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Abstract
The fields of anti-icing technology, aviation, solar energy, wind energy, various corrosion
susceptible systems and EMI shielding etc. would greatly benefit with the development of
superhydrophobic surfaces and materials. Consequently, the synthesis, fabrication and
characterization of superhydrophobic coatings and materials have seen rapid expansion recently.
It is difficult to obtain a water contact angle greater than 150° and a sliding angle of less than 10°
(superhydrophobic surfaces) through surface treatments, by the application of environmentally
stable chemical coatings or by choice of materials. However, the combination of hydrophobic
material properties with surface roughness at micro/nano scale could provide very high water
contact angles typically greater than 160 degrees.
In this dissertation a laser processing method is investigated to generate a microtextured
surface that is then replicated on a polymer surface (PDMS). This replicated microtextured
surface is then characterized for its optical and superhydrophobic properties. No additional
coatings on the polymer are necessary to deliver contact angles greater than 161°. Multiwall
Carbon nanotubes are then added to the polymer matrix to produce an electrically conductive
nanomaterial with microtexture surface roughness and this resulting conductive nanocomposite
is characterized for its superhydrophobic properties and its electrical resistivity. The electrical
conductivity was controlled by changing the amount of MWCNT that is added to the polymer
matrix. A conductivity improvement over pure PDMS of more than 1011 is found with a
resistivity of ρ = 761 Ω cm. Both the microtextured PDMS and conducting nanocomposite were
investigated for electrowetting control of contact angle and it was discovered that reversible
electrowetting can be demonstrated in the Cassie-Baxter region of more than ten degrees with no
additional oil or other surface treatments. These replicated microtextured polymer surfaces have
great potential for various commercial applications that require water repellency for anti-icing,
corrosion protection and others.
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Chapter 1.

Introduction, literature review and motivation

1.1. Introduction and outline
This dissertation studies the optical and wetting properties of pulsed laser microtextured
poly(dimethylsiloxane) (PDMS) surfaces. Surface texture or surface roughness and in particular
microtexture has been shown to be an important component for the creation of superhydrophobic
surfaces [1]. A surface is considered superhydrophobic if it has a static (water) contact angle of
greater than 150° [2]. Other predictors of superhydrophobic properties include contact angle
hysteresis [3], where the contact angle is measured as the volume of the water drop is increased
and decreased, and low sliding angle, where a drop of water is placed on the surface to be
measured and the surface is tilted and the sliding angle is the tilt angle where the water is seen to
begin to slide off the sample [4]. Superhydrophobic surfaces are inspired by nature with the most
common example being the lotus leaf which exhibits a self-cleaning surface that water droplets
roll off [5]. Potential applications include water repellency in fabrics [6, 7], anti-icing [8, 9] and
anti-fouling for marine applications [10, 11] and electrowetting applications where the contact
angle can be controlled electrically [12, 13].
The general outline of this work begins with the literature review in section 1.2, followed by
the motivation and research objectives. Chapter 2 follows with an introduction to the theory of
wetting; covering the main theories of wetting for smooth and rough surfaces and an introduction
to electrowetting is also included. Chapter 3 is the experimental section and covers the materials,
test fixtures and methods used to create the microtextured surfaces and how the wetting
characteristics of these surfaces are measured. In Chapter 4 we discuss the results of the analysis
of the optical and wetting properties of the microtextured surfaces including detailed analysis of
the contact angle measurement results. Also in chapter 4 we discuss the conductivity
measurements of the electrically conducting nanocomposite followed by the experimental results
on electrowetting. Chapter 5 closes with the key findings of the research and a brief discussion of
potential future work in this area.
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1.2. Literature Review
The literature review is organized in four sections. The superhydrophobic properties of
microtextured surfaces are discussed first, followed by a review of replication of pulsed laser
microtextured surfaces. The review is expanded to cover replication of pulsed laser
microtextured surfaces using conductive PDMS nanocomposite and finally the review of
electrowetting properties of pulsed laser microtextured surfaces is presented.
1.2.1. Superhydrophobic properties of microtextured surface
Surface microtexture or surface roughness on the micro/nano scale has been shown to be an
important component for the creation of superhydrophobic surfaces [1]. Many approaches have
been used to create surface microtexture with the goal of creating superhydrophobic surfaces
including lithographic techniques in combination with surface treatments [14-16], aligned carbon
nanotubes and nanofibers [17-19]. Other popular methods include the sol-gel method [20-22],
vapor deposition [23-25] and other methods [26-31]. Each of these techniques creates surface
roughness on the micro/nano scale. Recent work shows that for extreme superhydrophobic
performance hierarchical surface microtexture is desired [32-35]. Pulsed laser radiation has been
shown to be an effective method for producing surface microtexture in metals, semiconductors
and insulators [36-40]. Baldacchini et al. reported the creation of superhydrophobic surfaces by
coating flurosilane on femtosecond irradiated silicon [41]. Yoon et al similarly reported
superhydrophobic surface creation on PDMS by ultrafast laser irradiation [42]. More recently
Dong et al. demonstrates a hybrid laser microtexture-chemical etching process to create
superhydrophobic copper surfaces with nano-scale structures [43]. The process reported in this
dissertation uses inexpensive techniques to fabricate superhydrophobic surfaces on PDMS by
directly replicating the self-organized microfeatures obtained by pulsed laser irradiation with no
additional surface treatment being necessary to achieve superhydrophobic properties on the
replicated PDMS surface. The master can be used multiple times for replication without
measurable degradation of the surface [44].
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1.2.2. Replication of pulsed laser microtextured surface
Surface microtexturing has become an area of great interest lately due to the phenomenal
growth in the photovoltaic solar energy industry [45] and the drive for more efficient and cost
effective solar cells [46-48]. Surface microtexture has been demonstrated to increase the
efficiency of the solar cell module [49]. An antireflective surface layer is typically used where
losses due to reflection amount to 5 – 10% [48, 50, 51]. There are many methods of creating
surface microtexture [51-53] , but most typical is the use of a chemical isotropic or anisotropic
etching process [54-56] but is not effective for polycrystalline and thin film silicon solar cells.
Poly(dimethylsiloxane) (PDMS) using molding techniques have recently been demonstrated for
solar cell applications using a variety of polymers such as PMMA [57, 58] and also on UV
curable lacquer [59]. Antireflective coatings have also been reported to have been made using
nanoimprint replication techniques to produce nanotextured “moth-eye” structures in Yamada et
al. [60]. Recently Chen et al. [57] demonstrated nanoscale replicated detail using a multi-step
nanoimprint lithography process on PMMA. Also Yao et al. [61] demonstrated replication of
simple periodic nanostructures from stainless steel on polycarbonate film. These methods are
simpler and cheaper than the more traditional chemical etching processes, however, the method
demonstrated in this work shows a simpler single-step process for replicating microtexture.
Pivotal in the development of this new microtexture replication process is the recently developed
methods for producing microtextured surfaces using pulsed laser radiation [38, 39, 62]. This
process can produce microtexture and/or nanotexture on surfaces of metals and semiconductors.
This work uses the pulsed laser process for fabrication of master which is then used for
replication of surface microtexture.
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1.2.3. Replication of pulsed laser generated microtexture on conductive nanocomposite
surface
The effect of the addition of multi-walled carbon nanotubes (MWCNTs) in the polymer matrix
was investigated for microtextured surfaces. The motivation for this is rapid growth of highspeed electronic equipment operating in the 1 – 10 GHz frequency range and in particular
computing equipment driving an ever increasing need for effective shielding both for and from
this equipment. The FCC specifically regulates emissions in the range 30 MHz – 5 GHz [63, 64]
and in addition, space, shape, and weight are primary design factors for this class of enclosures
and equipment of this class tend to be manufactured from polymer materials [65]. Normally such
EMI shielding is provided by adding a layer of metal foil either inside the enclosure if
permissible or embedded as a layer in the polymer [66]. Other methods to provide EMI shielding
include the addition of conductive particles into the polymer matrix or the addition of a
conductive finish coating [65, 66]. More and more it is necessary that the protected computing
equipment operate in harsh environments where there may be exposure to water. There has been
work reported on the use of conductive nanomaterials for EMI shielding [67-69] and structural
applications [70] but clearly there is need for a light weight material that is not only provides
EMI shielding but also has superhydrophobic properties. Wang et al. [71, 72] and Madaeni et al.
[73] have demonstrated the addition of MWCNTs in PDMS to produce a superhydrophobic
nanocomposite. Zhao et al. [74], Talaeemashhadi et al. [75] and Bayer et al. [76] have also
reported electrically conducting superhydrophobic materials by embedding MWCNT’s on
copolymers. Yao et al. [77] reports electrically conductive superhydrophobic film by
functionalized MWCNTs and Park et al. [78] demonstrated replication of a complex surface
using PDMS-MWCNT nanocomposite with both superhydrophobic and conductive properties.
The superhydrophobic conductive nanocomposite demonstrated in this work display a
negative temperature coefficient (NTC) of resistance similar to that of a thermistor [79]. These
NTC thermistor devices find uses in many circuits where temperature sensing and control is
required [80].
The electrically conductive, superhydrophobic nanocomposite was achieved with low loading
of MWCNT ( less than 5 wt %) and has wide applications in many industries.
1.2.4. Electrowetting properties of pulsed laser generated microtextured surface
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The recent publication by Zorpette in IEEE spectrum [12] and the recent acquisition of
Samsung’s electrowetting display division, Liquavista [13] illustrates the importance of
electrowetting and controllable wettability in general as a fast growing technology. Zorpette[12]
proposes electrowetting displays as a commercial and economic alternative to LCD displays in
the near future. Han [81] shows transition from Cassie-Baxter to Wenzel wetting regions for
CNT-based nanocomposites (amorphous carbon nanoparticles capped on carbon nanotubes).
Londe, [82] shows models of Cassie-Baxter to Wenzel transition, Bormashenko [83] shows
transition from Cassie-Baxter to Wenzel based on excitation from vibration, Wang [84] has
analysis of impact response in Cassie-Baxter region and demonstrates use of high speed video
for analysis which helped us in the design of the second phase contact angle goniometer
discussed in section 3.6. Revilla [85] measures electrical resistance of electrowetting apparatus.
Lee [86] shows dynamic electrowetting on dielectric analysis on stretched Teflon. Beni and
Hackwood [87, 88] from Bell Labs were the first to report of electrowetting technology as early
as 1980 and also suggest the use of electrowetting for use in display technology. Berge and
Peseux [89] demonstrate a variable focal length lens controlled by electrowetting. Lapierre [90],
Seyrat [91] Verplanck [92], Dhindsa [93] and Cahill [94] report on reversible electrowetting on
double-nanotextured surfaces, amorphous fluoropolymers, silicon nanowires, vertically aligned
carbon nanofibers and silanized silicon nitride respectively.
Comparing Electrowetting to other display technology, Siengenthaler [95] has performed a
study of usability of various display technology and Katayama [96] from Sharp provides a
comprehensive survey of TFT-LCD technology. Comiskey [97] is the creator of electrophoretic
ink (e-ink) technology used in e-ink readers. Hayes and Feenstra [98, 99] the founders of
Liquavista demonstrate video-speed electronic paper based on electrowetting.
Zhu et al. [100] shows electrowetting on aligned CNT and introduces the Lippmann equation.
Lippmann’s [101] 1875 paper [102], translated in [103] demonstrates how electric charge could
be utilized to change capillary forces and continued to demonstrate use of a capillary motor and
capillary electrometer.
Previously we demonstrated replication of micro/nano textured surfaces on PDMS [104] and
later demonstrated the superhydrophobic properties of that replicated surface [44]. Our research
group has also recently demonstrated microtexture replication on polycarbonate [105]. We now
extend that work by demonstrating reversible electrowetting properties of the replicated surface
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and contrast with the electrowetting behavior of our PDMS based electrically conducting
nanocomposite [106]. The replicated microtextured PDMS surface shows this reversible
electrowetting behavior without the addition of any coatings, oils or other mechanical means.
1.2.5. Anti-icing properties and superhydrophobicity
Superhydrophobic surfaces can minimize the formation of ice due to the non-wetting
properties to water. However if ice is formed then superhydrophobic properties do not guarantee
that ice will have a lower adhesion. Specialty coatings have been developed to weaken the
adhesion of ice to the surface. Wang et al. studied the thickness dependence of ice adhesion for
PDMS [107]. Yeong et al. performed ice adhesion testing of superhydrophobic coatings for
application in the aerospace industry. The high-speed droplet impact testing showd significant
droplet adhesion at higher speeds (>50 m/s) [108].

