected that the these droplets sit primarily in the Cassie-Baxter state. The salt particles sitting

on top of the surface confirms that atomized droplets prefer the Cassie-Baxter state as opposed

to the Wenzel state. If these atomized droplets settled in the Wenzel state when deposited on the

surface, the salt crystals may have formed in between the rib structures. Note also that the largest

salt crystal on the micro-structured surface in Figure 3.1a spans eight ribs but the smallest salt

crystal is nearly the same size as the rib structure. On the nano-structured surface, the salt crystal

in Figure 3.1b (which is about half the same size as the smallest salt crytal on the micro-structured

surface) spans approximately 50 rib structures.

In terms of self-cleaning surfaces, the position of the salt particles has two effects on the

cleaning water droplet’s ability to remove the contaminates from the surface. First, the salt has

minimal contact area with the surface, resulting in a decreased amount of force holding the particles

to the surface. Because of this, minimal force between the water droplet and the salt particles is

required to remove the salt particles from the surface. Second, because the salt particles are sitting

on top of the surface, they can easily be completely engulfed by the cleaning water droplet as
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it rolls over the surface. If the salt particles were sitting in between the ribs, the cleaning water

droplet rolling over the surface in the Cassie-Baxter state would have minimal contact with the

salt particles or not come in contact with them at all. As will be seen, these two factors result in

the majority of the salt particles being removed from the surface after two to three cleaning water

droplets roll over the surface.

Using the CA and SA tests, both micro-structured and nano-structured surfaces show

tremendous self-cleaning properties with regards to removing salt buildup from both micro-structured

and nano-structured surfaces when water droplets roll over the surface. Figure 3.2 shows the re-

sults of the CA and SA after the rolling droplet cleaning tests were performed on the SH surfaces

contaminated with salt. The x-axis represents the number of droplets that rolled over the surface

and the y-axis represents the CA (Figure 3.2a) or the SA (Figure 3.2b). Data points representing

the CA and SA for surfaces contaminated with salt are offset by 0.1 from the clean surface to en-

hance clarity of the data. However, by nature of this study, the x-axis can only represent a whole

number of droplets and so each data point is associated with the closest integer. The solid data

points in Figure 3.2 represent the micro-structured surfaces and the open data points represent the

nano-structured surfaces. Clean surfaces are represented by data points shown as circles and salt

contaminated surfaces are represented by data points shown as triangles.

As discussed in Section 2.4, an increase in CA and decrease in SA indicates that some of

the contaminates on the surface have been removed. The surface is considered completely clean

when the CA and SA of a contaminated surface matches the CA and SA of a clean surface. To

account for measurement uncertainty and variations between the surfaces, the standard deviations

are heavily considered as a method to determine how closely the contaminated surfaces match the

clean surfaces after being cleaned.

As indicated in Table 2.1 and seen in Figure 3.2, The initial CA is reduced by approximately

10° and the initial SA is increased by approximately 4° on both the micro-structured and nano-

structured surfaces due to salt contamination. Table 2.2 shows the number of surfaces used for

each test and the raw data is included in Appendix A.3-4. In general, Figure 3.2 shows that as

the number of droplets thats have rolled over the surface increases, the CA increases and the

SA decreases due to the cleaning effect of the droplet. After two to three droplets rolling over

the surface, the hydrophobic characteristics of the contaminated surface matches that of a clean
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(a)

(b)

Figure 3.2: SH surfaces contaminated with salt were cleaned by rolling 1-4 water droplets over the
surface. After the surface was cleaned, the CA and SA were measured in the droplet path. In this
figure, open data points represent micro-structures and closed data points represent nano-structured
surfaces. The legend given in Figure (a) also applies to Figure (b).
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surface. Once the surface has been fully cleaned, the CA and SA stays consistent, even with

additional droplets rolling over the surface.

On the micro-structured surfaces (solid markers), the lower standard deviations for the

clean surfaces and upper stand deviation of the salt surfaces begin to overlap after a single droplet

rolls over the surface in Figure 3.2a. This indicates that the cleanest contaminated surfaces exhibit

the same CA as the lowest CA measured on the clean surface and could be considered clean. After

a second droplet rolls over the the surface, the upper bound of the standard deviation for the salt

surfaces is greater than the average CA of the clean surface and the average CA of the salt surfaces

is greater than the lower standard deviation bound for the clean surface. This implies that most

of the salt has been removed from the surface and the majority of the surfaces have a CA which

behaves as clean surfaces.

This same trend is shown in the SA data on the micro-structured surfaces in Figure 3.2b.

After the first droplet rolls over the surface, the standard deviations of the salt surfaces and clean

surfaces intersect. The SA again improves after the second droplet cleans the surface. After this,

however, little improvement is seen as additional droplets roll over the surface. The average result-

ing SA on these salt surfaces is approximately the same as the upper limit of the standard deviation

of the clean surfaces. This implies that about half of the contaminated surfaces match the SA of

their clean counterparts, while half the contaminated surfaces exhibited a SA up to 2° greater than

the clean surfaces. While this small effect on the hydrophobicity is consistently noticeable, this

difference is within the error of the tilting stage (±1°). Results of both the CA and SA on salt

contaminated micro-structured SH surfaces show that the majority of salt deposited on the surface

can be removed via rolling droplets and that no lasting effects on the hydrophobicity of the surface

are found as additional droplets roll over the surface.

The CA and SA of nano-structured SH surfaces contaminated with salt are also shown in

Figure 3.2. As mentioned, the CA increases by 10° and the SA decreases by 2°. A significant

increase in the average CA of 5° is apparent on the nano-structured surfaces after one droplet is

rolled over the surface, cutting the difference between the clean and contaminated CA in half.

After the second droplet rolls over the surface the average CA of the contaminated surfaces is still

approximately 2° lower than the lower standard deviation of the clean surface. Since the upper

standard deviation bound of the contaminated surfaces intersects with the clean surface standard
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deviation bounds, it can be seen that some of the contaminated surfaces begin to behave as clean

surfaces. However, only after a third droplet rolls over the surface does the average CA on the

salt contaminated surface become greater than the lower standard deviation of the clean surface,

implying that the majority of the surfaces have been cleaned.

Interestingly, after the first cleaning droplet rolls over the surface, the average SA on the

contaminated nano-structured surface nearly matches the average SA of the clean nano-structured

surface. Furthermore, the spread of the standard deviation for the contaminated surfaces was within

than the standard deviation spread of the clean surface. Subsequent droplets improve this as the

average SA’s nearly match after four droplets. Thus, in terms of SA, the surface was able to

recapture the majority of its hydrophobicity after a single droplet rolled over the surface. Based on

the CA and SA tests, the majority of the contaminated surfaces regained their full SH properties and

matched the hydrophobic properties of the clean surfaces after three droplets rolled over surface.

The implication with regards to these experimental results is that multiple droplets are

required for all the salt particles to be completely removed from the surface. As shown in Figure

2.4, a single droplet can remove the majority of the visible particulates creating a distinct droplet

path. However, as the experimental results in this section shows , two to three droplets are required

to roll over the surface to reclaim its full hydrophobicity.

One limitation to this study is that the experimental setup does not confidently explain why

some particles do not adhere to the cleaning droplet the first time it rolls over the surface. The

particles not picked up by the first droplet appear to be random. This most likely is due to the

concentration of the particles on the surface. When more particles are present in a centralized

location on the surface, less particles could potentially be picked up by the droplet. Because a

droplet path is formed the entire length of the surface, droplet saturation does not appear to be a

possible cause.

3.1.2 SH Surfaces Contaminated with Tobacco and Cleaned via Rolling Droplets.

Unlike salt, tobacco residue was not easily removed from the SH surfaces via rolling

droplets. Figure 3.3 shows SEM images of tobacco residue on a micro-structured surface (Fig-

ure 3.3a) and nano-structured surface (Figure 3.3b). Again, note the difference in scale on each

surface. As discussed in Section 2.1.2, surfaces are contaminated with tobacco residue by burning
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(a) (b)

Figure 3.3: SEM images of tobacco particles sitting on top of a micro-structured SH surface (a)
and a nano-structured SH surface (b).

a cigarette in an enclosed chamber. The contained smoke then adheres to the SH surfaces. One of

the biggest factors affecting the hydrophobicity of the surfaces is the size of the particulates with

regards to the surface structures. In Figure 3.3a, tobacco is seen as the black spots on the micro-

structured surfaces . The size of the tobacco particles is small relative to the size of the rib and

cavity structures. Consequently, large portions of these tobacco particles could fall in-between the

ribs and into the cavities of the surface during the contamination process. A droplet in the Cassie-

Baxter state, sitting on top of the rib-structures, would not be in contact with and consequently

unaffected by any tobacco particles in-between the rib-structures. Thus the initial reduction in CA

and increase in SA would not be as great as if all the tobacco residue was sitting on top of the

surface. This also reduces the percentage of tobacco capable of being removed by the cleaning

droplet as it rolls over the surface.

On the nano-structured surface, shown in Figure 3.3b, some of the tobacco particles span

the length of several nano-rib structures. Thus a larger portion of the tobacco deposited on the

surface adheres to the top of the rib structures and therefore significantly affects the initial CA

and SA of a water droplet in the Cassie-Baxter state more than the micro-structured surfaces.

Because the tobacco proves to greatly affect the hydrophobicity of the surface, the more tobacco in

contact with the droplet, the greater the effect the tobacco has on the droplet’s behavior and overall

hydrophobicity of the surface. Additionally, unlike the salt particles that seemingly “sit” on top

43



of the rib structures, the tobacco particles appear to have a much firmer bond between with the

surface.

The CA and SA tests were again used to show the effect tobacco has on the self-cleaning

properties of SH surfaces as it was cleaned via rolling water droplets. The results of these test

are shown in Figure 3.4. In this figure, solid data points represent micro-structured surfaces and

open data points represent nano-structured surfaces. Additionally, clean surfaces are represented

by circles and tobacco contaminated surfaces are represented by triangles. Similar to Figure 3.2,

the x-axis represents the number of droplets rolled over the surface and the y-axis represents the

CA (Figure 3.4a) or SA (Figure 3.4b). Again, data points representing surfaces contaminated with

tobacco are offset along the x-axis by 0.1 to more clearly present the data but still associate with

the closest whole number.

As noted in Table 2.1 and seen in Figure 3.4, tobacco residue has a significant impact on the

CA and SA for both the micro-structured and nano-structured surfaces. For the micro-structured

surfaces, the CA was reduced by 8° and the SA increased by 11°. Similarly, the CA decreased by

13° and the SA increased by 30°on the nano-structured surfaces. Table 2.2 shows the number of

surfaces used for each test and the raw data points collected for this portion of the study are shown

in Appendix A.5-6. Figure 3.4 shows that surfaces contaminated with tobacco have substantial

improvement as the first couple water droplets roll over the surface, but reach a limit where the

CA and SA plateaus with additional droplets. Unlike the salt contaminated surfaces, the tobacco

contaminated surfaces are never able to reclaim their full hydrophobicity even after being cleaned

with up to four cleaning droplets rolling over the surface.

First, focusing on the micro-structured surfaces, the presence of tobacco reduces the CA

by about 8°. The average CA after the first cleaning droplet rolls over the surface improves by 3°,

but subsequent droplets show little further improvement with additional droplets rolling over the

surface. One important observation is that the upper standard deviation begins to overlap with the

lower standard deviation of the clean surfaces after the first droplet rolls over the surface. This

implies that the cleanest contaminated surfaces behave similar to those clean surfaces with the

lowest CA and therefore, by definition, could be considered clean. However, the average CA of

the contaminated surfaces is still less than the lower bound of the clean surface standard deviation

meaning that the majority of the surfaces do not exhibit the same hydrophobicity as the clean
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(a)

(b)

Figure 3.4: SH surfaces contaminated with tobacco were cleaned by rolling 1-4 water droplets
over the surface. After the surface was cleaned, the CA and SA were measured in the droplet
path. In this figure, closed data points represent micro-structures and open data points represent
nano-structured surfaces.
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surface. This implies that tobacco residue has a lasting effect on the majority of the contaminated

surfaces.

SA data in Figure 3.4b further shows the lasting effect tobacco has on the micro-structured

SH surface. Initially, the tobacco causes the SA to increase by about 8°. Like the CA measurements

on contaminated micro-structured surfaces, the SA improves by 3° after the first droplet but then

plateaus with subsequent droplets. However, unlike the CA measurements, the standard deviations

of the SA on the contaminated surfaces does not cross with the standard deviation of the SA on the

clean surfaces. Even though the cleanest of the contaminated surfaces exhibit a CA that matches

the lowest CA’s of clean surfaces, the fact that the lower standard deviation of contaminated surface

SA remains 2° greater than the upper standard deviation of the clean surfaces SA emphasizes the

long lasting affect tobacco has on the overall hydrophobicity of the micro-structured surfaces.

This leads to the conclusion that the micro-structured surfaces can not be fully cleaned of tobacco

residue via rolling water droplets.

The effects of tobacco are even more extreme on nano-structured surfaces. This is because

the tobacco residue primarily sits on top of the rib structures, as shown in Figure 3.3b, as opposed to

falling in between the cavities as was hypothesized to occur on the micro-structured surfaces. The

consequence of this is that the water droplets are in contact with more tobacco residue, causing

a greater reduction in the overall hydrophobicity of the surface relative to the micro-structured

surfaces. The average CA on nano-structured surfaces contaminated with tobacco is 15° less than

the average CA on the clean surfaces. The large standard deviation of the initial CA (±5°) on

surfaces contaminated with tobacco is caused by two different factors. First, there is variability

in the amount of tobacco that adheres to the surface during the contamination process. Second,

the static CA of a sessile droplet, as used in the goniometer setup to measure the CA, can be any

angle between the advancing and receding angles. For SH surfaces, this difference between the

advancing and receding angle, known as the hysteresis, is typically very small, thus explaining the

small standard deviations of the clean surfaces (see Section 1.2.1 for further details). However, as

a surface loses its hydrophobicity such as what happens when tobacco is present on the surface, the

hysteresis increases, resulting in the large standard deviation in CA measurements on the tobacco

surfaces.
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After the first droplet rolls over the contaminated nano-structured surface, the CA increases

by about 5° as can be seen in Figure 3.4a. This is the same increase in CA on the salt surfaces.