1.3. Motivation
Twelve percent of fatal weather related aviation accidents between 1990 and 2002 involved
icing [109]. A busy airport can spend over $1,000,000 per day on de-icing equipment, manpower
and fluid [110]. General aviation rules disallow flying into “Known Icing Conditions” and
require immediate action if the pilot gets into “Known Icing Conditions”.
The current US Wind Energy Capacity is approximately 50 GW, that’s about 40,000 wind
turbines [111]. Loss in revenue for a typical wind farm (that’s approx. 250 MW or 150 wind
turbines) when shut down due to icing conditions can be over $30K per day [112], it is not
unusual to take several weeks for ice buildup to dissipate, with the wind turbine idle and out of
production. The turbine control system typically shuts down to prevent equipment damage. Ice
buildup of the blades can cause rotor imbalance which then can cause increased wear and tear of
bearings and gearbox and can place additional stress on the structural components of the wind
turbine and therefore can reduce the lifetime of the machine. Ice-throw has recently become
more of an issue with wind energy opposition groups.
A recent federal study on the cost of corrosion to the US economy placed the total cost at
$276B annually [113]. Of this $276B the annual cost of corrosion for the US military is
estimated at $20B [113, 114]. Market research shows the size of the corrosion inhibitor business
to be as large as $6B in 2015 with a growth rate of 4.5% [115].
Page | 6

2013 was a record year for the installation of photovoltaic solar power in the US [45]. The US
PV market installed 4751 MW in 2013 (a 41% increase) [45]. Installed efficiencies for
crystalline silicon, CIGS, and CdTe solar cells remain at 22.9 %, 15.7 % and 12.8 %
respectively. An increase in efficiency of 1 % or a decrease in cost of 1 % would have
phenomenal impact to this growing industry.
Wetting properties can be predicted by high contact angle (in what’s known as the CassieBaxter region, see section 2.3), a small contact angle hysteresis and a small sliding angle. So a
high contact angle, in the Cassie-Baxter region is much sought for various applications.
Electrowetting gives us the ability to control the movement of small droplets on a surface
electrically and has many applications in microelectromechanical systems (MEMS) [116],
displays [87, 88] and has potential for low inertia and high speed actuators [89].
The above are but a few of the potential applications of the combination of surface
microtexture, superhydrophobic surfaces and conductive polymers and electrowetting. Other
potential applications include the electronics industry where surface microtexture can be applied
to novel sensors and devices [117].
The use of pulsed laser techniques to produce microtextured surfaces has been demonstrated
successfully, however the process is relatively time consuming and takes hours to texture
relatively small areas (< a few cm²). Although through the use of newer laser technologies such
as nanosecond lasers has shortened the production time significantly, there is certainly a need for
a faster, simpler and industrially scalable method for creating surface microtexture with all of the
wonderful applications described above in section 1.3. This research investigates the applications
of replicated microtexture for superhydrophobic and conductive nanocomposite applications.
The above discussion clearly shows the motivation for further research in superhydrophobic
surfaces and their applications.

1.4. Research objectives
The overall objective of this research is to demonstrate a low cost method of producing a
microtextured superhydrophobic surface that can be made electrically conductive by the addition
of multi-walled carbon nanotubes and to investigate the electrowetting properties so that this
concept can be considered for various active control of wetting properties applications.
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To achieve this objective, this research demonstrates replication of pulsed laser microtextured
surface on PDMS and develop an experimental setup to measure the superhydrophobic
properties of replicated microtextured surfaces such as water contact angle, advancing and
receding contact angles, contact angle hysteresis and sliding angle. Analysis of results using
Wenzel and Cassie-Baxter models were performed as well as the measurement of optical
properties of the replicated microtextured PDMS surface. We examine the hydrophobic
properties of the replicated microtextured surface for a variety of liquids such as distilled water,
kerosene, alcohols, naphtha etc.
This research also demonstrates replication of laser generated microtexture on multi-walled
carbon nanotube (MW-CNT)-PDMS electrically conductive nanocomposites and measures the
electrical conductivity and superhydrophobic properties. Applications of the conductive
nanocomposite as a temperature measurement sensor were explored.
Electrowetting properties of the microtextured PDMS and the microtextured MW-CNT/PDMS
nanocomposites were investigated at various voltages and the results were also analyzed using
Wenzel and Cassie-Baxter models expanded for electrowetting. The microtextured PDMS and
microtextured MW-CNT/PDMS nanocomposites were evaluated for reversible electrowetting
behavior.

Chapter 2.