However, because of the difference in the initial CA on the contaminated surfaces, about 14°,

a significant gap still remains between the contaminated surfaces and clean surface. Very little

improvement is seen with additional droplets rolling over the surface.

Similarly, the SA on the nano-structured surfaces (Figure 3.4b) is greatly affected by the

tobacco residue, increasing the average SA by 30°. Because the SA is a function of the hysteresis

of the surface (Equation 1.1), this significant increase on the tobacco contaminated surfaces is not

surprising when considering the significant reduction of the initial CA on the tobacco contaminated

surfaces. [11, 93, 94]. After the first cleaning droplet rolls over the surface, the SA decreases by

10°. However, it does not improve with any additional cleaning droplets rolling over the surface.

Despite the large reduction in SA on the tobacco contaminated surfaces after one cleaning droplet

rolling over the surface, the average SA is 22°greater than that of a clean surface, implying a lack

of cleaning capability of the water droplet on the tobacco contaminated, nano-structured surfaces.

Even after four droplets roll over the surface, the contaminated SA and clean SA remain separated.

Like the micro-structured surfaces, these results imply that tobacco has a long lasting effect on the

SH surfaces and can only partially be cleaned via rolling droplets.

3.1.3 Water Droplets Rolling Over SH Surfaces Contaminated with Pollen

Pollen particles had the greatest impact on the hydrophobicity of the surface. As indicated

in Table 2.1, the CA of water droplets in contact with pollen particles on the surface reduced the CA

from 150° to 65° on micro-structured surfaces and from 144° to 45° on nano-structured surfaces,

altering the surface to behave as hydrophilic surface. Furthermore, water droplets in contact with

pollen particles on the surface do not roll off either micro-structured or nano-structured surfaces,

even if the surface is tilted to 90° (vertical). Larger droplets, up to 6 mm in diameter were placed

on the surface and would not roll off once in contact with any pollen particles.

A water droplet’s behavior on a SH surface contaminated with pollen is best seen in Figure

3.5. In this figure, a nano-structured surface was contaminated with pollen as described in Section

2.1.3. As noted, the pollen particles were not evenly distributed across the surface and are larger

than either the salt or tobacco particles. Consequently, there are areas on the surface that are not
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(a) (b)

Figure 3.5: A water droplet was placed on a clean portion of a SH surface contaminated with pollen
and rolled off the surface (a). As the water droplet came in contact with the pollen particles (as
indicated by the black particles on the surface), the water droplet pinned to the surface, rendering
the surface hydrophilic (b). Notice the large difference in CA between the two images.

contaminated with pollen particles. In Figure 3.5a, a water droplet was placed on a clean portion

of the surface and the surface was tilted to the SA so that the water droplet began to roll off the

surface. When the water droplet came in contact with pollen particles, the droplet immediately

stopped and pinned to the surface. When this happens, the CA is reduced to 45±3° as shown in

Figure 3.5b. Once the droplet was in contact with the pollen it would not roll again, even when the

surface was raised to a vertical position.

Another notable affect of pollen is the permanent damage it causes to the surface after a

water droplet comes in contact with it, as shown in Figure 3.6. In this figure, water droplets came

in contact with pollen particles and wetted the surface, similar to what is shown in Figure 3.5b.

Two different attempts were then made at then removing the droplets from the surface. The first

attempt included using compressed air to blow the droplet off the surface. Because the droplet

behaved as if in contact with a hydrophilic surface in the areas that the water droplet was in contact

with pollen particles, the droplet did not roll across the surface as expected. Instead, it slowly slid

across the surface, leaving a trail of water as is often seen on hydrophilic surfaces when a droplet

experiences a shear stress. After the water had been completely blown off the surface, a splatter

pattern was left on the surface, represented by the white areas on the surface shown in Figure 3.6a.

Throughout this study, this area will be referred to as a pollen stain.
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(a) (b)

Figure 3.6: A water droplet was placed on a clean portion of a SH surface contaminated with
pollen (a). As the water droplet came in contact with the pollen particles (as indicated by the black
particles on the surface), the water droplet pinned to the surface, rendering the surface hydrophilic
(b). Notice the large difference in CA between the two images.

(a) (b)

Figure 3.7: SEM images of the pollen stains shown in Figure 3.6. Cellular organelles covers the
surface due to pollen bursting when the pollen particles were exposed to too much water at one
time.
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A second method to remove the water droplets from the surface after they had come in

contact with pollen particles was by natural, convective evaporation. Figure 3.6b shows four pollen

stains on the surface where four water droplets had come in contact with pollen particles. Note the

four distinct round white spots left on the surface; here is where the water droplets in contact

with the pollen particles were positioned. These droplets were evaporated by simply exposing

the droplets to the dry surrounding air (about 20-25% relative humidity). No additional heat was

applied to the surface to aid in the evaporation process. Once the droplets were evaporated, a

second droplet was rolled over the surface. This droplet and all additional droplets also pinned to

the surface when it came in contact with these pollen stains. This leads to the conclusion that the

pollen can not be removed from the surface via rolling droplets.

The primary cause of rolling water droplets pinning to the surface is the structural integrity

of pollen particles. Many pollen particles are susceptible to large osmotic differences between the

surrounding water and the pollen cytoplasm. This means that for many pollen particles, water will

flood the cell, increasing the hydrostatic pressure of the cell and eventually causing the cell wall

to burst. When this happens, the cellular organelles (parts of a cell) spreads out across the surface.

This primarily occurs when the pollen particles are exposed to too much water [95]. Figure 3.7

shows two SEM images of the pollen stains on the surfaces shown in Figure 3.6. Figure 3.7a shows

the pollen particles from a morning glory flower still present on the surface within the pollen stain.

This also shows that the rib structures are entirely covered by what is believed to be the the cellular

organelles released from the pollen particles after the pollen particles experienced bursting. Figure

3.7b zooms in further to the pollen stain and shows what is believed to be the cellular organelles

sitting on top of the rib structures. Because this cellular organelles are “sticky” and creates a strong

adhesive bond to the surface, the water droplets are unable remove the particles from the surface.

Additionally, the cellular organelles and pollen particles cover the hydrophobic coating and surface

structure, rendering that area of the surface hydrophilic. Because of this, the CA of a water droplet

within the pollen stain is dramatically reduced and the droplet is unable to roll off the surface.

3.1.4 Summary of Cleaning via Rolling Droplets

Rolling water droplets over a contaminated surface, similar to what occurs during a rain

shower, is the most common way researchers have considered the self-cleaning efficiency of SH
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surfaces [1, 3, 12]. This portion of the study has shown that rolling droplets is a viable method to

removing contaminates from SH surface composed of micro-structured surfaces or nano-structured

surfaces, as long as the contaminate is loosely bound to the surface, such as salt. Tobacco contam-

inated surfaces could be partially cleaned, but the hydrophobicity of the surface was permanently

damaged as indicated by the CA and SA plateauing prior to matching the CA and SA of the clean

surfaces. Also, pollen particles ruined the hydrophobicity of the surface because of cell bursting

upon contact with the water droplet. Consequently these pollen particles could not removed from

the surface via rolling water droplets. This section confirms the conclusions of other researchers

that the adhesive force between the surface and the contaminate must be overcome in order for the

SH surface to exhibit self-cleaning properties [67, 69, 70].

3.2 Cleaning Via Condensation

The second cleaning method tested in this study was removal of contaminates from the

SH surfaces via condensation. As described in Section 2.2.2, the contaminated surfaces were

placed vertically in a humid environment and cooled 3° to 5° below the dew point temperature,

causing micro-droplets to form on the surface via condensation. With time, these droplets grew

large enough to roll off the surface, ideally removing any contaminates in its path. The cyclic

pattern of the droplets growing and rolling off the surface is referred to as a condensation cycle.

Between each condensation cycle, the CA and SA were measured. This section discusses how

effective condensation is at removing salt, tobacco, and pollen from a SH surface over the course

of 4 condensation cycles. Both the micro-structured and nano-structured surfaces were tested is

this portion of the study.

3.2.1 SH Surfaces Contaminated with Salt and Cleaned via Condensation

Similar to the rolling droplet tests, salt showed excellent potential to be removed from the

surface via condensation. Figure 3.8 shows the CA and SA between each condensation cycle. In

this figure, the x-axis represents the number of condensation cycles the surface has experienc and

the y-axis represents the CA (Figure 3.8a) or SA (Figure 3.8b). Solid data points represent the

CA and SA on micro-structured surfaces and the open data points represent the CA and SA on
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(a)

(b)

Figure 3.8: SH surfaces contaminated with salt were cleaned via condensation on the surface. The
CA and SA were measured between each condensation cycle. In this figure, open data points
represent micro-structures and closed data points represent nano-structured surfaces.
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nano-structured surfaces. Clean surfaces are represented by circles and salt contaminated surfaces

are represented by squares. An offset of 0.1 is applied to the contaminated data points to better

present the data, but still associates with the nearest whole number. As indicated in Table 2.1 and

seen in Figure 3.8, the presence of salt particles causes the CA to drop by approximately 10° and

the SA to increase by approximately 3° on both the micro-structured and nano-structured surfaces.

The raw data collected for this portion of the study are shown in Appendix A.9-10.

Figure 3.8 shows that both micro-structured and nano-structured surfaces are nearly com-

pletely cleaned after the first condensation cycle. For example, the salt particles cause the CA on

the micro-structured surface to drop from 150±1.9°to 142±1.3°. After a single condensation cy-

cle, the average CA on the contaminated surface increases to be within 2° of the average CA on the

clean surface, which is equal to the error of the goniometer used to measure the CA. Furthermore,

the upper limit of the contaminated surface standard deviation is greater than the average CA on

the clean surface, implying that the CA on several of the contaminated surfaces are approximately

the same or better than their clean surface counterparts. Additional condensation cycles cause the

average CA on the contaminated surfaces to be equal to or greater than the average CA on the

clean surfaces.

However, the SA on the micro-structured surface, unlike the CA, is not fully recovered.

Similar to the CA tests on the micro-structured surfaces, the only significant improvement for the

SA occurs after the first condensation cycle. Additional condensation cycles show no meaningful

change. The challenge with these results is determining if the standard deviation of the contami-

nated surface SA overlaps with the clean surface SA sufficiently to claim the surface is clean. After

each condensation cycle, the standard deviation bars for the clean and contaminated surfaces over-

lap implying that several of the contaminated surfaces exhibit a lower SA than several of the clean

surfaces. However, the average SA for the contaminated surfaces is consistently greater than the

upper standard deviation bound of the clean surfaces by about 1.3° to 1.5°. This is slightly larger

than the error of the tilting stage (±1°) suggesting a small degree of contamination is still present

on the surface. Despite this, the CA on the contaminated surfaces matches the clean surface so

well that we conclude the surface must be fully cleaned with minimal lasting effects on the SA of

the droplet.
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For nano-structured surfaces, the CA behaves in the exact same pattern described for the

micro-structured surfaces. Specifically, the salt initially reduces the CA by 10° and after the first

condensation cycle, the average CA is within the standard deviation bounds of the clean surface.

In fact, the average SA is greater on the contaminated surface than the clean surface. This is

acceptable assuming the CA and SA of the SH surfaces contaminated with salt in their clean state

is slightly better than the CA and SA of the SH surfaces used as the clean surfaces. A variety of

factors can cause this including impurities in the surface during production and slightly inconsistent

amounts of hydrophobic coatings applied to the surface. Regardless, because the surfaces are

completely cleaned after the first condensation cycle, no further improvement is possible.

The SA of the nano-structured surfaces contaminated with salt behaves in a similar manner.

The presence of the salt causes the SA of the surface to increase by approximately 3°. After a single

condensation cycle, the entire standard deviation of the SA on the contaminated surface is within

the bounds of the standard deviation for the clean surface, implying that all the surfaces have been

completely cleaned. Additional condensation cycles did not improve the SA because no more salt

particles are present to be removed from the surface. Consequently, the SA on the contaminated

surface matches the SA on the clean surface nearly perfectly for all additional condensation cycles.

Later in this report two non-dimensional numbers, CA∗ and SA∗, will be presented which

creates a ratio between the current CA and SA of the surface after each cleaning iteration and

the initial CA and SA of each contaminated surfaces. The purpose of CA∗ and SA∗ will be to

compare the cleaning efficiency of both cleaning methods and surface structures and the effects

each contaminate has on the cleaning efficiency. Because of this, a comparison between cleaning

salt contaminated surfaces via rolling water droplets and via condensation is reserved for this later

section (See Section 3.3).

An interesting observation made during this study is the location of the condensed droplets’

nucleation sites when a contaminate was present on the surface. Figure 3.9 shows images from six

different time intervals during a condensation cycle on a nano-structured surface contaminated

with salt. Initially (0 min), the surface is dry and the salt deposits are evenly spread out across the

surface, represented by the white dots in Figure 3.9. The blue elliptical dot is a marking on the back

of the surface which is used to determine the scale of the image (the nano-structured surfaces were

transparent). The width of this dot is 1.5 mm. As condensation commences on the surface in Figure
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Figure 3.9: Sequence of images showing a condensation cycle occurring on a nano-structured SH
surface contaminated with salt particles. When droplets roll off the surface, the salt particles are
removed with the droplets. Also, this figure shows that after 3 mins, the salt particles served as the
primary nucleation sites for the condensed droplets.

3.9, the salt particles serve as the primary nucleation sites for the condensing droplets (3 mins).

Xu et. al observed that contaminates on a surface frequently serve as the preferred nucleation

site during condensation [96]. Additionally, salt particles are hydrophilic and are hypothesized to

naturally attract the water vapor molecules as opposed to other areas on the SH surface. After

several minutes, the salt appears to be entirely engulfed by the condensed droplets and the droplets

begin forming at other nucleation sites across the surface (15 mins). As time passes, these droplets

coalesce and reach the critical diameter (1.1±0.2 mm on a nano-structured surface), after which

they roll off the surface (66 mins). Secondary droplets immediately begin to form in the droplet

path, beginning a second condensation cycle. After the majority of the droplets have rolled off

the surface, completing a condensation cycle (83 mins), the surface is removed from the humid

environment and the remaining condensed droplets are evaporated from the surface into the dry

surrounding air via natural convection (90 mins). Note the salt deposits left behind coincide with

the locations of the droplets which did not roll off the surface and were instead evaporated.