Theory of Surface Wetting

2.1. Young’s Theory
Thomas Young, in his 1805 paper to the Royal society of London, described the forces acting
on a liquid drop resting on a solid surface [118]. This description contains no mathematical
equations but nonetheless describes the equivalence of the forces acting on the interfacial
boundaries between the solid, the liquid and the air. This has become known as Young’s
Equation and is shown below in (1) and is shown in Figure 2-1-1.

 SL   LG cosc   SG
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(2.1-1)

ϒ LG
θc

ϒ SG

ϒ SL

Figure 2.1-1. Schematic showing the forces acting on the interfacial boundaries of the solid-liquid
γSL, liquid-gas γLG and solid-gas γSG

In Figure 2.1-1 ϒSL is the interfacial force between the solid and liquid, ϒSG is the interfacial
force between the solid and gas, ϒLG is the interfacial force between the liquid and the gas. θC is
known as the equilibrium contact angle between the liquid and the solid and is also known as the
Young’s contact angle. The equilibrium contact angle is the mean of the advancing and receding
contact angles [119]. Young’s equation assumes the surface is perfectly flat and that the liquid is
in contact with the solid at all points and therefore cannot be used for surfaces with texture or
roughness.
Young’s theory and the associated equation 2.1-1 have the advantage of simplicity and
predictability. It is relatively easy to place numeric values for a PDMS solid and a distilled water
liquid into Young’s equation using values of γSG (Solid-Gas) of 24 mN/m from [120], γSL (SolidLiquid) of 41 mN/m from [120], and γLG (Liquid-Gas) of 72.8 mN/m from [100] we obtain a
distilled water-PDMS contact angle of 102.7° which is very consistent with measurements made
throughout this work.

2.2. Wenzel’s Theory
Wenzel in 1936 [121] extended Young’s formulation to take a rough surface into account.
Wenzel called the measured contact angel the apparent contact angle and came up with the
below formulation that equates the observed contact angle (θ*) with the equilibrium contact angle
(θc) that is modified by the roughness factor (r). What Wenzel found was that the roughness had
the effect of increasing the effective surface area so there was more solid in contact with the
liquid.

cos  *  r cos c
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(2.2-1)

Rough surface

θ*

Figure 2.2-1. Wenzel model showing equivalent contact angle θ*

Figure 2.2-1 shows how surface roughness affects the apparent contact angle. The roughness
factor which Wenzel defines as the actual rough area divided by the geometric surface area and
is the factor of the increase in surface area caused by the roughness of the surface. In the Wenzel
model, the liquid is in contact with the surface at all points and the hydrophobicity is enhanced
due to an increase in the interfacial area between solid and liquid causing an increase in the force
per unit area. Similar to Young’s model, Wenzel’s model is limited to applications where the
liquid is in contact with the solid at all points and the practical limit to the Wenzel factor r seems
to be around 20.
As with Young’s theory an example helps make the application of Wenzel’s model clear. The
microtextured surface of interest in this work may be approximated crudely by a pyramidal
surface with a lateral surface area (LSA) given by LSA 

1
 l where  is the length of the
2

perimeter of the base and l is the slant height. In our case, the typical sample area was 1 cm2 and
thus for a perfectly smooth surface the value of r would be one. Assuming a very rough texture
of 100 pyramids with each pyramid 0.1 cm per side and assuming a height of 0.1 cm we get a per
unit area and r value of 2. For this case, the observed contact angle would be given by

 *  cos1 (2*cos(102.7))  116.1 . The microtexture observed in our present research is
significantly rougher; our previous work reported roughness factor of 18 [44]. As can be seen
from the Wenzel model above values of r cos c  1 are meaningless and the model is
inapplicable for high values of roughness [120].

2.3. Cassie-Baxter Model
Cassie and Baxter in 1944 further extended the theory of wettability by developing a
framework that accounted for the case where the surface features are densely packed and the
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water droplet is supported, or partially supported on air trapped between the individual surface
features. Figure 2.3-1 shows a drop in the Cassie-Baxter state.

θ*

Figure 2.3-1. Cassie-Baxter model showing equivalent contact angle θ*

The formula below shows how the observed contact angle is calculated.

cos *  1  s (1  cosc )

(2.3-1)

Here θ* is the observed contact angle, θc is the equilibrium contact angle and Φs is the fraction of
solid in contact with liquid, a dimensionless quantity smaller than 1. In the Young’s and Wenzel
model the liquid is in contact with the surface at all points, here the liquid is no longer
completely in contact with the solid and is partly supported by the surface tension and by the air
trapped in the spaces between the surface features. Assuming an equilibrium contact angle of
102.7° and a value of 0.4 for Φs meaning 40 % of the liquid is in contact with the solid, we get a
value for the observed contact angle of cos1 (-1 + 0.4(1+cos(102.7)))  133.5 . If we decrease
that value to 0.1 for Φs meaning only 10 % of the liquid is in contact with the solid, we get a
value for the observed contact angle of cos1 (-1 + 0.1(1+cos(102.7)))  157.2 which is similar
to what we reported previously [44].

2.4. The effect of surface roughness on contact angle
Looking at the Wenzel formula for calculating the apparent contact angle, equation 2.2-1, it
can be seen that depending on whether the equilibrium contact angle is above (hydrophobic) or
below (hydrophilic) 90° the apparent contact angle gets modified by the roughness factor to
enhance either the hydrophobic or hydrophilic effect depending on the initial wetting state. A
MATLAB® program (see appendix 1) was written that produces a graph of the observed contact
angle θ* versus the equilibrium contact angle θc for various values of the Wenzel roughness
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factor r .This is demonstrated in Figure 2.4-1 The area on the graph to the left of 90° shows the
increase in hydrophilic behavior with increasing roughness whereas the area to the right shows
the increase in hydrophobic behavior with increasing roughness.
180
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140
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More Hydrophilic

100
r=1
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r = 10

40

More Hydrophobic
r = 20

20

0
70

r = 15

75

80

85
90
95
Equilibrium Contact Angle (c ) (Degrees)

100

105

110

Figure 2.4-1. Observed contact angle vs. equilibrium contact angle for various values of Wenzel
roughness (r)

The above graph in figure 2.4-1 shows how the Wenzel equation can be applied with limitations
described above in section 2.2.
A similar MATLAB® program (see appendix 1) was written to examine the effect of the
Cassie-Baxter wetness factor ϕs on observed contact angle and the graph of figure 2.4-2 was
produced. Here the observed contact angle is graphed against the equilibrium contact angle for
various settings for the Cassie-Baxter wetting factor (ϕs). Unlike the Wenzel graph of figure 2.41 where the behavior changes as the apparent contact angle passes through 90°, the CassieBaxter observed contact angle rises in a continuous manner from 0° through to 180°.
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Figure 2.4-2. Observed contact angle vs. equilibrium contact angle for various values of Cassie-Baxter
factor (ϕs)

2.5. Surface energy and the lotus effect
The wetting properties of a material surface have been shown to depend on both its surface
energy and surface roughness [1]. Although lowering the surface energy will enhance its
hydrophobicity [122] either by the application of chemical coatings or by choice of low surface
energy substrate [123], it is difficult to obtain a water contact angle greater than 150° and a
sliding contact angle of less than 10°. Low sliding contact angle, a high static contact angle
(>150°) and a low contact angle hysteresis are the elements needed for superhydrophobic
surfaces [4, 124].
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(a)

(b)

Figure 2.5-1. Images of lotus leaf showing (a) water droplet on American Lotus, Nelumbo lutea (image by
permission of Henry Domke Fine Art) and (b) SEM image of surface microtexture of Nelumbo nucifera (image by
permission of Dr. Bharat Bhushan, Ohio State University) [15].

In nature, one of the most commonly seen examples of a superhydrophobic surface is the lotus
leaf [125]. When water falls on the lotus leaf, the drops bead-up on the surface and roll off the
surface of the leaf carrying dirt and dust particles away with the drop as shown in figure 2.5-1
(a). This effect is referred to as the “Lotus Effect” [5, 126]. This superhydrophobic behavior of
the lotus leaf is accredited to the combined effects of microtexture features and nanoscale hairs
as can be seen in the SEM image of figure 2.5-1 (b) [15]. The water droplets are supported on the
top of these features as described by the Cassie-Baxter model presented above in section 2.3.