With regards to exhibiting self-cleaning properties via condensation, note the reduction in

salt particles on the surface in Figure 3.9 as indicated by the white areas from to 0 mins and to

90 mins. There are significantly fewer salt particles present on the surface after the condensation
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Figure 3.10: Sequence of images showing an abbreviated condensation cycle occurring on a sur-
face contaminated with salt, where the droplets do not reach the critical diameter to roll off the
surface. Because the droplets do not roll off the surface, the surface does not exhibit self-cleaning
properties. Note: time=55 mins is the same image as time = 0 mins in Figure 3.9.

cycle at 90 mins. This reduction is due to the droplets rolling off the surface, removing the salt

particles and thus demonstrating the self-cleaning property.

Prior to the full condensation cycle shown in Figure 3.9, the same surface underwent a

portion of a condensation cycle where water droplets condensed on the surface for 45 mins so that

distinct individual droplets formed, but not long enough for any condensed droplet to reach the

critical diameter and begin rolling off the surface. This abbreviated condensation cycle is shown in

Figure 3.10. Because the droplets did not reach the critical diameter and roll off the surface, the salt

particles were not removed from the surface. This is seen in Figure 3.10 where salt is present both

before (0 mins) and after the abbreviated condensation cycle (55 mins). While seemingly obvious,

this observation emphasizes an important point that the condensed droplets must be physically

removed from the surface in order for the SH surface to exhibit self-cleaning. Also note the salt

is again left in the droplet evaporation area. In this study, droplets rolling off the surface due to

the gravitational force was the only droplet removal mechanism. Many researches have observed

jumping droplets as an alternative form of droplet removal in which a particulate could be removed

from the surface. Wisdom et. al. and Watson et. al even showed that self-cleaning is possible via

jumping droplets (see section 1.2.6) [2, 85]. This phenomena, however, was not observed in this

study as these jumping droplets are generally observed on two tiered surfaces.
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(b)

Figure 3.11: SH surfaces contaminated with tobacco were cleaned via condensation on the surface.
The CA and SA were measured between each condensation cycle. In this figure, open data points
represent micro-structures and closed data points represent nano-structured surfaces.

57



3.2.2 SH Surfaces Contaminated with Tobacco and Cleaned via Condensation

Similar to the rolling droplet test, tobacco could only partially be removed from the surface

via condensation. Figure 3.11 shows the measured CA and SA on tobacco contaminated surfaces

between each condensation cycle. The axes and markers are similar to the Figure 3.4, except the

x-axis represents condensation cycles. Data for these test are included in Appendix A.11-12. As

has been discussed previously, tobacco has a significant impact on the overall hydrophobicity of

the SH surface. Because of the tobacco, the CA is reduced on average by approximately 13° on

nano-structured surfaces and 7° on micro-structured surfaces. The SA was also greatly affected,

increasing by 30° on nano-structured surfaces and by 11° on micro-structured surfaces.

The majority of the cleaning on tobacco contaminated surfaces occurs after the first conden-

sation cycle. On the micro-structured surfaces, for instance, the CA saw the greatest improvement

of 4° after the first condensation. Additional condensation cycles resulted in small improvements in

the average CA totaling approximately 2° over the next 3 condensation cycles. However, because

the accuracy of the goniometer is ±2°, this improvement is not substantial enough to claim any

further significant improvement in the cleanliness of the surface. Interestingly, the upper bound of

the contaminated surface begins to intersect with the lower standard deviation bounds of the clean

surface, suggesting that some of the contaminated surfaces behave similarly to the lowest CA of the

clean surfaces. This small intersection of standard deviations was also seen when the tobacco con-

taminated surfaces were cleaned with rolling water droplets. Since the intersection of the standard

deviations is minimal and only small increases in the average CA occurs over multiple condensa-

tion cycles, we can conclude that the tobacco still has a lasting effect on the hydrophobicity of the

surface when cleaned via condensation.

This conclusion is further sustained by the results of the SA on the micro-structured sur-

faces. As seen in Figure 3.11b, the presence of tobacco residue also greatly affects the SA on

the micro-structured surfaces. Similar to the CA, the SA experiences the greatest improvements

after the first condensation cycle. However, unlike surfaces contaminated with salt, the SA data

points continue to improve with additional condensation cycles. After both the second and third

condensation cycles, the SA decreases by about 2° per condensation cycle. This continual cleaning

is most likely due to the tobacco particles serving as the preferential nucleation sites and could not
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be seen on salt surfaces because all the salt was removed after the first condensation cycle. Un-

fortunately, the SA after the third and fourth condensation cycles are the same, suggesting that the

surface has reached its maximum cleaning potential and will experience the plateauing effect. To

confirm this though, additional condensation cycles would be required. Despite the continued im-

provement in the surface hydrophobicity after multiple condensation cycles, the standard deviation

of the SA measurements on the contaminated surfaces does not cross the standard deviation of the

clean surfaces. Consequently, it is apparent that notwithstanding the continual improvement in the

SA and CA after the first three condensation cycles, the surface is not ever capable of recapturing

the original hydrophobicity of a clean surface.

On the nano-structured surfaces, the CA improved the most during the first condensation

cycle in which the average CA increased by 4°. Additional condensation cycles saw small but

further improvements, in which the average CA improved by 3° over the course of three additional

condensation cycles. However, the upper standard deviation bound is still substantially greater on

the tobacco contaminated surface than the the lower standard deviation bound on the clean nano-

structured surface. After four condensation cycles on the surface, the standard deviation bounds

between the contaminated and clean surfaces remain separated by 4° implying that there is still

significant lasting effects on the surfaces due to the tobacco.

Finally, the SA on the nano-structures surfaces remains greatly affected by the tobacco even

after four condensation cycles. Like the micro-structured surface, the nano-structured surface saw

the greatest improvement in the SA after the first condensation cycle. Here, the average SA de-

creases by 9°. The second condensation cycle further reduces the SA by an additional 3°. However,

after this, the surfaces experience the same plateauing effect seen during the rolling droplet tests

(see Figure 3.4). Specifically, the average SA on the contaminated surfaces does not decrease any

further after two condensation cycles occur on the surface. Furthermore, like the CA measurements

in Figure 3.11, a significant difference of 9° remains between the SA standard deviation bounds of

the contaminated and clean, nano-structured surfaces after the fourth condensation cycle.

Observations of condensation on tobacco contaminated surfaces show that like salt, tobacco

particles serve as the preferred nucleation site of condensing droplets. Figure 3.12 shows the early

stages of a condensation cycle on a surface contaminated with salt (Figure 3.12a) and tobacco

(Figure 3.12b) in which the initial condensed droplets forms around the contaminating particulates
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(a) (b)

Figure 3.12: Condensation on two nano-structured surfaces contaminated with salt particles (a)
and tobacco residue (b). As can be seen in this image, the particles on the surface initially serve as
the primary nucleation sites for condensing droplets.

on a nano-structured surface. The condensation cycle and cleaning dynamics are similar to the the

condensation cycle on a surface contaminated with salt as discussed in Figure 3.9. As the droplets

on a tobacco surface reaches the critical diameter and roll off the surface, they sweep away any

condensed droplet in its path. These condensed droplets would have also condensed around the

tobacco particles and ideally partially peeled the particles away from the surface and absorbed

them in to the condensed droplet. Because the tobacco particles serve as the preferred nucleation

site, this could potentially happen for every condensation cycle that tobacco particles are present.

However, as the CA and SA have shown, there is a limit as to how much tobacco can be removed

from the surface.

3.2.3 Condensation on SH Surface Contaminated with Pollen

As discussed previously in Section 3.1.3, water droplets were not able to remove pollen

particles from the surface via rolling droplets. Unfortunately, this is also the case for cleaning via

condensation. In this section, both micro-structured and nano-structured surfaces were contami-

nated with with pollen by shaking stamin and pistil portions of the flower as described in Section

2.1.3. This causes several pollen particles to fall onto the surface as shown in Figure 3.13 (cycle
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Figure 3.13: Sequence of images showing a condensation cycle occurring on a micro-structured
SH surface contaminated with pollen particles. At 0 mins in cycle 1, the surface has just been
contaminated with pollen. After 90 mins, the pollen particles have experience cell bursting and
the condensed droplets have become pinned to the surface. These droplets are evaporated from the
surface, which is shown in 0 mins of cycle 2. A second condensation cycle occurs where the pollen
stains become the primary nucleation sites across the surface.

1, 0 mins). The surfaces were then placed in the humidity environment and cooled below the dew

point temperature.

A series of images in which two condensation cycles occur on a micro-structured surface

contaminated with pollen is shown in Figure 3.13. The rib patterns are vertical in this figure. Unlike

surfaces contaminated with salt and tobacco, the condensed droplets first form randomly across

the pollen contaminated surface, as shown after 15 mins in cycle 1. However, as the condensation

cycle continues and the pollen particles are continually exposed to the condensed water droplets,

the water droplets are osmotically absorbed into the cell creating a high hydrostatic pressure within

the cell. This causes the cell wall to fail and the cellular organelles to spread out across the surface,

similar to what was observed in Figure 3.5. When this happens, the condensed droplets are pinned

to the surface as observed after 90 mins in cycle 1. Note that a full condensation cycle was not

achieved in this part of the study because no droplets ever rolled off the surface. Furthermore, the

condensed droplets behave similar to filmwise condensation in the areas in which the condensed
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droplets are in contact with the pollen particles. Consequently, no droplet roll off is observed on

this surface resulting in no self-cleaning properties.

After 90 mins of the condensing droplet not rolling off the surface in cycle 1 of Figure

3.13, the surface was removed from the humid environment and the condensed droplets allowed

to naturally evaporate with no additional heat applied to the surface. This resulted in the pollen

stains seen at 0 mins of cycle 2 in Figure 3.13. These pollen stains are similar to the pollen stains

shown in Figure 3.6 in that they are entirely composed of the cellular organelles. Once all the water

droplets are evaporated from the surface, the surface was placed back in the humid environment

to experience a second condensation cycle. This is referred to as cycle 2 in Figure 3.13. After 15

mins of the second condensation cycle, it is evident that the pollen stains serve as the preferential

nucleation sites for the condensing droplets. Furthermore, within these pollen stains, filmwise

condensation occurs. After 90 mins, the filmwise condensation continues to expand across the

majority of the surface. Again, no droplet roll off is observed on this surface and so the SH surface

could not exhibit any self-cleaning properties. Also, because no droplet roll off occurred after 90

mins, no full condensation cycle was ever achieved.

The CA was also measured in between condensation cycles 1 and 2 of Figure 3.13. On

both micro-structured and nano-structured surfaces, the hydrophobicity of the surface was ruined.

The CA was reduced to 45°on the nano-structured surface and 65°on a micro-structured surface.

Furthermore, because both surface types behaved as a hydrophilic surface, any droplet placed on

the surface would not roll off meaning the SA was unmeasurable. These same results were found

on both surfaces after the second condensation cycle.

Like the rolling droplet tests, the condensed droplets in contact with the pollen particles

causes hydrodynamic osmosis leading to cell bursting. Figure 3.14 shows two SEM images of

the pollen stains which were caused by the cell bursting. The pollen in these images come from

Daylily flowers. The first SEM image, Figure 3.14a shows that the cellular organelles have spread

out across the nano-structured surface and is the direct cause of the pollen stains. Figure 3.14b

displays the pollen stain on a micro-structured surface. Interestingly, because the size of the rib

structures in relation to the cellular organelles is so much larger, the cellular organelles fall in

between the rib structures. The cellular organelles spread across the surface is the cause of the

destruction of the hydrophobicity of the surface.
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Figure 3.14: SEM images of the pollen stains on micro-structured surfaces (a) and nano-structured
surfaces (b). Due to cell bursting, the cellular organelles spread out across the SH surface, ruining
the hydrophobicity of the surface.

3.2.4 Summary of Self-Cleaning via Condensation

From this study of cleaning via condensation, it has been shown that condensation is viable

means to clean SH surfaces for certain contaminates loosely bound to the surface such as salt in a

single condensation cycle. Other contaminates that have a stronger adhesive force to the surface

like tobacco can be partially removed from the surface over multiple condensation cycles, but

leaves a lasting affect on the overall hydrophobicity of the surface. And finally, contaminates such

as pollen can be devastating to the surface’s hydrophobicity due to hydrodynamic osmosis and cell

bursting. Like cleaning via rolling droplets, the type of contaminate significantly effects the overall

self-cleaning efficiency of a SH surface.

3.3 Non-Dimensional Contact Angle and Sliding Angle

One of the primary questions this study has strived to answer is how the hydrophobicity

of a SH surface improves as the surface is cleaned either via rolling droplets or via condensation.

Using the CA and SA tests, this objective boils down to the difference in the hydrophobic prop-

erties between the clean surfaces and contaminated surfaces. To answer this question, this study

has tracked the CA and SA and their improvements as the surfaces are cleaned by both cleaning

methods.
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Two challenges arrive with this approach in order to make the best comparisons between

the cleaning efficiencies on all contaminated surfaces. First, the clean micro-structured surfaces

and nano- structured surfaces have different CA and SA making it difficult to compare the clean-

ing efficiency across them. Second, the initial CA and SA on the contaminated surfaces can vary

significantly, especially on surfaces contaminated with tobacco as indicated by the large standard

deviations seen on these surfaces in Figures 3.4 and 3.11. This is primarily caused by varying

degrees of contaminates settling on the surface during the contamination process and the contam-

inated surface exhibiting a large hysteresis. Because the presence of the contaminates reduces the

overall hydrophobicity of the surface, surfaces that accumulate more salt particles and tobacco

residue generally exhibit lower CAs and higher SAs. This further adds to the difficulty of compar-

ing the cleaning efficiencies of the different types of contaminates.

To address these issues, two non-dimensional numbers, CA∗ and SA∗, have been created as

shown in equations 3.1 and 3.2

CA∗ =
CAi −CAclean

CAinitial −CAclean
(3.1)

SA∗ =
SAi −SAclean

SAinitial −SAclean
(3.2)

where CAi represents the CA after i number of droplets have rolled over the surface or i number of

condensation cycles the surface has experienced, CAclean represents the average CA across several

clean surfaces (exact number of surfaces tested is shown in Table 2.2), and CAinitial is the initial CA

on each individual surface. The variables of SA∗ in equation 3.2 are similar. The numerator of CA∗

and SA∗ represents the difference between the current CA and SA and the average clean CA and

SA. This difference represents how far the current surface is from a clean surface. The difference

in the denominator represents the degree to which the surface was initially contaminated. The

ratio of these two differences allows all surfaces to be compared regardless of initial contamination

conditions, hydrophobicity of the clean surface, and surface structure or contaminate. The CA∗

and SA∗ were calculated for each surface.