2.6. Measurement of contact angle
There are three basic measurements that are used to characterize wetting behavior of a surface
and are also used to quantify the degree of hydrophobicity of surfaces. These are the static
contact angel, the advancing and receding contact angles and the sliding angle.
2.6.1. Static contact angle
The static contact angle can be measured using what is known as the sessile drop method. As can
be seen from the figure 2.6.1-1, a drop of liquid is dispensed on the surface using a syringe or
micro-pipette. A manual goniometer or high-resolution camera is used to either, read-off the
contact angle, or a snapshot is taken and a protractor can be used to measure contact angle
directly off the image. The experimental section of this thesis demonstrates use of the ImageJ
software and the drop-snake plugin [127, 128] to measure contact angle. The drop-snake plugin
allows the user to place an outline of points on the drop in the digital image itself and then when
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the drop is completely outlined the plugin produces a measurement of the left and right contact
angles which are then averaged to produce the contact angle. The sessile drop method is
described in ASTM D7334 [129] and specifies that the drop size should be between 5 µL and 20
µL. Typically a drop size of 10 µL is used for contact angle measurements [44, 130].

Syringe

Liquid

θ*

Surface

Figure 2.6.1-1. Sessile drop method for measuring contact angle

2.6.2. Advancing and receding contact angle and contact angle hysteresis
The procedure described above can be enhanced in such a way that the syringe remains in
contact with the liquid drop and the contact angle measurements are performed dynamically
while loading and unloading small quantities of liquid. This allows for measurement of contact
angle as liquid is added to the drop in small increments. This contact angle is called the
advancing contact angle. Similarly the contact angle is measured as liquid is removed from the
drop in small increments to give what is known as the receding contact angle. The difference
between the advancing and the receding contact angle is known as the contact angle hysteresis. A
small contact angle hysteresis (less than 10°) is a strong predictor of superhydrophobic properties
and has become one of the preferred measurements for characterizing these surfaces [3, 131]. As
with the sessile drop method a drop size of between 5 µL and 20 µL is maintained.
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2.6.3. Sliding angle
Syringe

θR

θS

Sliding angle

Sur
fac
e
θA

Figure 2.6.3-1. Schematic of sliding angle measurement.

A liquid drop is placed on a leveled superhydrophobic surface under investigation and it is
then mounted on an apparatus similar to one shown in Figure 2.6.3-1. In order to measure the
sliding angle, the surface is tilted gradually and the angle of tilt is measured when the drop
begins to slide off the surface. This angle is known as the sliding angle. In addition to contact
angle hysteresis, sliding angle is considered as another preferred measurement for characterizing
superhydrophobic surfaces [4, 122, 132]. A small contact angle hysteresis and low sliding angle
have been shown to be a predictor of anti-icing properties [8, 9]. This experimental setup can
also be used to measure advancing and receding contact angles by examining the advancing (θA)
and receding edges (θR) of the droplet simultaneously with the sliding angle measurement.
When a drop of water is placed on a plane surface and additional water is added to the drop,
the contact angle increases until the drop begins to spread. This angle where the drop begins to
spread is called the advancing contact angle. Similarly when water is removed from a drop on a
surface the contact angle decreases. The angle at which the drop just starts to shrink is called the
receding contact angle. When a drop starts to move under tilt the front of the drop gives the
advancing angle and the back of the drop gives the receding angle [3, 131].

2.7. Electrowetting
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Lippmann is credited [101] as being the first to report that an electrostatic charge can change
the contact angle at a solid-liquid interface [102]. A simple electrowetting test fixture is shown
below in figure 2.7-1. In this figure a drop of fluid is connected to a voltage source via a
terminal, this is normally the syringe through which the fluid is deposited on the insulated
surface. The insulator in turn is placed on some substrate electrode that is in turn connected to
the negative electrode. When the switch is energized, depending on the voltage, the drop is seen
to flatten and the contact angle θ is similarly seen to decrease.

+

Liquid
θ
Insulator (PDMS)
Electrode (Al)

Figure 2.7-1. Electrowetting, showing contact angle θ.

For microtextured surfaces that have superhydrophobic water contact angle greater than 150°
figure 2.7-2 shows a droplet resting on the hydrophobic pillars and the air trapped inside the
pillars and below the droplet. According to Heikenfeld [133] this state is normally achieved
when the advancing contact angle of the water on the pillar θY is greater than 90° giving a
convex meniscus between the pillars then this convex meniscus looks very similar to figure 2.1-1
Where, θc is the Young’s contact angle. In this case the pressure is 2γLG /r, where γLG is the liquidgas surface tension from Young’s equation, and r is the radius of curvature of the catenary of the
drop between the pillars[133]. This Young-Laplace force prevents the liquid from entering the
space between the pillars [133]. From the Cassie-Baxter model [134] the fraction of the liquid in
contact with the solid surface (ϕs) should be much less than the fraction of the liquid in contact
with the air (1-ϕs). This reduced contact area is responsible for the initial high contact angle. A
transition to the Wenzel state occurs when the electromechanical electrowetting force exceeds
the combined effects of the Young-Laplace pressure and the contact-angle hysteresis [133].
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Figure 2.7-2. Electrowetting in the Cassie-Baxter region, adapted from Heikenfeld [133].
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Chapter 3.

Experimental

3.1. PDMS: key properties and suitability for replication medium
PDMS was obtained from Ellsworth Adhesives (Dow Corning® Sylgard® 184 Silicon
Encapsulant) [135]. PDMS was chosen as the medium for replication due to its popular use in
the fields of soft-lithography [136] and in the construction of microfluidic devices [137, 138]. As
can be seen from table 3.1-1 Sylgard® 184 is a two part polymer that consists of a base that is
mixed with a hardener at a 10:1 ratio. The resulting mixture is then cured per the curing schedule
in table 3.2-1. Of particular interest in the table of properties is the low refractive index (similar
to glass), it is colorless, has low thermal conductivity and the very large volume resistivity. Also
PDMS has a wide operational temperature range. Dow Corning® Sylgard® 184 Silicon
Encapsulant is specifically marketed to the solar power market segment as a solar cell
encapsulant due to its environmental resistance to oxidation, UV light, and due to its thermal and
Ozone resistance. PDMS is also easy to handle and is nonpoisonous (PDMS fluids are used as
anti-foaming agent in the food preparation industry).
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Table 3.1-1. Key properties of PDMS (Dow Corning® brand Sylgard® 184) from [135]
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3.2. Pulsed laser and microtexture fabrication
Lens

IPG Photonics
YLP-G-10
Manual
Input
Laser
Parameters

ScanLab
SCANcube® -14
Galvo

532 nm

Soloist® IDE

Fine Adjustment
X - Y scan.

Labview® UI

Coarse
Adjustment
X – Y index.

Sample

IPG Photonics
GLP-10
Aerotech ATS100 Stages
GW Instek
PSM-3004 PSU

Figure 3.2-1. Pulsed laser and supporting equipment (IPG Photonics YLP-G-10 Pulsed Ytterbium
Fiber Laser shown)

The original Ti and Si masters used in the replication section (Section 3.3) of this thesis were
created using a regeneratively amplified Spectra Physics Ti-sapphire laser system. Later samples
came from the IPG Photonics Fiber Laser shown above. A survey of pulsed-laser equipment was
performed comparing various systems in the research group lab [139] that showed that the
fixture above was capable of producing microtextured samples faster and cheaper than the earlier
Ti-saphire system. The settings for the laser controller are critical for producing microtexture and
the optimum settings differ for different materials. The GW Instek power supply delivers a
constant 5.0 V to the modulation input of the laser controller. As can be seen in figure 3.2-1
above there are three separate user interfaces to the test fixture, the laser controller (GLP-10
module) that controls the power and repetition rate of the laser, the Soloist® IDE that controls
the Galvo and the Labview user interface that controls the X and Y stages.
To begin a microtexturing a new sample it is first necessary that the stages and galvo are
aligned properly and that the system coordinates are set to the proper (0,0) point. For this initial
setup the laser controller is set to the lowest power setting of 0 % and the repetition rate is set to
20 KHz. The laser can now be turned on and at this power level it is safe to focus (the stage
height has a Z adjustment), the sample is positioned such that the beam is targeted at the exact
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top left position of the sample. The galvo can then scan the beam across the target in the X axis
while indexing the Y axis allowing for a small overlap in each scan to ensure coverage. Using
the galvo we can scan an area of approximately 4 cm² in a time frame of about five minutes. To
cover larger areas we must index the position using the ATS100 stages and re-zero at this new
position and repeat. Using the galvo for scanning and the ATS100 for indexing between
scanning sessions has allowed for samples of ~100 cm² to be produced. As can be seen from the
above procedure the manufacturing process to produce the master is quite time consuming
providing motivation the team to search for a simpler and scalable replication solution where a
single master can be reused many times.