Figure 3.15 shows the average CA∗ and SA∗ on micro-structured and nano-structured sur-

faces. Each surface is contaminated with salt or tobacco and cleaned either via rolling droplets

or condensation. The y-axis represents the CA∗ (Figure 3.15a) or SA∗ (Figure 3.15b). The x-axis

represents the number of droplets that have rolled over the surface or the number of condensation
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(b)

Figure 3.15: Average non-dimensional contact angle, CA∗ (a), and sliding angle, SA∗ (b), as a
function of droplets rolling over the surface or condensation cycles. All data points are equal to 1
at 0 water droplets or 0 condensation cycles. Condensation is abbreviated to “Conds” in the legend.
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cycles the surface has experienced. Surfaces contaminated with salt and tobacco are represented

by squares and triangles respectively. Pollen was excluded because it showed no potential to be

removed from the surface. Micro-structured surface data correspond to the black data points and

nano-structured surfaces to the red data points. The purpose of Figure 3.15 is to compare the

general trends observed throughout this study across all surface types, contaminates, and cleaning

methods. Consequently, only the average CA∗ and SA∗ are presented in Figure 3.15 without the

standard deviation bars.

As can be seen in Figure 3.15, the overall cleaning efficiency of each surface is primarily

contaminate dependent and not surface or cleaning method dependent. For example, in Figure

3.15 it is apparent that regardless of the cleaning method, salt particles are removed from the

surface much more easily than tobacco particles as all square markers are below the triangle mak-

ers. Generally speaking, surfaces contaminated with salt were able to reclaim the fullness of their

hydrophobicity after two to three water droplets rolled over the surface or after the surface experi-

enced one to two condensation cycles. This is seen as the CA∗ and SA∗ approach zero. where CA∗

and SA∗ equal to zero implies that the difference between CAi and CAclean or SAi and SAclean is

minimal. On the other hand, CA∗ and SA∗ for surfaces contaminated with tobacco plateaus between

0.4-0.6 after two droplets roll over the surface and two to three condensation cycles. Beyond this,

all of the tobacco contaminated surfaces show only small improvement, irrespective of surface size

and cleaning method. This means that the average tobacco contaminated surfaces only reclaims

approximately 50% of their original hydrophobicity over the range of droplets and condensation

cycles tested in this study. This observation was confirmed in Sections 3.1.2 and3.2.2 when the

individual cases were analyzed.

One of the primary factors to consider when determining if a particulate can be removed

is the surface area the particulate is in contact with on the surface. In order for any particle to be

removed, the water droplet must overcome the force between the particle and the surface [1, 70].

Recalling Figure 3.1, salt particles primarily sit on top of the mico-rib and nano-rib structures.

Sitting on top of the rib structures reduces the amount of surface area the particles is in contact

with on the surface. By minimizing this contact area, the surface energy between the droplet and

salt particles is also minimized. Thus, little force is required to overcome the surface adhesive

force between the salt and the surface. Conversely, the contact area between the tobacco and the
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surface is much greater as seen in Figure 3.3 where the entirety of the tobacco particles appear

to be in contact with the rib structures. Additionally, tobacco has a greater adhesive force to the

surface than does salt. Thus neither rolling droplets nor condensing droplets to provide the required

amount of force needed to remove the bulk of the tobacco residue from the surface.

With regards to the SH structure size, CA∗ and SA∗ shows that the surface structure does

not significantly impact the cleaning efficiency of the surface. For instance, the CA∗ and SA∗ for

tobacco surfaces is essentially the same regardless of surface structure size. This was unexpected

due to the severe negative effect tobacco had on the overall hydrophobicity of the nano-structured

surfaces compared to the micro-structured surfaces. Similarly, results of micro-structured and

nano-structured surfaces contaminated with salt align nearly the same as well. The largest dis-

crepancy appears to be in the average SA∗, which the nano-structured surfaces contaminated with

salt is notably lower than the average SA∗ for micro-structured surfaces. However, the CA∗ of the

micro-structured and nano-structured surfaces are still about the same. The difference in the SA∗

is perhaps due to some salt particles potentially falling in between the ribs of the micro-structured

surfaces which would not be removed by either cleaning method but may still have an affect on the

CA and SA measurements. Bhushan et. al similarly showed that the cleaning efficiency on micro-

structured surfaces contaminated with SiC particles is similar to that on nano-structured surfaces in

an artificial rain shower. [3]. They also showed, however, that the cleaning efficiency on two-tiered

surfaces was superior to both micro-structured surfaces and nano-structured surfaces.

Finally, Figure 3.15 addresses one of the overarching questions of this study: is conden-

sation as effective at cleaning SH surfaces as rolling droplets over the surface? In many cases

presented in Figure 3.15, the CA∗ and SA∗ of surfaces cleaned via condensation are nearly the

same as the CA∗ and SA∗ of the counterpart surfaces cleaned via rolling droplets. However, with

that said, there are some notable differences between surfaces cleaned via condensation and sur-

faces cleaned via rolling droplets.

First, the CA∗ on surfaces contaminated with salt is consistently higher for the rolling

droplet scenario. As discussed in Section 3.2.1, many of the salt surfaces tested in this study

required only one condensation cycle to fully clean the surface. This is seen as the red open data

points in Figure 3.15a level out below zero after the first condensation cycle. This is most likely be-

cause the salt particles have a longer time in contact with the condensing droplets as these droplets
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grow around the salt particles on the surface (see Figure 3.9). This allows the salt to dissolve into

and diffuse through the condensing droplets and remove the bulk of the salt particles in a single

condensation cycle. Conversely, two to three droplets rolling over the surface are required for CA∗

and SA∗ to approach zero, as indicated by the solid red dots in Figure 3.15a . Because the droplet

is moving, the salt does not have the same amount of time to dissolve into and diffuse through

the droplet, but must instead simply adhere to the surface of the droplet. Because of this, not all

salt particles may be picked up by the first or second rolling droplet. There is minimal difference

between the SA∗ data points for condensation and rolling droplets in Figure 3.15b.

Second, surfaces contaminated with tobacco showed only a small but notable difference

between surfaces cleaned via rolling droplets and surfaces cleaned via condensation. In Section

3.2.2 it was noted that the CA and SA on tobacco contaminated surfaces decreased for the first

three condensation cycles but showed evidence of plateauing after the fourth condensation cycle. In

Section 3.1.2 it was observed that the CA and SA plateau after the second or third droplet rolls over

the surface. These pattern are again seen in Figure 3.15a where the open data points diverge slightly

from the solid data points between the third and fourth rolling droplets and condensation cycles.

These lower CA∗ and SA∗ suggest that more tobacco was removed from the surface after being

cleaned via condensation. The difference between these two sets of data is believed to be in relation

to how the water droplets come in contact with the tobacco particles and is similar to the way salt

particles come in contact with the cleaning droplets. Recall from Figure 3.12b that the condensing

droplets prefer to condense around the tobacco particles. While tobacco may not dissolve into the

the droplet like salt, condensing around the tobacco particles can assist in separating the tobacco

from the surface. Conversely, as water droplets roll over the surface, they only have a limited

time in which the tobacco particles can adhere to the droplet and pull these particles away from

the surface. Consequently, the CA∗ and SA∗ on surfaces cleaned via condensation are slightly

lower than theCA∗ and SA∗ on surfaces cleaned via rolling droplets. Thus, condensation proves to

be more effective at cleaning tobacco particulates from SH surfaces given sufficient time for the

condensed droplets to roll off the surface.

In Figure 3.15, CA∗ and SA∗ may be less than zero, essentially implying that when cleaned

the contaminated surfaces become more hydrophobic than the clean surfaces. This is acceptable

because the data reported are average values of the CA∗ and SA∗ on each surface. Recalling equa-
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tions 3.1 and 3.2, we see that the CA and SA are respectively normalized by the average CA and

SA of several clean surfaces. Because of this, it is possible for the clean state of the contaminated

surfaces to be more hydrophobic than the reported average values of the clean surface and thus re-

sult in a negative CA∗ and SA∗ when the entire surface is cleaned. Another approach that could be

used for future studies would be to measure the CA and SA on each surface prior to contaminating

the each surface. These CA and SA values could then be used in place of the average CAclean and

SAclean values which would avoid negative CA∗ and SA∗ values.

3.4 Self- Cleaning on Smooth, Hydrophobic Surfaces

The final section of this thesis discusses the difference between smooth and structured sur-

faces. As defined previously in Section 1.2, the difference between hydrophobic and SH surfaces

is that SH surfaces are composed of micro-structures or nano-structures. Recall from Chapter 2

that a Teflon® hydrophobic coating was applied to the micro-structured surfaces and a proprietary

coating was applied to the nano-structured surfaces. These same coatings have been applied to

smooth surfaces without the rib structures to create a smooth, hydrophobic surface. The purpose

of this section is to isolate the effect surface structures have on the self-cleaning properties and

elucidate the effect of surface chemistry on the particulate bonding.

Each smooth surface underwent the same contamination processes explained in Section 2.1

(except pollen since it adhered to the surface). Once contaminated, half the surfaces were cleaned

via rolling droplets and the other half were cleaned via condensation. The number of surfaces tested

in this section is presented in Table 2.2. The CA∗ and SA∗ for each smooth surface was calculated

to directly compare the cleaning efficiency of the smooth surfaces to that of the structured surfaces.

During this portion of this thesis, note that the CA on smooth, hydrophobic surfaces is less than on

structured, SH surfaces and the SA on smooth, hydrophobic surfaces is greater than on structured,

SH surfaces .

3.4.1 Cleaning via Rolling Droplets on Smooth, Hydrophobic Surfaces

Figure 3.16 shows the results of the rolling droplet test over smooth surfaces contaminated

with salt and tobacco. The x-axis represents the number of droplets that cleaned the surface and
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Figure 3.16: Smooth, hydrophobic surfaces contaminated with salt and tobacco were cleaned via
rolling droplets. The CA (a) and SA (b) were measured after each droplet rolled over the surface.
Droplets did not roll off smooth surfaces coated with the proprietary coating used in this study.
Consequently, the SA on these surfaces are omitted from this figure.
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the y-axis represent the CA (Figure 3.16a) and SA (Figure 3.16b). Surfaces coated with Teflon®

are represented with solid data points and the surfaces coated with the proprietary coating are

open data points. Clean surfaces are represented by circles; salt contaminated surfaces are repre-

sented by squares, and tobacco contaminated surfaces are represented by triangles. The SA for

the smooth surfaces coated with the proprietary coating was approximately 90° on a clean surface.

Consequently, the SA could not be used to determine the cleaning efficiency on these surfaces and

is omitted from Figure 3.16b and subsequent figures discussing the SA.

As can be seen in Figure 3.16, the presence of contaminates on the surface greatly affects

the hydrophobicity of the smooth surface. The data collected for individual surfaces is presented in

Appendix A.13-18. On the Teflon® coated surfaces, the salt and tobacco reduced the average CA

by 8° and 15° respectively and increased the average SA by 7° and 39°. Comparatively, salt and

tobacco decreased the average CA on the micro-structured surfaces by 10° and 7° and increased

the average SA by 4° and 15° respectively. The smooth surface coated with the proprietary coating

saw a reduction in CA of 10° and 16° due to the presence of salt and tobacco on the surface, where

as the nano-structured surfaces, the CA was reduced by 10° and 15°. Thus the alterations in CA

and SA due to contamination are nearly the same as on the nano-structured surfaces. Recalling

Figure 3.1b and Figure 3.3b, the contaminates primarily sit on top of the surface structures and

thus similar effects salt and tobacco have on the structured surfaces versus smooth surfaces is not

surprising.

The cleaning patterns observed on the structured surfaces in Section 3.1 are also seen on

the smooth, hydrophobic surfaces in Figure 3.16. On surfaces contaminated with salt, two to three

water droplets are required to roll over the surface in order to clean the surface. Specifically, after

two water droplets roll over the surface on Teflon® coated surfaces and three droplets roll over the

proprietary coated surfaces, the average CA is approximately equal to the lower standard deviation

bound of their respective clean surfaces. This would imply that approximately half the surfaces

match the hydrophobic behavior of the clean surfaces while half are slightly less than that of the

clean surface. Because the standard deviation for both the Teflon® surfaces and the proprietary

coated surfaces is small after three to four droplets rolling over the surface, we conclude that these

surfaces are essentially cleaned. The average SA of the Teflon® surfaces is within the standard
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deviation bounds of the clean surface after the second droplet rolls over the surface and therefore

supports this conclusion.

The cleaning patterns shown in Figure 3.16 on the smooth surfaces contaminated with

tobacco are similar to those discussed in Section 3.1.2. Like the SH surfaces contaminated with

tobacco, the hydrophobicity of the smooth surfaces improves as the first two to three droplets roll

over the surface before plateauing. This is true for both hydrophobic coatings. The SA of the

Teflon® surfaces contaminated with tobacco remains substantially higher than the average SA on

a clean surface. This again implies that regardless of how many droplets roll over the surface, the

tobacco has a lasting effect on the hydrophobicity of the surface.

To best compare the effects of surface structures, CA∗ and SA∗ are shown in Figure 3.17

for both types of smooth surfaces (solid markers) and the associated structured surfaces (open

markers). Red data points in Figure 3.17 coincide with surfaces coated with Teflon® and black

data points are associated with surfaces coated with the proprietary coating. On Teflon® coated

surfaces, structured surfaces achieved a slightly lower CA∗ than smooth surfaces after three to four

droplets rolling over the surface when contaminated with salt, but resulted in slightly higher CA∗

than smooth surfaces when the surface was contaminated with tobacco. The SA∗ on these surfaces

was consistently lower for structured surfaces than smooth surfaces. Similarly, surfaces coated

with the proprietary coating and contaminated with salt also achieved slightly lower CA∗ than

smooth surfaces. No significant difference between the smooth and structured proprietary coated

surfaces was measured in the CA∗ when contaminated with tobacco.

These results suggest that more salt will be removed from structured surfaces because the

salt crystals sit on top of the surface structures. This minimizes the contact area and consequently

the force between the salt particles and the surface. The tobacco on the other hand could easily

fall between the ribs of the micro-structured surfaces, creating a larger contact area and force

between the tobacco particles and surface. Because the cleaning droplets are in the Cassie-Baxter

state, these tobacco particles would have minimal contact between the droplet and the particle, not

sufficient enough to over come the adhesive force between the particle and surface. However, in

general, the CA∗ and SA∗ between the smooth and structured surfaces are close enough to claim

that the surface structure does not have a significant effect on the self-cleaning properties of the

SH surface.
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(a)

(b)

Figure 3.17: CA∗ (a) and SA∗ (b) on smooth and structured surfaces. These surfaces were contam-
inated with salt and tobacco and then cleaned via rolling droplets.
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Since Figure 3.17 shows the surface structures do not significantly affect the overall clean-

ing efficiency of a surface , it may seem there is no motivation to spend the time and production

resources to manufacture SH surfaces for the purpose of creating a self-cleaning surface. However,

the initial SA has been normalized and thus the advantage of a lower SA is missing in Figure 3.17.

The droplet mobility on a SH surface due to the low SA can be a crucial factor in a surface’s ability

to clean itself. The low SA of a SH surface promotes droplet roll off at very low angles. Conse-

quently, the likelihood of droplets rolling off the surface is substantially higher on a SH surface.

Subsequently, the likelihood of the surface cleaning itself is much higher on SH surfaces.

3.4.2 Cleaning via Condensation on Smooth, Hydrophobic Surfaces

Figure 3.18 shows the results of cleaning smooth, hydrophobic surfaces via condensation.

The CA and SA were measured after each condensation cycle. The formatting scheme of this

figure is the same as Figure 3.16 with the exception that the x-axis represents the number of con-

densation cycles experienced by the surface. Again, the SA for the smooth surfaces coated with

the proprietary coating was approximately 90° on a clean surfaces and so is omitted from Figure

3.18b. The data collected for this portion of the study is reported in Appendix A.19-24.

Similar to the rolling droplets, the cleaning pattern via condensation on the smooth, hy-

drophobic surfaces are very similar to the cleaning patterns on a structured surface described in

Section 3.2 in that the majority of the cleaning occurs during the first condensation cycle. For

instance, the average CA of salt surfaces improves by 6° for Teflon® coated surfaces contaminated

with salt. This is sufficient for the upper standard deviation bound of the salt surfaces to be equal to

the lower standard deviation bound of the clean surface. A second condensation cycle increases the

average CA by only 1°, but is sufficient enough that the average CA of the contaminated surfaces

is approximately equal to the lower standard deviation bound of the clean surface. Furthermore,

the upper standard deviation of the salt surface is approximately equal to the average CA of the

clean surface after the second condensation cycle. Considering this increase is less than the error

of the goniometer, we can conclude that the Teflon® coated surfaces required one to two conden-

sation cycles to fully clean the surface. Additional condensation cycles do not make a significant

difference in the average CA. After the first condensation cycle, the SA of the Teflon® coated sur-

faces contaminated with salt also match the SA of the clean surface, again suggesting the surface
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(a)

(b)

Figure 3.18: Hydrophobic surfaces contaminated with salt and tobacco were cleaned via conden-
sation. The CA (a) and SA (b) were measured after each condensation cycle. Droplets did not roll
off smooth surfaces coated with the proprietary coating used in this study. Consequently, the SA
on these surfaces are omitted from this figure.
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is fully cleaned. This same cleaning pattern is also seen for the smooth, hydrophobic surfaces

contaminated with salt and coated with the proprietary coating.

The CA of Teflon® coated surfaces contaminated with tobacco increased significantly after

the first condensation cycle. Interestingly, like the salt surfaces, the the upper standard deviation

bound is about equal to the lower standard deviation bound of the clean surfaces after the first

condensation cycle. With a small increase of 1°, which is within the error of the goniometer, the

average CA of surfaces contaminated with tobacco is equal to the lower standard deviation bound

of the clean surface after two to three condensation cycles. This implies that about half the tobacco

contaminated surfaces match the CA of the clean surfaces. However, Figure 3.18b shows that the

SA of the tobacco contaminated surfaces is significantly higher than the SA of a clean surface, thus

implying that the tobacco still leaves a significant lasting effect on the overall hydrophobicity of

the surfaces.

The CA of the tobacco contaminated surfaces coated with the proprietary hydrophobic

coating improved over the course of three to four condensation cycles. While the greatest im-

provement occurred after the first condensation cycle, the continual improvement is significantly

different than the Teflon® coated surfaces which saw the majority of its cleaning after in the first

two condensation cycles. Likely, most the tobacco particles that could be removed via condensa-

tion were released during the first condensation cycle. However, while a lot of the loosely bound

particles were swept away from the surface during the first condensation cycle, tobacco particles

more tightly bound to on the proprietary coated surface continued to be removed over the course

of several condensation cycles. This was also seen in Figure 3.11 on the nano-structured surfaces

which has the same surface chemistry but plateaued after three condensation cycles.

Normalized values CA∗ and SA∗ for the smooth, hydrophobic surfaces cleaned via conden-

sation are shown in Figure 3.19. This figure has a similar formatting scheme to Figure 3.17 except

the x-axis represents the number of condensation cycles the surface experienced. Similar to Figure

3.17, the primary purpose of Figure 3.19 is to compare CA∗ and SA∗ of the smooth, hydropho-

bic surfaces in relation to the structured surface coated with the same hydrophobic coating; or in

essence, to compare each solid data point to the accompanying open data point. In most cases, the

structured surfaces, or open data points, exhibit a lower CA∗ than the equivalent smooth, hydropho-

bic surfaces. This is particularly true for surfaces coated with Teflon® and contaminated with salt,
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(a)

(b)

Figure 3.19: CA∗ (a) and SA∗ (b) on smooth and structured surfaces. These surfaces were contam-
inated with salt and tobacco and then cleaned via condensation.
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surfaces coated with the proprietary coated and contaminated with salt, and surfaces coated with

the proprietary coating and contaminated with tobacco, thus implying that structured surfaces are

beneficial to self cleaning via condensation.

The only case in which this pattern does not apply is on surfaces coated with Teflon® and

contaminated with tobacco. In this case, the smooth, hydrophobic surfaces exhibited a signifi-

cantly lower CA∗ after each condensation cycle relative to the micro-structured surface coated with

Teflon®. This is explained as tobacco particles can fall in between the micro-structures where

condensing droplets preferentially form due to the higher heat transfer rates at the corners of the

rib structures [64]. Consequently, these particles inside the rib structures are the particles that will

be removed during condensation. The tobacco particles on top of the rib structures may not be

removed as the condensed droplets may not nucleate around them. Since the CA is measured by a

droplet in the Cassie-Baxter state, these tobacco particles on top of the rib structures have the most

influence on the CA measurement. Conversely, on a smooth surface, there are no rib structures for

the droplets to nucleate in-between or for tobacco to collect within. Consequently, all the tobacco

particles on the surface become the preferred nucleation site and more of these tobacco particles

can be removed from the surface when the condensed droplets roll off. This is not the case for

nano-structured surfaces because the majority of the tobacco particles sit on top of the surface

structures as they are too big to fit into the cavities.

Lastly, in Figure 3.19 the CA∗ for micro-structured surfaces equals approximately zero

after the second condensation cycle and the CA∗ for the nano-structured surface equals zero after

the first condensation cycle implying that the average CA on the structured surfaces after being

cleaned is approximately equal to the average CA on the clean surfaces. However, both the smooth

structured surfaces had a final CA∗ after four condensation cycles between 0.2 and 0.3, implying

that the salt had some residual affects on the overall hydrophobicity of the surface. These results

are intriguing since in Figure 3.18 it was determined that these contaminated surfaces were clean

after four condensation cycle since the average CA was greater than the lower standard deviation

bound of the clean surfaces. However, in examining Figure 3.18 a second time, it is evident that

while declared “clean” for the purposes of this thesis, the average CA on the contaminated surfaces

after being cleaned via condensation was still lower than the average CA on the clean surfaces. This

small difference is expressed in a higher CA∗ in Figure 3.19. Again, the difference between the
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structured surfaces and smooth surfaces with regards to the cleaning efficiency on each surface

comes down to the contact area between the salt particles and the surface. Because the structured

surfaces minimize this contact area between the salt particle and surface, significantly less force is

required to over come the adhesion between salt particles and the surface. This reduced adhesive

force evidently makes a significant difference in the overall cleaning efficiency on SH surfaces.

From the results of this section, it is evident that for most cases structured SH surfaces are

beneficial for promoting self-cleaning properties via condensation. In nature, most contaminates;

such as salt, dust and dirt; that settle on a surface have a very low adhesive force to the surface.

Consequently, minimizing the area the particles are in contact with the surface via the rib structures

increases the likelihood that condensation will remove the particles from the surface. In cases

where the particles are small enough to fall between the ribs which creates a stronger adhesion to

the surface, such as tobacco in this study, a smooth, hydrophobic surface will be more beneficial

for removing contaminates. Although this study only considered condensation on vertical surfaces,

in order for the droplets to roll off and clean the surface, it must be tilted at an angle greater than

the SA. For these reasons, SH can be much more beneficial in applications seeking to utilize self-

cleaning properties via condensation as the SA is lower.
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CHAPTER 4. CONCLUSION

Mimicking the Lotus Effect by the use of SH surfaces has many potential benefits in im-

proving the efficiency of a variety of industrial applications. Consequently, several researchers

have pursued developing a durable SH surface which can exhibit self-cleaning properties [33, 37].

In all cases, SH surfaces have a combination of a high CA and low SA causing water droplets

on a SH surface to bead up like a marble and roll off the surface at very low SA. When tilted

above the SA, a droplet on a contamianted SH surface will roll off the surface and remove any

contaminating particles in its path, thus creating a self-cleaning effect. Researchers have sought to

understand the capability of these self-cleaning properties by using a variety of cleaning methods

including simulated rain showers and condensation on SH surfaces composed of micro-structures,

nano-structures, and two-tiered structures [1–3, 12, 85].

In this thesis, the self-cleaning efficiency of SH surfaces was considered as each surface

was cleaned by individual water droplets rolling over the surface or as condensed water droplets

rolled off the surface. Three different contaminates were considered including salt, tobacco, and

pollen on SH surfaces composed of micro-rib structures or nano-rib structures. To determine the

cleaning efficiency of each surface, the CA and SA were measured before and after the surface was

cleaned. It was observed that the hydrophobicity of the surface, indicated by the CA and SA, was

greatly effected by each contaminate on the surface, but improved as contaminates were removed

and the surfaces were cleaned by water droplets. The contaminated surface was considered clean

when its CA and SA were equal to the CA and SA of a clean surface. This study makes three key

observations which further the understanding of self-cleaning surfaces.

First, this study shows that the cleaning efficiency is dependent upon the surface adhe-

sion between the contaminate and the surface. For instance, both the micro-structured and nano-

structured surfaces were very effective at removing salt particles from the surface via rolling

droplets and condensation. This is because the salt particles sat on top of the surface structures,
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minimizing the contact area and subsequently the adhesive force between the salt crystals and the

surface. Conversely, however, a much stronger adhesive force between the tobacco particles and

surface was created such that only a partial cleaning was ever achieved when cleaning the sur-

face either via rolling droplets or condensation. SEM images showed that tobacco residue would

spread out across the surface, even falling in between the micro-rib structures, forming a very

strong bond between the surface and particles in some locations. Although loosely bound tobacco

particles could be removed from the surface, causing an overall improvement in the hydropho-

bicity of the surface, no surface contaminated with tobacco ever matched the hydrophobicity of a

clean surface after being cleaned by rolling droplets or condensation. This permanent reduction

in the hydrophobicity of the surface is due to some of the tobacco particles continually sticking

to the surface. Finally, pollen particles ruined the hydrophobicity of the surfaces in this study.

When exposed to water, hydrodynamic osmosis occurred in which the water was absorbed into the

pollen cells until the hydrostatic pressure reached a limit which would cause cell bursting to occur.

During cell bursting, the cell walls would fail and the cellular organelles would spread across and

attach to the surface rendering the surface hydrophilic in those regions. No self-cleaning was ever

seen on these surfaces. While the contaminates tested in this study vary from previous studies,

these results agree with and emphasize the accepted understanding that the adhesive force between

the contaminates and the surface is a significant factor in the potential for a SH surface to exhibit

self-cleaning properties [1, 71]

Second, self-cleaning via condensation proved to be just as effective as self-cleaning via

rolling droplets. This was shown using a non-dimensional contact angle, CA∗, and a non-dimensional

sliding angle, SA∗, which is a ratio between the current hydrophobic state of the surface and the

initial hydrophobic state of the contaminated surface. In nearly all cases, CA∗ and SA∗ of surfaces

cleaned via condensation match the respective CA∗ and SA∗ of surfaces cleaned via rolling droplets

after four condensation cycles or four water droplets rolling over the surface. The primary differ-

ence in the two cleaning methods is that only one to two condensation cycles as opposed to two to

three rolling droplets were required to reach the cleanest possible state for each contaminate. This

is believed to be because the contaminates serve as the preferential nucleation site during conden-

sation and so the contaminate has substantially more time to diffuse through the water droplets

prior to droplet roll off. When cleaned by rolling droplets, the droplet is only in contact with the
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particulate for a limited amount of time and so the particulate does not have the time to diffuse

throughout the droplet, but instead may remain adhered to the surface. This limits the overall num-

ber of particulates any one droplet can remove. To date, no research articles other than this thesis

have made such a comparison between cleaning via rolling droplets and cleaning via condensation.

The third significant observation made in this study is that the self-cleaning efficiency of

each surface is similar for both micro-structured and and nano-structured surfaces. This is indicated

by CA∗ and SA∗ equaling similar values for both micro-structured and nano-structured surfaces,

regardless of cleaning method or contaminate. Because the self-cleaning is independent of the size

of surface structures, a range of manufacturing possibilities are available to achieve self-cleaning

surfaces with similar cleaning efficiencies. Additionally, the CA∗ and SA∗ of smooth, hydrophobic

surfaces similarly match that of structured surfaces after cleaning via rolling droplets or cleaning

via condensation, thus implying that the smooth, hydrophobic surfaces exhibit the same cleaning

efficiency as their structured counterparts. However, in considering the droplet mobility of the

surface, the high CA and low SA are very beneficial in promoting droplet roll off and so seem to

be a critical part of the self-cleaning process.