3.3. Replication of pulsed laser generated microtexture
Replication of surface microtexture begins with PDMS. This polymer is comprised of a two
part mixture, part 1 being the base and part 2 being the hardener. The base and hardener are
mixed at a 10:1 ratio. When dispensing and mixing it is easy to introduce air bubbles so vacuum
desiccation may be necessary to eliminate bubbles after mixing. Ti and Si self-assembled
microtexture masters were fabricated using the direct laser processing method described in
section 3.2. The details of the self-assembled laser microtexture technique and the fabrication
process can be found in the following references [37-39].
Petri Dish

Nylon Mold
Textured Surface
PDMS

Master
Figure 3.3-1. Initial PDMS microtexture replication apparatus.

Figure 3.3-1 above shows the initial apparatus used to investigate replication on PDMS.
Referring to the diagram the master (either TI or Si) is placed with the microtextured side up on a
petri dish. A 50 mm diameter nylon washer forms the side of a mold into which PDMS is
poured. The petri dish is then placed on a hotplate at 80 °C for a minimum of 1.5 hours. The
process is explained in detail in [104].
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Similarly, the method shown in Figure 3.3-2 below was developed that used an embossing
process for replication. In this method a 190 µm layer of PDMS is spin coated on to the substrate
(glass in this case) and is placed on a hot plate set to 70 °C for 3 minutes. The purpose of this
pre-embossing cure is to allow the PDMS to thicken and to prevent PDMS from adhering to the
master during the embossing process.

200 g
Mass

Glass Slide
Master
Substrate

Textured Surface
PDMS Layer

Hot Plate (70oC)

Figure 3.3-2. Microtexture replication on PDMS using embossing method.

After the pre-embossing cure time, the master is placed face-down on the substrate with a
glass slide (to ensure flatness) and a 200 g mass for uniform force. This complete stack is then
cured on the hot plate for an additional 15 minutes (or more). The mass is then removed along
with the glass slide. The master can then be carefully removed from the PDMS and then the
PDMS film can be removed from the glass substrate. Figure 3.3-3 shows a removed film that
shows microtexture.

Figure 3.3-3. Microtextured PDMS film obtained from the embossing process.
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3.4. Optical Characterization of replicated microtextured surface
Optical characterization of the replicated micro/nano textured surface were performed using
light from a perpendicularly polarized helium-neon gas laser (JDS Uniphase Model 1508P-1,
JDS Uniphase Inc., USA) and an integrating sphere (Model:RTC-060-SF from labSphere Inc.)
with Spectraflect® coating. Surface cross section and scanning electron microscope (SEM)
imaging was performed with a SUPRA 40 SEM (Carl Zeiss, Germany).

3.5. Fabrication of carbon nanotube based electrically conducting
superhydrophobic nanocomposite with microtextured surface
Multiwall carbon nanotubes of dimensions shown in Table 1 below were obtained from
NanoLab Inc. These multiwall carbon nanotube products were selected based on earlier work on
carbon nanofibers [68] where it was expected that longer nanotubes would produce a
nanocomposite with a lower conductivity.

Table 3.5-1. Multiwall carbon nanotube products from NanoLab Inc.

The carbon nanotube – PDMS mixture was agitated using an ultrasonic processor (Qsonica
Q500) and a small 300 rpm 3.2 V dc motor. Resistivity measurements were made using a
Keithley 6105 Resistivity Adapter. Current measurements were made using either a Keithley 616
Digital Electrometer (p-Ammeter) or a UNI-T UT803 Multi-meter (µ-Ammeter). Voltage
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measurements were made using a Fluke 8012A multi-meter. Voltage was applied using either a
Keithley model 240 high voltage DC supply for voltages over 30 V and for less than 30 V, a
Mwtech HY3005A DC power supply was used.
The process used to manufacture replicated microtexture on PDMS is further expanded to
produce an electrically conductive nanocomposite by adding MWCNT to the mixture prior to the
addition of the hardener. For the nanocomposite to be highly conductive the mixture must be
uniformly mixed. Several different methods of mixing were investigated. First agitation using an
ultrasonic processor was attempted, but it was found that the agitation process produces too
much heat (even with cooling using ice) causing the nanocomposite to prematurely harden.
Mixing by hand was attempted but the resulting mixture was not sufficiently uniform and the
resulting resistivity was found to be higher than required and a bulk loading of 3 wt % was the
limit for this method. Another method was investigated that required mixing the MWCNTs in
toluene similar to Liu et al. [140] however a bulk loading of 2 wt % was found to be the
achievable limit for this method. The method that was found to be the most effective and the
method that allowed a bulk loading of 4.4 wt % was using a 300 rpm 3.2 V dc motor to
mechanically mix the MWCNT – PDMS base mixture for up to one hour prior to the addition of
the PDMS hardener. The conductive nanocomposite is fabricated by placing 20 g of the PDMS
base (Sometimes referred to as part a) in a 50 ml flask. MWCNT is added to achieve the desired
bulk loading and the mixture is agitated using the DC motor at low RPM for 60 minutes. To
harden the polymer two grams of PDMS hardener (Sometimes referred to as part b) are added
and mixed for an additional 5 minutes. To produce the samples used for the conductivity
measurements using the Keithley 6105 resistivity adapter ten grams of the resultant polymerMWCNT mixture are placed in a 75 mm diameter circular mold placed in a 90 mm diameter
petri dish as shown in Figure 3.5-1.
Petri Dish

Mold

PDMS

Figure 3.5-1. Conductive nanocomposite sample fabrication apparatus.
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This mold was prepared in accordance with the earlier procedure outlined in section 3.2 and
resulted in a sample thickness of 2.54 mm and a diameter of 70 mm which are within the
specifications of the Keithley resistivity adapter [141].
For conductive nanocomposite experiments with microtexture the above procedure was
modified to use the same nylon mold as Figure 3.4-1 and a Ti master was used as described in
section 3.4 to replicate the microtexture surface using the conductive nanocomposite.

3.6. Electrical conductivity measurement of MWCNT-PDMS
nanocomposite
Figure 3.6.1-1(a) and (b) shows details of the experimental fixtures used to determine the
volume and surface resistivity respectively of the conductive nanocomposite produced by the
incorporation of multiwall carbon nanotubes (MWCNT) in the PDMS polymer prior to curing.

(a)

DC

Test Weight
Electrode

Sample

V

Guard
Ring

Guard
Ring

A

Fixed
Electrode

(b)

DC

Guard
Electrode

Sample

V

A

Fixed
Electrode

Fixed
Electrode

Figure 3.6-1. Test fixture used to measure (a) volume resistivity and (b) surface resistivity
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Resistivity measurements are made in accordance with ASTM D 257 [142] and following the
special instructions provided with the resistivity adapter [141]. Both volume and surface
resistivity measurements were made using the test fixtures shown above in figure 3.6-1. Three
measurements were made of each sample and were averaged. A high voltage power supply and
electrometer combination was used for high resistivity samples and a multi-meter and bench-top
power supply was used for lower resistivity samples.

3.7. Contact angle goniometer setup
A central part of this work involves the characterization of the wetting effects on a given
surface to determine the degree of hydrophobicity of the surface and the effects of the surface
microtexture treatments if applicable. The instrument typically used for these measurements is
called a contact angle goniometer and when it was decided that these types of measurements
were necessary three major suppliers in the field of CA goniometers were investigated for
suitability. The main suppliers investigated were Attension (TheteLite model), Ramé-hart
instrument co. (Model 190), and KRÜSS (Model DSA25B).

Figure 3.7-1. Commercial contact angle goniometer – Attension CAM100 model.

The above three suppliers were contacted and quotes were requested for their entry level
products since we are primarily interested in measuring CA which is a basic feature of such a
device. When the three quotes were gathered it was found that each quote was close to $10K +/Page | 27

$500. With extended and time consuming negotiations we could probably discount this to around
$6500; this was still more than what we thought we should have to pay for such an instrument. It
was therefore decided that an instrument should be designed using commercial off-the-shelf
(COTS) components.
To make this instrument the “Lean” and “Agile” development methodologies developed by
Steve Blank[143] and Eric Ries [144] were followed and a prototype or minimum viable product
(MVP) [143, 144] would be created so quick feedback of how the instrument works and rapid
changes in the design could be made before too much time and money was committed in to the
project, indeed the first instantiation of the CA goniometer was fashioned from parts available in
the lab and from local commercial suppliers.

Figure 3.7-2. The first prototype CA goniometer

This first device consisted of a simple hardwood plywood base, a 10 ml syringe, two clamps, a
penlight, a single lens reflex (SLR) digital camera and a set of extension rings to reduce the focal
length allowing the camera to operate in macro mode.
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Figure 3.7-3. Results from the first prototype CA goniometer.