4.1 Proposed Future Work

Over the past several decades, the possibility of mimicking the Lotus Effect and utilizing

SH surfaces for their self-cleaning properties has been widely accepted and multiple articles have

been dedicated to developing self-cleaning surfaces. However, as alluded to in the introduction of

this thesis, very few articles have been published which analyze the cleaning efficiency of specific

SH surfaces. This leaves a range of possibilities for future researchers to investigate the overall

efficiency of self-cleaning surfaces. This section presents just three ideas for future work.

The first possible direction is to considered the self cleaning properties of SH surfaces

which exhibit spontaneous jumping droplets during condensation. Wisdom et. al and Watson et.

al have reported that spontaneous jumping droplets can effectively remove contaminates from the

surface [2,85]. However, this cleaning mechanism has yet to be compared to the cleaning efficiency

of rolling water droplets over the surface. Additionally, it is anticipated that the cleaning dynamics

of spontaneous jumping droplets differ from the cleaning dynamics of condensed droplets that

roll off the surface, as seen during condensation in this thesis. This is primarily because at the
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time of departure from the surface, the spontaneous jumping droplets are significantly smaller than

the condensed droplets that roll off the surface. Thus, it is suggested that similar studies to this

thesis ought to be done on surfaces that exhibit jumping droplets to determine the optimal cleaning

method of SH surfaces.

Second, the current understanding of which particulates can be removed and which ones

can not is still limited. A variety of contaminates including dried soil, siliconcarbide dust, titanium

dioxide, and quartz dust and more have been removed from SH surfaces in various self-cleaning

research articles [1–3, 12, 85]. This study adds salt, tobacco, and pollen to that list. However,

as this study has shown, not all contaminates can be removed from the surface, such as tobacco

residue and pollen particles. Expanding our understanding of which contaminates can be removed

from self-cleaning surfaces will greatly assist in implementing self-cleaning surfaces as a feasible

reality. To best classify and predict contaminates that can and can not be removed from the surface,

a comprehensive study of the surface chemistry of each SH surface and molecular bonds between

the contaminates and SH surface in relation to self-cleaning surfaces may be required.

Finally, to date all self-cleaning tests on artificial SH surfaces have been focused in a labo-

ratory setting with very controlled parameters. Because the end goal is to create self-cleaning sur-

faces which can be utilized in a variety of environments, studies analyzing self-cleaning surfaces

behavior in natural environments can be very beneficial in improving the manufacturing process

of SH surfaces for the purpose of self-cleaning. Factors that occur in natural environments and not

laboratory settings can include irregular cleaning cycles, a large range of contaminates all settling

on the surface at the same time, varying temperatures and humidity, and other realistic situations.

Taking a step back and looking at the big picture by considering how the current state of the art SH

surfaces behave in the real world can greatly assist in understanding what further developments are

needed to truly accomplish durable, robust, self-cleaning surfaces.
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APPENDIX A. RAW DATA COLLECTED DURING CA AND SA TESTS

This Appendix is dedicated to including the raw data collected during the CA and SA test

performed in this study. The CA and SA were measured twice on each surface. The average and

standard deviation of the CA and SA are also reported in this section. The “-” symbol implies that

specific data point was not recorded for use in the study. The data tables are presented as follows:

1. Surfaces Cleaned via Rolling Droplets

• Clean, Micro-structured Surfaces (Table A.1)

• Clean, Nano-structured Surfaces (TableA.2)

• Salt, Micro-structured Surfaces (Table A.3)

• Salt, Nano-structured Surfaces (Table A.4)

• Tobacco, Micro-structured Surfaces (Table A.5)

• Tobacco, Nano-structured Surfaces (Table A.6)

2. Surfaces Cleaned via Condensation

• Clean, Micro-structured Surfaces (Table A.8)

• Clean, Nano-structured Surfaces (Table A.8)

• Salt, Micro-structured Surfaces (Table A.9)

• Salt, Nano-structured Surfaces (Table A.10)

• Tobacco, Micro-structured Surfaces (Tables A.11)

• Tobacco, Nano-structured Surfaces (Tables A.12)

3. Smooth Surfaces cleaned via Rolling Droplets

• Clean, Teflon® Surfaces (Table A.13)
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• Clean, Proprietary Coating Surfaces (Table A.14)

• Salt, Teflon® Surfaces (Table A.15)

• Salt, Proprietary Coating Surfaces (Table A.16)

• Tobacco, Teflon® Surfaces (Table A.17)

• Tobacco, Proprietary Coating Surfaces (Table A.18)

4. Surfaces Cleaned via Condensation

• Clean, Teflon® Surfaces (Table A.19)

• Clean, Proprietary Coating Surfaces (Table A.20)

• Salt, Teflon® Surfaces (Table A.21)

• Salt, Proprietary Coating Surfaces (Table A.22)

• Tobacco, Teflon® Surfaces (Table A.23)

• Tobacco, Proprietary Coating Surfaces (Table A.24)
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Table A.1: Contact angles and sliding angles on clean, micro-structured surfaces after
being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
153.50 149.47 150.68 147.36 152.91 7.40 8.80 7.05 6.55 6.30
152.10 148.26 152.06 151.17 151.33 7.70 7.40 8.55 6.65 7.35

Surface 2
151.22 153.87 154.96 152.60 153.60 5.95 6.55 5.10 4.50 3.85
153.03 151.79 154.82 151.91 151.41 4.90 5.00 4.95 4.75 6.50

Surface 3
152.95 155.05 152.21 150.40 152.76 8.00 8.50 8.15 7.55 8.40
150.30 154.50 153.01 152.41 154.23 5.70 5.25 6.95 6.30 5.25

Surface 4
153.15 152.34 152.99 150.51 151.73 6.30 6.95 6.45 6.70 5.65
149.62 152.85 150.38 151.17 151.70 6.95 8.55 7.65 6.65 6.20

Surface 5
149.19 154.61 151.50 152.44 152.44 6.50 6.45 5.75 5.35 5.25
152.71 153.37 155.45 154.64 151.76 8.30 6.95 5.65 6.30 6.15

Surface 6
147.70 148.75 147.37 148.04 147.61 7.70 7.45 6.80 6.75 4.85
149.06 153.48 154.66 149.93 153.83 6.70 5.15 6.60 8.90 8.20

Surface 7
149.41 147.34 147.95 147.85 147.20 7.65 6.15 6.30 7.80 7.25
149.76 146.56 146.66 147.96 147.50 7.85 8.40 7.80 7.30 7.55

Surface 8
149.28 147.58 147.92 146.03 149.16 7.00 5.80 4.95 7.15 5.20
147.80 146.61 146.45 146.63 146.69 5.90 4.35 5.75 5.70 4.85

Surface 9
147.52 146.21 147.50 149.32 148.80 7.30 7.10 8.85 6.50 8.50
149.60 149.06 150.49 149.25 150.57 10.50 8.05 6.40 5.60 5.50

Surface 10
148.87 148.57 148.51 147.69 151.54 - - - - -
149.88 150.44 146.56 149.46 144.57 - - - - -

Average 144.90 145.08 145.09 145.03 144.91 11.01 10.73 10.56 10.74 10.86
Standard
Deviation

1.82 1.54 1.26 1.73 1.66 1.03 0.86 0.90 0.98 0.96
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Table A.2: Contact angles and sliding angles on clean, nano-structured surfaces after being
cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
144.59 145.13 144.19 143.92 145.14 11.97 12.50 11.78 11.55 12.05
143.52 144.33 143.14 143.45 143.16 11.43 11.80 11.30 11.75 10.85

Surface 2
143.365 143.12 144.2 143.57 142.57 10.79 11.35 10.80 10.50 10.50
143.6375 144.6 143.94 142.71 143.3 10.73 11.10 10.00 10.10 11.70

Surface 3
142.47 143.01 144.65 143.56 143.90 12.55 11.45 12.50 12.40 11.80
143.78 143.26 144.21 143.36 145.28 11.60 10.55 11.25 11.25 10.15

Surface 4
146.83 146.40 145.58 145.83 144.85 11.35 10.95 10.40 11.15 10.60
146.46 144.80 144.52 146.78 147.66 11.50 10.80 9.80 10.60 10.55

Surface 5
143.01 144.23 144.57 142.93 143.24 12.10 10.90 11.70 11.50 12.40
142.90 143.88 143.84 143.99 142.87 11.90 10.63 10.45 12.15 12.15

Surface 6
144.07 144.61 145.29 146.25 146.23 9.10 9.25 9.90 10.25 10.05
145.07 147.2 146.73 147.5 146.13 10.70 10.65 9.70 9.40 10.15

Surface 7
146.5 146.92 146.21 146.19 144.51 11.55 10.35 10.10 9.50 9.60
147.12 144.84 147.01 146.535 145.41 9.75 9.10 10.10 10.10 11.60

Surface 8
147.89 147.67 147.32 147.53 147.67 9.50 10.00 9.40 9.20 10.15
147.25 147.25 146.07 146.38 146.66 9.70 10.35 9.85 10.45 9.40

Average 144.90 145.08 145.09 145.03 144.91 11.01 10.73 10.56 10.74 10.85
Standard
Deviation

1.81 1.54 1.25 1.72 1.65 1.02 0.86 0.89 0.97 0.95
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Table A.3: Contact angles and sliding angles on salt contaminated, micro-structured surfaces
after being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
141.78 146.70 148.35 149.42 149.23 9.85 7.13 7.20 7.10 7.00
142.00 145.70 149.30 152.27 152.07 8.00 7.80 7.65 7.10 7.35

Surface 2
139.72 147.78 150.89 150.80 149.65 10.20 7.75 7.50 6.90 7.30
142.72 145.79 150.03 151.24 150.50 10.15 8.90 6.90 6.50 6.55

Surface 3
142.64 150.29 150.78 150.53 150.23 10.05 7.90 8.15 7.20 6.50
142.30 146.16 150.34 149.67 150.88 11.70 8.70 6.90 7.51 7.80

Surface 4
142.71 145.02 150.51 150.33 149.95 13.50 11.50 8.35 8.15 7.30
140.81 146.29 148.86 147.55 148.50 11.22 9.25 9.05 8.80 9.15

Surface 5
141.83 144.67 148.44 148.81 149.29 10.90 9.80 9.20 8.95 8.40
140.02 146.98 151.42 150.43 150.56 10.70 9.05 8.10 8.90 7.10

Surface 6
136.25 148.49 151.87 149.32 150.84 9.90 8.95 7.20 7.35 7.95
139.20 145.92 151.22 150.70 151.59 9.95 8.35 7.83 7.65 7.50

Surface 7
136.41 144.79 144.53 149.63 150.32 8.35 7.90 7.75 7.50 7.75
139.43 143.22 145.64 149.16 149.15 10.50 7.10 6.40 6.50 6.30

Surface 8
138.55 143.33 143.72 144.84 145.90 10.25 8.25 7.65 8.10 7.90
138.74 144.92 142.99 145.67 146.64 12.00 8.50 8.60 8.70 7.95

Surface 9
137.56 141.19 142.52 142.68 143.73 10.50 9.40 8.80 9.25 9.25
138.20 145.85 143.22 143.70 144.59 12.45 11.65 8.50 8.10 7.90

Surface 10
141.57 147.99 148.71 149.14 149.30 10.55 9.00 8.85 8.25 8.25
138.99 145.09 146.84 147.49 147.46 11.00 8.00 8.62 9.00 8.25

Average 140.07 145.81 148.01 148.67 149.02 10.59 8.74 7.96 7.88 7.67
Standard
Deviation

2.08 2.01 3.14 2.59 2.27 1.25 1.21 0.79 0.86 0.79
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Table A.4: Contact angles and sliding angles on salt contaminated, nano-structured surfaces
after being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
135.88 140.36 140.92 140.88 142.54 12.85 11.10 11.15 10.20 10.40
135.88 139.46 140.61 141.80 142.34 13.30 11.35 11.70 10.30 10.20

Surface 2
135.88 141.26 143.78 143.39 142.53 12.95 11.25 11.35 10.85 10.35
135.88 141.30 142.97 141.84 143.46 13.08 10.95 11.25 11.40 11.75

Surface 3
138.81 141.06 142.49 143.19 144.63 12.35 11.25 11.30 11.15 10.75
134.93 137.07 138.90 144.02 142.88 13.40 10.55 11.75 11.20 11.60

Surface 4
135.99 139.76 141.70 141.60 142.86 13.45 10.35 10.75 10.30 10.90
138.16 140.84 140.57 143.21 143.43 13.40 11.29 11.10 10.55 10.25

Surface 5
137.40 140.62 141.40 144.76 143.70 13.60 10.30 9.80 10.55 10.80
136.28 138.97 144.39 144.44 143.41 13.40 11.25 10.65 10.55 10.90

Surface 6
134.71 136.73 145.98 143.60 147.60 12.50 10.85 10.95 10.95 10.70
136.49 139.50 145.17 147.72 145.95 11.85 11.05 11.01 11.25 11.30

Surface 7
131.77 143.26 142.80 146.95 144.83 12.60 11.15 10.80 10.55 10.40
130.89 140.41 143.28 143.94 146.74 14.35 12.50 11.35 11.90 11.20

Surface 8
137.62 141.50 143.02 144.14 143.42 12.95 10.65 10.20 10.40 10.55
136.53 141.73 145.94 144.44 143.25 13.50 11.50 11.55 10.90 10.50

Average 135.82 140.24 142.75 143.75 143.97 13.10 11.08 11.04 10.81 10.78
Standard
Deviation

2.07 1.67 2.02 1.81 1.57 0.59 0.52 0.52 0.47 0.47
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Table A.5: Contact angles and sliding angles on tobacco contaminated, micro-structured
surfaces after being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
145.81 146.97 147.99 147.54 148.55 17.55 15.70 14.50 13.60 13.25
144.47 148.00 147.50 147.22 147.64 13.10 12.10 11.00 10.30 9.50

Surface 2
145.14 147.48 148.48 148.48 148.03 19.35 16.75 16.40 13.75 11.55
143.98 144.28 146.99 147.52 147.53 15.30 12.35 12.30 11.60 11.40

Surface 3
143.02 145.57 147.66 147.96 147.80 14.75 10.50 10.40 10.15 11.55
144.35 146.42 147.39 147.94 147.90 19.35 14.40 14.50 14.50 15.50

Surface 4
140.61 141.86 143.50 144.44 144.59 13.05 10.45 10.50 10.90 10.45
144.06 146.92 147.04 147.02 146.52 16.75 13.10 14.80 13.55 14.35