Processing the digital image from the SLR requires the use of the ImageJ software and the
drop-snake plugin [127, 128]. The drop-snake plugin allows the user to place an outline of points
on the drop in the digital image and then when the drop is completely outlined the plugin
produces a measurement of the left and right contact angles as can be seen in figure 3.7-3 above.
Typically the right and left contact angle measurements are averaged and the process is repeated
several times (typically three).
The procedure for making a contact angle measurement using the first prototype CA
Goniometer is as follows:
1. Set up digital camera paying close attention to tripod height so the image of the “stage” in
centered and level.
2. Place sample material on stage.
3. Take sample image to verify lighting and focus, transfer image to PC to verify this.
4. Using syringe place 10 µl drop on surface (using the sessile drop method).
5. Take image, transfer image to PC to verify image is clear (see Figure 3.7-3).
6. For advancing and receding, rather than placing a single drop, allow the syringe to add
volume to the drop as repeated images are taken (I took 7 advancing and 7 receding
images), then take multiple images as volume is removed from the drop.
7. Dismantle equipment for storage.

Page | 29

As can be seen, this is a fairly lengthy procedure and it was difficult to obtain reproducible
results from different tests due to the variability of setting up the equipment. Especially time
consuming in the above procedure is the cycle of taking the static image using the digital camera
(the first prototype used a Canon EOS 350D SLR) and connecting the camera to the laptop
computer to view the image to either verify the framing of the sample or to save the image for
analysis. Lighting was also identified as a problem area and although readings of CA could be
made, the images were not considered “publication quality” and did not compare well with those
taken with commercial equipment. In the first prototype it was difficult to manipulate the stage
(the stage in this text fixture is immobile) such that sample was correctly framed and centered in
the image. Making measurements of the sliding angle was not possible with this equipment and a
separate test fixture with a tilting stage from Thorlabs was used to make the sliding angle
measurements.
The next iteration of the contact angle goniometer was also modeled from commercial
instruments similar to that of figure 3.7-1. For this iteration we integrated experience from one of
our team members who was using video equipment for the purpose of accurately timing
astronomical phenomena such as the occultation of a distant star by a nearby asteroid. For this
occultation timing work a sensitive black and white video camera that produces an NTSC
compatible signal is used to view the event through a telescope and the video signal is then timestamped using a GPS device where the timestamp is integrated directly into the video frame. The
attention was drawn to the availability of low cost high quality video camera and image capture
equipment.
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Figure 3.7-4. Second iteration of CA goniometer

Figure 3.7-4 shows the second iteration of the CA goniometer instrument. A solid aluminum
base was used, a 6” x 12” section was cut from a 3/8" x 12" x 12" 6061 aluminum plate.
Aluminum plate was chosen due to its rigidity and machinability (it was important to be able to
drill and tap). Standard Thorlabs bases and optical posts were used to mount the light and video
camera. A low-light C-Mount video surveillance camera was coupled to a 25 mm C-Mount lens.
A total of six C-Mount optical rings were used so the lens could operate in “Macro” mode
allowing for a very short focal length. The stage was constructed from a combination of a MT
Compact Dovetail Linear XY Stage and an MMT 10° Tilting stage with some mounting
hardware. The surface of the stage was manufactured from a 6 cm x 9 cm section of the
aforementioned 3/8 inch aluminum plate with holes drilled to accept two Leitz microscope stage
clips. Figure 3.7-5 shows a close-up of the stage assembly. Illumination of the stage is provided
by an adjustable LED light source. An iris was later added to the light source to provide
additional control of the illumination.
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Figure 3.7-5. Close up of second iteration of CA goniometer

The assembled stage can move in slow motion in X and Y directions, and can tilt up to 20° in
+Y or –Y direction. The tilting action allows for measurement of the sliding angle, a measurement
impossible in the earlier iteration of the prototype. One advantage of having the tilting stage as
an integral component of the contact angle goniometer is that a single process can now be used
(if desired) to measure advancing and receding contact angles as well as obtaining a value for the
sliding angle. This would be accomplished by placing the drop on the stage, recording video, and
slowly tilting the stage until the drop begins to move. The value of the tilt angle is the sliding
angle, whereas the value of the right contact angle and left contact angle just before the drop is
seen to move (assuming we tilt clockwise) become the advancing and receding contact angles
respectively.
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Figure 3.7-6. Schematic of the second prototype CA goniometer showing degrees of freedom

Figure 3.7-6 shows a schematic of this second prototype CA goniometer that shows the
various degrees of freedom of the instrument. There are many adjustments that can be made in
addition to those of the stage, namely the intensity and aperture for the LED light source can be
adjusted and the CCD camera is adjustable in X, Y, height and aperture.
After assembly a sample was placed on the stage and a 10 µl drop was placed on it. Figure
3.7-8 shows the resulting image from this drop analysis. The text in the upper left in small font
shows the CA to be 147° for this particular sample.

Figure 3.7-7. Results from the second prototype CA goniometer
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The image in figure 3.6-8 is the result of adjusting the lighting power, lighting aperture, focus,
lens aperture and careful framing of the drop on the sample. The second prototype has many
degrees of freedom allowing many different uses. In addition to the measurement of contact
angle and contact angle hysteresis (the difference between advancing and receding CA) the
second prototype allows for the measurement of the sliding angle.
Static contact angle measurements were made in accordance with ASTM D7334 [129]
using the sessile drop method and a 10 µl distilled water drop. The contact angle hysteresis
measurements were made using drop volume between 5 µl and 20 µl. Digital imagery is utilized
to capture the data and analysis is performed using the techniques and software [127, 128]
outlined in section 3.7 with equipment similar to that shown in Figure 3.7-2. For measurement of
sliding angle a tilting stage was used similar to that shown in figure 3.7-5 and is described in
section 3.7.

3.8. Electrowetting contact angle goniometer setup
For electrowetting contact angle measurements the test apparatus shown in figure 3.7-4 and
3.7-5 is extended as shown in figure 3.8-1. This allows contact angle measurements to be made
that can be correlated with power supply settings from the computer. The high voltage supply
used was a Stanford Research Systems PS325 with the voltage output being controlled by a PC
via the GPIB interface. A PC 164C video camera (Super Circuits Inc.) was used to gather 30
frames per second (FPS) video. A GPS video text overlay unit (PIC-OCD.com) was used to
insert a GPS timestamp in the video stream and an application was written in C (see listing
appendix 2) to interface to the GPIB card to control the power supply and to output a time-stamp
when the voltage is set. After ramping the power supply to the desired output the program waits
100 ms to allow correlation of the 30 frames per second video with the power supply output. The
PC’s time was synchronized using NTP to NIST internet time servers. The clock was verified to
be within 5 ms of UTC before each experiment. The voltage was also monitored on a DVM
(Fluke 8012A). For later experiments a Stanford Research Systems DS345 function generator
was used to modulate the high voltage supply from the PS325.
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Figure 3.8-1. Test

system used to measure electrowetting contact angles

The Video camera of figure 3.8-1 captures data at a rate of 30 FPS and to facilitate correlation
between the power supply settings from the PC via the GPIB bus and the measured contact angle
the application described earlier was written that ramped the voltage up and down, allowing the
setting to remain stable for a 100 ms window to facilitate correlation with the timestamps in the
video. Figure 3.8-2 below shows the measured and ideal output voltage from this program, and
figure 3.8-3 shows a sample text file output.
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Figure 3.8-2. Power supply ramp generation from PC, measured above and ideal below.

Looking at the two graphs above it can be seen that the PC can introduce quite a bit of jitter
which was the motivation for the 100 ms reading settling time introduced by the power supply
application code. This 100 ms gives ample time to select the timestamp from the text file (figure
3.8-3) in the appropriate video frame from the video stream.
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Figure 3.8-3. Power supply GPIB control program text file output showing timestamps.

The procedure to capture the raw experimental data can be separated in to two categories,
capturing the data and analyzing the data as follows:

Capturing the data
1. Verify NTP delay using ntpq command (try to keep within 5 ms, restart PC if necessary )
2. Start capture of video verifying that the video stream is appropriately time stamped by the
GPS video text overlay unit.
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3. Run the program to ramp the high voltage power supply, recording the time stamps
produced in a text file for later use.
4. Repeat for each experiment

Analyzing the data
1. Open the video file and locate the video frame with the appropriate time stamp from the
text file.
2. For each power supply step when the time stamps match (within 30 ms), save the video
frame as an image file (such as JPEG).
3. Repeat steps 1 through 2 for each Video file
4. Open each image with the ImageJ image processing software [127].
5. Set image type to 32 bit greyscale image
6. Load the Drop-Snake [128] analysis plugin
7. Analyze the drop using the Drop-Snake [128] analysis plugin and record the contact
angle by contouring the image.
8. Exit the plugin, close the image.
9. Repeat for each image of the experiment.
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Chapter 4.