Surface 5
142.76 146.99 146.96 146.06 146.03 14.25 10.60 10.90 11.60 10.75
141.23 143.44 144.48 145.44 144.41 15.30 13.50 12.10 10.50 11.10

Surface 6
139.94 143.79 143.11 143.47 145.47 17.80 15.70 11.80 11.85 11.50
140.09 143.21 142.84 143.74 144.91 18.15 12.10 12.70 12.10 12.75

Average 142.96 145.41 146.16 146.40 146.62 16.23 13.10 12.66 12.03 11.97
Standard
Deviation

2.03 2.01 2.06 1.74 1.48 2.24 2.16 1.96 1.49 1.70
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Table A.6: Contact angles and sliding angles on tobacco contaminated, nano-structured
surfaces after being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
131.71 134.81 134.29 134.74 134.08 41.25 33.70 32.20 33.70 34.00
127.19 131.06 133.77 134.25 134.73 43.50 33.70 31.90 33.15 32.70

Surface 2
119.32 132.51 132.67 132.73 132.61 41.25 33.70 32.20 33.70 34.00
129.52 135.56 135.02 134.48 137.24 43.50 33.70 31.90 33.15 32.70

Surface 3
124.05 134.67 134.38 134.09 134.12 40.05 36.40 34.00 35.50 35.25
126.91 133.74 133.54 138.73 136.23 47.05 33.40 32.80 33.25 33.60

Surface 4
133.58 136.97 136.01 138.33 138.00 40.20 37.35 34.15 32.75 34.85
130.77 135.63 138.47 138.61 139.43 40.20 31.60 30.48 29.35 32.24

Surface 5
131.74 137.88 138.64 138.89 137.78 43.25 36.40 38.70 37.55 34.30
136.79 140.64 140.03 140.43 139.26 46.30 41.20 34.25 36.65 37.40

Surface 6
136.24 137.15 139.75 141.28 139.73 40.25 32.15 31.25 25.65 26.40
134.24 136.94 137.07 138.92 138.34 40.25 36.90 33.00 30.25 34.00

Surface 7
137.30 139.28 139.24 140.27 140.25 34.15 28.25 25.75 26.20 26.20
135.30 136.03 137.27 137.37 137.88 45.35 31.10 28.90 29.60 35.90

Surface 8
134.88 139.74 139.21 138.69 139.50 36.15 24.70 23.70 23.60 25.15
131.72 134.25 135.64 134.77 135.43 51.45 36.10 33.30 34.05 33.68

Average 131.33 136.05 136.56 137.29 137.16 42.13 33.77 31.78 31.76 32.65
Standard
Deviation

4.96 2.60 2.46 2.68 2.36 4.19 3.87 3.48 3.99 3.58
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Table A.7: Contact angles and sliding angles on clean, micro-structured surfaces after
being cleaned via condensation

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
153.14 148.78 150.23 150.84 149.75 6.50 4.45 4.20 6.70 6.20
148.82 149.87 151.41 149.21 150.21 5.90 4.96 5.15 5.30 5.00

Surface 2
153.77 150.03 152.17 149.23 151.87 6.50 4.35 4.70 4.70 4.40
151.95 150.67 149.77 151.19 150.53 7.90 4.65 4.55 6.70 5.67

Surface 3
151.21 150.94 152.62 149.94 153.24 6.50 7.20 7.20 5.75 5.90
150.74 148.55 150.45 149.83 149.58 7.45 7.20 6.90 6.40 5.75

Surface 4
154.79 151.61 151.79 150.85 150.92 6.20 4.70 4.35 5.25 6.10
153.85 151.75 152.09 151.57 152.75 5.60 6.85 5.10 4.90 4.75

Surface 5
148.84 150.55 149.46 149.88 149.93 7.45 7.20 7.15 6.60 5.90
151.30 150.61 149.99 149.21 149.39 7.15 7.30 6.75 6.90 7.10

Surface 6
148.87 150.43 150.98 149.93 149.02 6.55 6.30 7.00 7.60 7.20
151.00 151.27 150.39 150.97 149.14 7.00 7.00 7.15 6.05 7.10

Average 151.52 150.42 150.95 150.22 150.53 6.83 6.28 5.85 6.07 5.92
Standard
Deviation

2.06 1.00 1.05 0.83 1.40 0.69 1.22 1.26 0.90 0.91
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Table A.8: Contact angles and sliding angles on clean, nano-structured surfaces after being
cleaned via condensation

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
145.06 144.74 143.79 141.27 141.25 10.12 10.04 11.05 10.70 10.70
144.47 143.17 145.36 143.60 143.34 10.12 10.04 11.30 11.60 9.95

Surface 2
145.06 144.57 143.87 144.43 144.53 9.75 9.70 9.90 11.50 9.05
145.36 143.85 144.18 145.19 145.44 10.55 10.20 9.90 11.00 10.05

Surface 3
145.47 144.55 145.46 144.85 143.73 9.05 9.00 9.50 10.80 9.45
143.34 143.95 145.46 145.02 146.14 9.80 8.70 10.60 9.30 10.25

Surface 4
144.81 144.04 145.30 144.70 145.46 9.20 9.50 9.20 10.75 9.66
145.41 144.83 144.25 145.73 145.53 9.70 9.55 10.50 9.60 8.45

Surface 5
145.11 144.44 146.79 146.91 145.59 10.90 11.00 10.20 9.90 9.60
144.41 144.25 145.43 145.89 146.15 10.15 11.20 10.70 10.45 9.70

Surface 6
142.46 143.76 143.19 145.16 145.35 11.00 10.05 11.20 9.40 10.30
143.28 143.95 144.76 144.47 146.96 10.25 10.40 9.90 10.00 9.90

Surface 7
141.97 143.87 141.06 141.57 141.62 9.85 9.70 9.70 10.05 9.80
142.95 143.65 142.12 141.64 143.45 10.70 10.10 10.25 10.15 9.80

Surface 8
143.40 144.22 142.72 141.76 142.63 10.60 10.20 10.50 11.13 12.20
143.16 143.68 142.87 142.22 143.99 10.20 11.20 11.00 9.65 12.10

Average 144.11 144.09 144.16 144.03 144.45 10.12 10.04 10.34 10.37 10.06
Standard
Deviation

1.15 0.45 1.50 1.78 1.67 0.56 0.70 0.63 0.73 0.96
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Table A.9: Contact angles and sliding angles on salt contaminated, micro-structured surfaces
after being cleaned via condensation

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
142.79 149.81 152.04 150.80 149.91 10.85 6.80 7.10 6.50 6.55
143.57 151.14 150.04 148.86 150.08 11.20 8.07 6.20 7.40 6.85

Surface 2
141.76 148.80 152.88 152.64 152.64 10.50 8.12 6.67 6.05 7.80
142.83 152.08 153.27 153.59 153.59 10.90 7.20 7.75 7.75 7.22

Surface 3
143.32 149.30 150.87 149.62 149.62 10.30 6.80 8.05 7.70 6.10
141.87 147.57 150.58 151.67 151.67 11.80 9.50 8.31 9.40 8.10

Surface 4
140.90 149.01 153.05 152.49 152.49 10.30 6.20 6.30 7.60 7.77
143.10 152.01 152.78 153.08 153.08 10.30 7.30 6.60 6.80 7.60

Surface 5
142.32 150.10 153.04 151.84 151.84 11.25 6.65 6.20 5.90 6.10
138.59 149.46 153.14 152.89 152.89 9.80 8.10 7.28 7.50 7.50

Surface 6
142.18 146.69 146.84 149.56 151.00 10.70 8.05 7.30 7.59 7.05
143.78 147.55 147.94 148.73 150.46 10.50 8.50 8.55 8.50 7.95

Average 142.22 149.15 151.05 151.05 151.34 10.58 7.75 7.38 7.50 7.24
Standard
Deviation

1.31 1.81 2.17 1.73 1.48 0.57 1.05 0.94 0.96 0.82

Table A.10: Contact angles and sliding angles on salt contaminated, nano-structured surfaces
after being cleaned via condensation

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
140.58 144.81 144.77 145.38 145.95 14.15 10.35 10.00 10.30 10.40
139.25 142.76 144.62 143.99 145.92 12.90 10.10 9.85 9.90 10.25

Surface 2
134.43 143.87 145.35 145.73 145.97 13.30 10.35 9.60 10.10 10.10
133.63 143.09 146.19 145.50 145.03 12.25 10.20 10.40 9.30 9.35

Surface 3
134.77 146.88 145.47 146.41 145.49 13.30 10.40 10.25 10.15 10.15
136.49 146.96 147.29 147.16 147.53 12.90 10.20 9.65 9.90 9.85

Surface 4
130.64 145.25 144.04 145.01 145.26 13.50 10.40 10.20 10.50 10.00
132.27 145.09 144.32 143.69 142.99 11.95 10.30 10.00 9.70 9.73

Surface 5
134.98 144.00 143.95 144.74 143.29 12.50 10.55 10.65 9.58 9.60
130.91 145.26 144.62 145.91 144.64 12.25 10.50 9.80 10.40 10.10

Surface 6
137.60 143.69 143.46 144.48 145.52 13.50 10.40 10.65 9.60 9.30
137.50 146.80 144.62 144.02 144.54 12.65 10.55 9.75 9.55 9.50

Surface 7
132.08 144.24 143.54 143.88 147.10 11.90 9.95 9.25 9.55 9.25
137.47 145.41 143.80 142.92 143.62 12.90 9.70 10.35 9.75 9.95

Average 135.19 144.87 144.72 144.92 145.20 12.85 10.28 10.03 9.88 9.82
Standard
Deviation

3.09 1.20 1.14 1.32 1.51 0.65 0.24 0.41 0.36 0.37
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Table A.11: Contact angles and sliding angles on tobacco contaminated, micro-structured
surfaces after being cleaned via condensation

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
146.75 147.87 148.38 150.39 150.16 15.23 11.45 10.65 10.75 9.65
145.80 146.60 148.25 150.61 150.78 21.75 16.30 15.90 13.70 13.10

Surface 2
141.69 149.60 147.39 146.65 148.55 15.50 14.05 12.50 9.75 9.55
146.76 148.39 147.86 148.53 149.03 21.70 11.80 12.80 10.20 10.80

Surface 3
144.41 149.34 147.65 147.80 150.10 15.50 10.25 10.15 10.70 9.95
145.01 149.45 148.71 148.26 147.86 19.30 13.75 11.60 11.50 11.10

Surface 4
139.30 143.73 142.51 144.55 145.33 29.00 21.90 19.05 16.95 14.85
134.12 143.65 145.54 147.53 146.23 28.00 25.85 18.75 14.35 13.65

Surface 5
141.01 143.13 143.01 144.62 145.84 26.75 20.35 21.20 20.20 17.95
143.25 144.85 146.28 148.62 147.07 27.90 23.50 15.10 15.90 13.20

Surface 6
143.89 146.63 147.96 147.53 147.23 19.50 15.15 13.45 11.80 12.05
143.65 146.86 149.11 147.93 147.10 20.20 16.95 15.60 15.20 15.65

Average 142.97 146.68 146.89 147.75 147.94 21.69 16.78 14.73 13.42 12.63
Standard
Deviation

3.59 2.36 2.17 1.86 1.79 5.12 5.06 3.53 3.21 2.62
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Table A.12: Contact angles and sliding angles on tobacco contaminated, nano-structured
surfaces after being cleaned via condensation

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
125.67 132.59 133.71 135.48 137.25 38.60 33.30 31.63 27.50 27.55
126.71 133.55 134.68 136.50 136.80 39.50 34.10 34.10 31.50 29.80

Surface 2
138.60 139.42 139.51 140.61 141.70 33.05 32.15 22.70 22.60 20.40
133.25 134.52 140.99 140.85 140.70 45.40 32.20 23.60 22.40 23.70

Surface 3
133.33 135.90 135.91 139.18 139.95 34.05 28.50 24.40 22.25 20.55
135.62 138.58 137.46 139.86 139.53 32.35 27.10 22.60 24.70 23.05

Surface 4
133.10 138.98 138.54 137.59 137.87 39.05 24.45 23.08 23.15 22.70
131.93 138.86 135.93 135.74 135.87 33.55 23.25 22.10 19.70 21.40

Surface 5
132.71 133.95 135.88 137.80 139.88 32.30 28.30 22.59 21.43 22.05
130.94 136.40 138.64 138.59 140.57 39.10 27.60 23.50 23.48 21.80

Surface 6
133.15 137.80 140.24 139.11 139.21 43.70 29.15 27.65 25.35 25.75
133.19 139.04 140.69 140.12 140.38 34.10 27.55 24.70 26.50 24.50

Surface 7
- - - - - 26.30 16.85 19.10 20.90 21.16
- - - - - 37.35 22.30 22.60 22.40 19.40

Surface 8
- - - - - 33.40 27.20 25.40 25.65 21.55
- - - - - 33.95 25.20 24.00 27.50 27.00

Average 144.11 144.09 144.16 144.03 144.45 10.12 10.04 10.34 10.37 10.06
Standard Deviation 1.15 0.45 1.50 1.78 1.67 0.56 0.70 0.63 0.73 0.96
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Table A.13: Contact angles and sliding angles on clean, Teflon® coated surfaces after
being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
124.45 123.71 124.65 124.32 122.23 31.65 28.25 35.25 32.05 31.50
122.90 124.37 124.71 121.17 119.51 32.20 34.20 33.95 35.20 29.95

Surface 2
121.55 121.94 121.45 121.02 120.82 32.15 33.15 30.35 28.25 29.95
120.21 119.68 120.93 121.40 122.36 30.60 29.85 28.80 27.40 25.70

Surface 3
122.72 123.35 123.27 122.97 121.67 25.05 30.15 31.65 31.75 29.80
121.68 122.00 122.85 122.60 123.16 29.65 34.60 32.33 30.75 29.45

Surface 4
121.56 120.96 119.80 123.52 122.63 33.95 32.70 34.70 33.05 29.05
118.56 119.22 120.98 119.78 121.66 34.95 26.05 27.65 27.30 26.90

Surface 5
121.91 120.39 120.53 121.61 122.58 31.55 30.45 29.75 30.95 29.90
119.63 120.35 120.26 121.44 121.76 33.25 27.45 31.25 35.25 32.60