Results and Discussion

4.1. Morphology of laser microtextured surfaces and their
replicants.
As discussed in section 3.3 pulsed laser microtexture fabrication is used to produce a
replication master using either titanium or silicon. This master is then used as detailed in section
3.4 to replicate the surface microtexture on PDMS.
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Figure 4.1-1. SEM image of: (a) Ultrafast laser treated surface showing the formation of
micro/nano structures on Ti master, (b) Si master, (c) replication in PDMS of micro/nano
structures that have been replicated from the Ti mold, (d) replication in PDMS of micro/nano
structures from the Si master, (e) higher magnification image of PDMS showing detail micro/nano
structures that have been replicated from the Ti mold, (f) higher magnification image of PDMS
showing detail micro/nano structures that have been replicated from the Si mold.

As seen from figure 4.1-1 both Ti and Si master surfaces ((a) and (b)) were prepared by a TiSaphire ultrafast laser system operating at wavelength of 800 nm and repetition rate of 1 KHz
and a 130 fs pulse width. The laser fluence was kept constant at 0.8 J/cm² for the Si master and 1
J/cm² for the Ti master. Additional details of this self-assembled technique and the fabrication
process can be found in the following references [37-39, 62].The images in figure 4.1-1(c) and
(d) respectively show the replicated PDMS surfaces fabricated from the Ti and Si masters. These
results were produced using the simple replication technique discussed in Chapter 3 (see Figure
3-1). When comparing the replicated microtextured surfaces with their associated masters it can
be seen that even the fine detail on the sides of the features are copied and that the detail copied
is a mirror image of the microtexture from the master. This is especially evident in the case of Ti
master and replicant where the conical boulder-like features of the master are copied as cupshaped features on the replicant. When the samples of figure 4.1-1(c) and (d) are examined at
higher magnification detail is seen at both the micron and nano scale as seen in figure 4.1-1(e)
and (f).

Figure 4.1-2. SEM image of cross section of PDMS microtexture replicated from Si master.
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In order to quantify the dimensions of replicated microstructure a sample was prepared for
cross section analysis under the SEM by coating 10 nm thin layer of gold and palladium and the
image of figure 4.1-2 was obtained. The SEM image shows that the distance between the conical
features is approximately 20 µm with height varying between 10 µm and 15 µm. Morphology of
the replicated surface is controlled by controlling the morphology of the master. The master can
be produced with varying microtexture heights. The heights varied from ~1 µm to ~35 µm which
corresponded to Ti masters prepared according to [38, 39, 62] as outlined in section 4.3 where
the fluence is held constant at 1.0 J/cm2 for different number of laser shots between 0 and 450
[44] with the corresponding structure height between zero and 35.8 µm.

4.2. Optical properties
Optical measurements and characterization require a thin sample to minimize scattering effect
so a sample was prepared using the PDMS embossing technique discussed in section 3-3 and
shown in figure 3.2-2. As discussed earlier a representative sample produced using this technique
is shown in figure 3.3-3. The replicated microtextured area is shown in the center of the sample.

Integrating Sphere
(RTC-060-SF from Labsphere Inc.)
Spectraflect Surface

Standard
(Spectraflect)

R+SB
T+SF

R+S+T

Φ

Laser

Sample
(angle Φ adjustable)

Detector

Figure 4.2-1. Optical characterization using integrating sphere showing total unabsorbed power
transmitted (T) plus scattered (SF) and reflected (R) plus scattered (SB)
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The optical properties of the PDMS microtextured surface were measured using an integrating
sphere. The experimental setup is shown in figure 4-2-1. Using this apparatus the Total
Integrated Light Scattering (TILS) power can be measured as shown. The light scattering power
can be further broken down into the reflected plus backscattered power (R+S B) as shown in
Figure 4.2-2(a) below and the transmitted plus forward scattered power (T+SF) as shown in
Figure 4-4(c).

(a) R+SB

Black
Absorber

R+SB
Laser

Sample

Detector

(b)T+SF

Standard
(Spectraflect)
T+SF

Laser

Sample

Detector

Figure 4.2-2. Optical characterization using integrating sphere showing: (a) the reflected (R)
power plus the back scattered power (SB), and (b) the transmitted (T) plus the forward scattered
power (SF).
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The integrating sphere also allows the angle of incidence to be adjusted to determine the effect
of the angle of incidence on the various reflected and transmitted components. The properties of
the microtextured PDMS material are characterized to determine the dependence of reflectance
on angle of incidence. For this experiment the transmitted light component is absorbed by a
black absorber that was independently characterized. The black absorber reflected component is
subtracted from the result for PDMS, and microtextured PDMS. A second experiment using the
integrating sphere examines the light reflecting properties of the microtextured PDMS surface
that was applied to a polished silicon surface. The results of these integrating sphere experiments
are summarized in table 4.2-1.

Table 4.2-1. Optical characterization results from integrating sphere measurements carried out at 633 nm
wavelength at normal incidence. The measurement error is 1-2%. The microtextured PDMS was placed
with the microtextured side facing up on the Si substrate.

Of particular interest in Table 4.2-1 is the R+SB data. The results for PDMS with microtexture
on a polished silicon substrate are noteworthy since the reflectivity of uncoated polished Si is
measured at 35% and is reduced to 25% with the addition of a 200 µm layer of PDMS. The
reflectivity of Si is further reduced to 16% with the addition of PDMS microtextured film and
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therefore reflection of the Si substrate is decreased by more than 55% by the application of this
simple PDMS microtextured coating.

Silicon
Silicon prediction
Silicon + PDMS
Silicon + PDMS prediction
Silicon + PDMS with microtexture

60

TILS + Reflection (%)

50

40

30

20

10
-40

-20

0

20

40

Angle (degrees)

Figure 4.2-3. Total integrated light scattering and reflection as a function of angle at 633 nm
wavelength for polished silicon, polished silicon prediction, silicon with PDMS film, silicon with
PDMS film prediction, and silicon plus microtextured PDMS.

A microtextured PDMS sample was applied to a polished silicon substrate and was evaluated
as a candidate for an antireflection coating for use in photovoltaic solar cells. The microtextured
side of the PDMS was placed with the microtextured side face-up on the silicon substrate and
TILS measurements are made using the integrating sphere apparatus. The results of this
experiment are shown in figure 4.2-3 and the measured values are seen to compare well with the
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values calculated from both a PV Optics model simulation [145] and MATLAB® program (see
appendix 1). The data shows that the reflectivity is flat over a wide range of angles of incidence
and the measured values are very close to the predicted values.

4.3. Contact angle measurement results and analysis
Figure 4.3-1 below (a-f) shows SEM imaging of replicated microtextured PDMS surfaces
produced from masters with varying microtexture heights. The heights varied from ~1 µm to ~35
µm which corresponded to Ti masters prepared according to [38, 39, 62] as outlined in section
4.3.

a)

b)

20.0 μm

20.0 μm

c)

d)

20.0 μm

20.0 μm

e)

f)

20.0 μm

20.0 μm
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Figure 4.3-1. SEM images of replicated PDMS surfaces created from microtextured Ti masters
prepared at laser fluence of 1.2 J/cm2 for different number of laser shots (a) 60 (b) 125 (c) 175 (d)
250 (e) 350 (f) 450 [44].