Surface 6
122.38 120.37 122.57 120.51 121.47 35.50 29.65 33.40 30.55 29.85
121.14 121.09 121.01 119.38 119.18 29.65 33.15 32.40 33.85 32.25

Average 121.67 121.45 121.92 121.64 121.59 31.95 30.80 31.79 31.36 29.74
Standard
Deviation

1.44 1.64 1.66 1.48 1.22 2.59 2.76 2.35 2.74 1.97

Table A.14: Contact angles and sliding angles on clean, proprietary coated
surfaces after being cleaned via rolling droplets. Note that water droplets

did not roll off these surfaces at 90°and so no SA was measured

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
111.20 112.52 114.36 112.98 111.37 - - - - -
114.64 111.86 112.07 113.34 111.33 - - - - -

Surface 2
114.82 109.63 112.41 111.66 111.35 - - - - -
113.39 113.22 107.92 109.33 108.60 - - - - -

Surface 3
111.31 113.31 112.46 112.66 111.22 - - - - -
111.97 113.95 112.90 110.64 110.86 - - - - -

Surface 4
111.52 114.69 113.65 112.73 112.71 - - - - -
114.70 110.84 110.91 110.10 112.15 - - - - -

Surface 5
110.75 112.49 113.22 114.16 113.73 - - - - -
111.86 110.59 110.01 110.90 111.54 - - - - -

Surface 6
108.24 115.99 113.68 111.85 108.18 - - - - -
114.06 111.80 110.72 114.63 111.21 - - - - -

Average 112.37 112.57 112.03 112.08 111.19 - - - - -
Standard
Deviation

1.77 1.80 1.80 1.63 1.53 - - - - -
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Table A.15: Contact angles and sliding angles on salt contaminated, Teflon® coated surfaces
after being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
111.54 115.78 117.95 118.04 117.48 38.75 37.00 33.00 34.10 34.25
113.42 117.78 117.90 118.83 119.82 35.80 31.20 31.30 32.65 33.25

Surface 2
115.02 120.44 120.34 121.73 120.34 39.95 38.56 36.45 34.35 34.85
114.80 120.40 121.71 120.86 120.22 36.90 32.30 34.35 32.55 32.69

Surface 3
110.12 115.65 118.90 118.31 118.38 38.60 35.90 36.25 34.68 34.55
109.98 113.25 120.30 121.42 119.53 38.80 35.66 34.15 35.35 34.15

Surface 4
115.78 119.92 119.84 120.88 121.45 39.50 33.80 35.75 35.50 32.55
115.73 118.31 120.13 120.79 121.10 39.65 33.80 34.80 34.25 34.10

Surface 5
111.96 120.92 119.41 121.24 121.85 42.05 32.40 32.20 34.25 34.20
114.23 118.75 120.62 120.97 119.40 40.35 39.45 32.60 32.65 32.70

Surface 6
116.61 120.15 119.40 120.17 120.57 38.55 34.10 33.85 32.10 33.30
113.23 118.90 121.40 120.59 119.85 43.15 35.45 36.80 36.90 36.05

Surface 7
112.71 120.28 121.57 118.84 119.77 40.40 34.30 32.95 33.85 33.10

- - - - - - - - - -

Average 113.47 118.50 119.96 120.21 119.98 39.42 34.92 34.19 34.09 33.83
Standard
Deviation

2.14 2.33 1.24 1.25 1.19 1.93 2.42 1.75 1.37 1.01
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Table A.16: Contact angles and sliding angles on salt contamianted, proprietary
coated surfaces after being cleaned via rolling droplets. Note that water

droplets did not roll off these surfaces at 90°and so no
SA was measured

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
100.14 108.50 109.52 110.70 110.60 - - - - -
101.03 107.10 108.31 107.61 109.76 - - - - -

Surface 2
102.36 108.01 108.62 109.54 111.24 - - - - -
95.54 109.43 111.25 109.05 109.37 - - - - -

Surface 3
102.13 111.33 109.30 108.22 108.51 - - - - -
104.04 107.64 110.85 111.65 110.52 - - - - -

Surface 4
101.19 110.40 111.34 110.01 109.28 - - - - -
104.28 109.50 108.50 109.99 110.00 - - - - -

Surface 5
103.23 109.74 111.12 108.86 108.63 - - - - -
101.53 106.69 108.78 108.64 110.53 - - - - -

Surface 6
103.70 110.40 110.04 111.94 109.51 - - - - -
103.39 107.20 110.17 110.89 108.71 - - - - -

Average 101.88 108.83 109.82 109.76 109.57 - - - - -
Standard
Deviation

2.39 1.51 1.14 1.36 1.01 - - - - -

Table A.17: Contact angles and sliding angles on tobacco contaminated, Teflon® coated
surfaces after being cleaned via rolling droplets

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
114.22 115.30 115.67 118.63 118.37 65.00 60.00 57.00 57.00 52.00
114.13 115.01 117.28 119.23 118.13 83.00 77.00 76.00 71.00 64.00

Surface 2
114.75 115.19 119.21 118.69 118.53 57.00 57.00 49.00 48.00 48.00
112.63 114.15 116.18 118.12 119.48 65.00 49.00 46.00 44.00 47.00

Surface 3
108.29 115.13 118.75 118.89 119.41 73.00 65.00 51.00 49.16 48.65
109.70 113.64 117.41 118.08 119.30 65.00 54.00 53.00 53.00 52.73

Surface 4
97.06 101.03 110.18 112.41 109.95 90.00 75.00 70.00 62.00 56.55
99.88 102.03 109.54 111.30 109.82 72.05 54.10 56.45 56.10 46.05

Surface 5
105.70 106.46 107.51 112.23 115.84 65.20 53.40 56.70 50.90 52.75
102.95 105.42 113.37 114.46 114.12 79.20 62.50 53.35 51.70 59.85

Surface 6
100.61 111.70 108.19 109.13 110.94 80.00 78.75 59.80 48.75 51.35
101.20 105.12 110.24 115.65 115.81 72.55 50.65 49.15 47.35 49.95

Average 106.76 110.02 113.63 115.57 115.81 72.25 61.37 56.45 53.25 52.41
Standard
Deviation

6.36 5.57 4.29 3.55 3.75 9.44 10.47 8.77 7.43 5.37
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Table A.18: Contact angles and sliding angles on tobacco contamianted,
proprietary coated surfaces after being cleaned via rolling droplets.

Note that water droplets did not roll off these surfaces
at 90°and so no SA was measured

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
96.97 97.42 102.68 100.06 102.38 - - - - -
98.15 100.95 104.41 103.42 105.33 - - - - -

Surface 2
95.78 98.19 102.75 99.04 103.61 - - - - -
98.05 103.37 103.98 105.18 104.57 - - - - -

Surface 3
94.61 94.99 95.71 101.16 99.73 - - - - -
93.26 95.94 97.63 99.64 98.61 - - - - -

Surface 4
92.91 99.86 102.45 103.96 105.77 - - - - -
96.14 96.57 97.24 99.12 103.99 - - - - -

Surface 5
90.30 94.54 98.52 102.90 102.32 - - - - -
94.85 96.27 98.76 100.46 101.17 - - - - -

Surface 6
97.69 101.96 102.93 104.01 103.70 - - - - -
91.92 94.44 96.72 97.40 100.06 - - - - -

Average 95.13 97.88 100.32 101.36 102.60 - - - - -
Standard
Deviation

2.95 3.01 3.16 2.46 2.30 - - - - -
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Table A.19: Contact angles and sliding angles on clean, Teflon® coated surfaces after
being cleaned via condensation

Contact Angle Sliding Angle
Number
of Drops

0 1 2 3 4 0 1 2 3 4

Surface 1
121.11 121.30 121.92 120.47 125.23 34.65 33.80 34.55 36.10 31.45
123.07 121.71 120.96 118.18 122.51 34.95 38.60 29.36 31.15 34.90

Surface 2
124.78 121.77 122.03 119.56 120.82 35.30 34.70 29.30 34.25 27.55
123.17 118.99 119.74 120.50 120.78 35.40 34.40 30.65 30.00 28.45

Surface 3
121.38 120.22 120.64 122.40 121.68 31.75 31.10 32.20 31.20 34.70
120.63 121.58 121.58 121.49 118.48 30.10 30.90 33.50 32.10 29.95

Surface 4
122.23 124.36 122.62 120.14 122.37 31.45 33.05 32.65 30.10 32.20
120.69 121.49 119.41 122.36 120.45 35.35 28.85 30.60 31.75 29.20

Average 122.02 121.43 121.11 120.64 121.54 33.62 33.18 31.67 32.08 31.05
Standard
Deviation

1.41 1.52 1.13 1.43 1.96 2.15 2.97 2.42 2.10 2.76

Table A.20: Contact angles and sliding angles on clean, proprietary coated
surfaces after being cleaned via condensation. Note that

water droplets did not roll off these surfaces
at 90°and so no SA was measured

Contact Angle Sliding Angle
Condensation

Cycles
0 1 2 3 4 0 1 2 3 4

Surface 1
111.91 108.12 109.55 109.96 110.25 - - - - -
110.55 111.06 111.05 111.25 111.36 - - - - -

Surface 2
110.40 110.38 107.99 110.92 109.65 - - - - -
113.60 112.48 111.30 108.90 108.97 - - - - -

Surface 3
113.15 113.34 112.10 110.20 109.83 - - - - -
110.14 108.63 108.12 109.15 108.84 - - - - -

Surface 4
112.47 109.90 109.61 111.29 112.56 - - - - -
110.76 109.46 110.85 111.24 111.26 - - - - -

Surface 5
110.82 109.90 111.83 110.31 109.13 - - - - -
110.12 111.98 107.55 108.23 110.35 - - - - -

Average 111.39 110.32 110.05 109.93 110.22 - - - - -
Standard
Deviation

1.29 1.73 1.60 1.26 1.20 - - - - -
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Table A.21: Contact angles and sliding angles on salt contaminated, Teflon® coated surfaces
after being cleaned via condensation

Contact Angle Sliding Angle
Condensation
Cycles

0 1 2 3 4 0 1 2 3 4

Surface 1
110.83 117.09 121.24 119.47 120.79 45.15 37.85 33.35 35.35 34.95
114.66 118.82 118.13 119.61 119.08 37.40 33.35 31.44 32.55 33.35

Surface 2
110.44 118.20 119.60 117.86 119.07 41.25 38.70 33.75 35.50 34.90
112.53 119.76 118.22 118.98 120.26 38.90 35.35 34.70 32.40 31.65

Surface 3
109.87 119.13 120.43 118.59 120.56 37.45 32.65 33.40 34.20 34.60
112.11 119.66 119.89 120.57 118.71 39.55 32.20 35.15 35.90 34.58

Surface 4
105.25 117.78 121.49 120.61 119.85 38.70 32.40 34.40 34.95 33.25
111.67 120.84 119.07 120.76 118.98 38.70 32.85 35.80 34.75 33.70

Average 110.92 118.91 119.76 119.56 119.66 39.64 34.42 34.00 34.45 33.87
Standard
Deviation

2.73 1.20 1.26 1.05 0.80 0.87 0.28 1.03 0.71 0.67

Table A.22: Contact angles and sliding angles on salt contamianted, proprietary
coated surfaces after being cleaned via condensation. Note that water

droplets did not roll off these surfaces at 90°and so no SA
was measured

Contact Angle Sliding Angle
Condensation
Cycles

0 1 2 3 4 0 1 2 3 4

Surface 1
100.30 109.35 108.08 109.82 108.34 - - - - -
98.61 106.11 109.60 107.18 107.01 - - - - -

Surface 2
101.49 107.98 110.18 109.55 110.58 - - - - -
104.80 108.94 107.71 107.36 109.93 - - - - -

Surface 3
105.43 107.06 108.51 110.01 110.56 - - - - -
104.44 109.43 108.33 108.59 108.37 - - - - -

Surface 4
100.65 108.01 108.79 109.49 110.01 - - - - -
104.45 110.84 109.03 107.36 107.21 - - - - -

Average 102.52 108.47 108.78 108.67 109.00 - - - - -
Standard
Deviation

2.56 1.49 0.81 1.21 1.46 - - - - -
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Table A.23: Contact angles and sliding angles on tobacco contaminated, Teflon® coated
surfaces after being cleaned via condensation

Contact Angle Sliding Angle
Condensation
Cycles

0 1 2 3 4 0 1 2 3 4

Surface 1
105.90 117.67 120.32 117.18 119.19 90.00 53.05 54.75 49.45 48.40
107.23 120.03 120.74 119.54 119.05 71.25 50.40 53.55 49.95 49.70

Surface 2
114.95 119.35 119.28 120.54 119.53 66.25 55.30 51.65 51.90 49.80
106.38 117.75 117.01 118.60 119.51 81.75 58.45 57.55 52.35 51.20

Surface 3
109.41 119.21 119.07 120.22 120.40 71.30 63.80 54.90 54.60 51.40
104.77 118.12 118.91 117.93 120.57 77.35 53.95 54.75 51.75 50.75

Surface 4
107.35 119.74 119.36 119.83 117.59 66.80 55.80 49.00 51.70 49.60
109.63 119.57 118.99 118.95 117.67 63.45 56.45 49.85 49.15 48.55

Average 94.97 104.22 104.17 104.45 104.29 70.35 54.23 53.99 51.61 51.05
Standard
Deviation

3.52 1.88 1.11 1.16 0.99 8.82 4.35 2.88 1.85 2.36

Table A.24: Contact angles and sliding angles on tobacco contamianted,
proprietary coated surfaces after being cleaned via condensation.

Note that water droplets did not roll off these surfaces at 90°
and so no SA was measured

Contact Angle Sliding Angle
Condensation
Cycles

0 1 2 3 4 0 1 2 3 4

Surface 1
100.30 109.35 108.08 109.82 108.34 - - - - -
98.61 106.11 109.60 107.18 107.01 - - - - -

Surface 2
101.49 107.98 110.18 109.55 110.58 - - - - -
104.80 108.94 107.71 107.36 109.93 - - - - -

Surface 3
105.43 107.06 108.51 110.01 110.56 - - - - -
104.44 109.43 108.33 108.59 108.37 - - - - -

Surface 4
100.65 108.01 108.79 109.49 110.01 - - - - -
104.45 110.84 109.03 107.36 107.21 - - - - -

Average 102.52 108.47 108.78 108.67 109.00 - - - - -
Standard
Deviation

2.56 1.49 0.81 1.21 1.46 - - - - -
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