The contact angle was measured on each of these surfaces according to the procedures
outlined in section 3.3 and a plot is obtained that shows the relationship between microtexture
height and contact angle as shown in Figure 4.3-2. Microtexture enhances the contact angle of
the surface. For example the measured contact angle for plane PDMS surface was found to be
92° and after microtexture it increased to 154° for a microtexture height of 35.8 µm. It is seen in
this figure that there exists two distinct regions: a steep rising region for relatively lower height
microtexture feature samples and a slower rising region for higher microtexture feature samples.
It is known that appropriate surface roughness plays an important role in producing
superhydrophobic surfaces [1, 2, 146] and that the addition of microtexture to a surface can
increase or decrease the contact angle depending on the initial contact angle of the non-textured
surface as was shown in section 2.4.
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Figure 4.3-2. Variation of contact angle with microtexture height.
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In chapter 2 Young’s theory of surface wetting was introduced along with the Wenzel and
Cassie-Baxter model. The Wenzel and Cassie-Baxter model can be employed to explain the two
distinct regions in figure 4.3-2. These models repeated below in equations 4.3-1 and 4.3-2.

cos *  r cos 

(4.3-1)

cos  *  1   s (1  cos  )

(4.3-2)

As before from chapter 2 in the Wenzel model  * is the observed contact angle for a drop on
the surface,  is called the equilibrium contact angle (the contact angle on a flat non-textured
surface, and is also referred to as the Young’s contact angle), r is the ratio of the surface area of
the microtextured surface divided by the flat surface area. For the Cassie-Baxter model  s is the
fraction on the solid that is in contact with the liquid. With the Wenzel model, the liquid in in
contact with the surface at all points and the hydrophobicity is increased because the interfacial
area between the solid and the liquid increases. In the Cassie-Baxter model case the microtexture
on the surface provides traps where the liquid is unable to penetrate so microtexture surface with
features that are taller will behave according to the Cassie-Baxter region and a microtexture
surface with shorter features will behave according to the Wenzel region. We can obtain an
intersection threshold value  c that obeys both regimes by equating equations 4.3-1 and 4.3-2
giving:

cos c 

  s  1
 r  s 

(4.3-3)

By linear curve fitting the Cassie-Baxter and Wenzel lines (as shown in figure 4.3-2) and then
solving the empirical equations, a threshold angle,  c is found to be ~129º. From equation (4.3-1),
for θ* = 129º and θ = 92º (the measured value), we obtain a roughness factor, r ~ 18. Similarly,
from equation (4.3-2), for θ* = 129º and θ = 92º, we obtain  s ~ 0.38. However, for CA of 154º,
 s is about 0.1; in this case the water drop is in contact with about 10% of the total area

available. From solving two empirical equations obtained from fitting two straight line curves for
Wenzel and Cassie regime we also get the transition microtexture height needed to enter Cassie
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mode from Wenzel mode is about 4.2 µm. This transition at a microtexture height of 4.2 µm
agrees well with the value of 4.5 µm reported by Yeh et al. using advancing and receding contact
angle measurements [147] for microtextured surfaces.
As noted earlier in section 2.2 the Wenzel model is applicable for small values of the r factor.
The reported r value at transition region using stylus profilometer have indicated a smaller
number possibly due to difficulties in measurement of micro-scale deep structures [148].
Both contact angle and sliding angle are predictors of superhydrophobic behavior. The above
analysis discusses contact angle, an experiment was also conducted to measure how sliding angle
can be predicted from microtexture height. Table 4.3-1 below tabulates the results of the sliding
angle experiments where we measured the sliding angle for samples with different microtexture
heights.
Table 4.3-1. Sliding angle for water on replicated PDMS surface for different microtexture
heights.

It can be seen that the drop is pinned (not mobile) for microtexture heights up to and including
~6 µm which indicates that superhydrophobic behavior is associated with taller microtexture
features. For taller microtexture features (~30 µm) the sliding angle is less than 6°. This result is
consistent with the Cassie-Baxter model as the tall microstructure features create the traps
necessary to minimize the air-solid interface area [14].
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The dynamic characteristics of water droplets were also studied for the replicated microtexture
surface and the values for the advancing and receding dynamic contact angles were found to be
157° and 151° respectively for a sample with a microtexture height of 35.8 µm giving a contact
angle hysteresis of 6°.

b)

a)

20.0 μm

20.0 μm

c)

20.0 μm

Figure 4.3-3. SEM image of Ti master after number of replications, (a) 5, (b) 10, and (c) 25.

Surface degradation of the master caused by repeated replications was investigated and the
SEM images of Figure 4.3-3 were captured for masters with various numbers of replications. The
analysis of the images shows no apparent degradation for up to 25 replications. There are several
factors that can influence this lack of degradation but the main factors are the softness of the
PDMS material compared to the hardness of the masters, the fact that no additional external
loading was applied during the replication process and also the fact PDMS presents up to 3%
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shrinkage [149] during the curing process which aids removal of the replicated surface from the
master.
Details of the addition of MWCNTs into the PDMS polymer matrix were discussed in section
3.5. Although the primary purpose of such addition was to investigate the change in conductivity
that is discussed in section 4.4, the changes to contact angle were also investigated. A series of
samples were prepared with a range of MWCNT from 0.45 - 4.1 wt % bulk loading and found no
evidence to support any hypothesis that the addition of MWCNTs to the PDMS polymer matrix
affected contact angle within the accuracy of our equipment (~2%).

Figure 4.3-4. Image of water droplet on surface of non-textured conductive MW-CNT/PDMS
composite.

A sample of conductive polymer was prepared without the addition of microtexture and was
analyzed to determine contact angle similar to that shown in figure 4.3-4 and the contact angle
was determined to be 110° with a contact angle hysteresis of 23°. Similarly figure 4.3-5 shows a
microtextured PDMS-MWCNT nanocomposite sample being analyzed for contact angle and the
results were found to have an advancing contact angle value of 161° with a sliding angle of 6°
and a contact angle hysteresis of 3°. These results compare favorably with our earlier results for
microtextured PDMS (no MWCNT) of 154°, 6° and 6° respectively [44], so the addition of 4.1
wt % loading of MWCNT did not enhance contact angle significantly.
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Figure 4.3-5. Image of water droplet on surface of conductive PDMS microtextured surface
displaying a contact angle of 161°.

4.4. Electrical conductivity measurement results and analysis
As discussed in chapter 3, resistivity measurements are made in accordance with ASTM D257 [142] using a Keithley 6105 resistivity adapter [141].

Table 4.4-1. MWCNT products.

Table 4.4-1 above summarizes the MWCNT parameters such as CNT lengths and diameters
that were utilized to produce samples to determine the effect on conductivity by the addition of
MWCNT to the PDMS polymer matrix. Both hollow and bamboo MWCNT products were
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investigated and in total four different products were evaluated, the products differing mainly in
packing density, which is seen to vary by a factor of four. The bamboo type product was
evaluated as bamboo structure MWCNTs have been reported in literature as having a higher
degree of structural defects [150, 151]. The MWCNT products with lower packing density were
found to be more difficult to mix with PDMS and this in particular led to the selection of the
PD15L15-20 product for conductivity experiments.

Figure 4.4-1. Graph of volume resistivity vs. % weight MWCNT loading (note: sample is nontextured).

Results are shown in Figure 4.4-1 above for the experiment measuring volume resistivity of
these samples of PDMS nanocomposite with a bulk loading of between 0.45 and 4.4 wt % of
MWCNT for the PD15L15-20 product. It was found that the minimum volume resistivity was
761 Ω cm. This result is significantly lower at low bulk loading levels (less than 5 %) to the
results published by Engel et al. [152] by more than a factor of 100 and is lower to that of nonimpregnated PDMS by a factor of more than 1011.
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Figure 4.4-2. SEM image of conductive PDMS matrix showing interconnecting MWCNT.

Figure 4.4-2 above shows a high magnification SEM image of the PDMS-MWCNT
nanocomposite sample with a 2.4 wt % bulk loading of PD15L15-20 that shows interconnection
of the MWCNT’s. This interconnection of the carbon nanotubes forms a network [68] that is
responsible for the lower conductivity. At what has become known as the percolation threshold
[68], a large increase in conductivity is seen due to the interconnection of the nanotubes, that can
be seen in figure 4.4-2. After this percolation threshold, 2 wt % in our case from figure 4.4.-1, a
significant exponential decrease in resistance can be seen in figure 4.4-1.
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Figure 4.4-3. Graph of resistance vs. temperature for conducting nanocomposite and control
resistor (note: nanocomposite sample is non-textured).

Nanocomposites based on BPD30, PD30, and PD15L1-5 failed to produce usable low
resistance samples mainly due to inability to mix effectively so a study was performed using
PD15L15-20 MWCNT to determine the temperature dependence on resistance for the resulting
nanocomposite. The results of this study are shown above in figure 4.4-3.The nanocomposite for
this experiment consisted of 4.1 wt % PD15L15-20 and the temperature was varied from -15°C
to 165°C while resistance measurements were recorded. A 5% tolerance resistor was used as a
control for this experiment and this control resistor exhibited a very small negative temperature
coefficient (NTC) of resistance of α = 193 x 10-6 (4.4 mΩ/K). The MWCNT nanocomposite by
comparison has a NTC of α = 1.43 x 10-3 (35.5 mΩ/K). Performing a literature search for the
temperature coefficient of resistance for a platinum thermistor finds a positive temperature
coefficient (PTC) of resistance of α = 3.7 x 10-3 [79]. Platinum is very desirable for this
application because of its linear response, however due to the expense of platinum, cheaper
alternatives such as semiconductor thermistors have become popular despite a non-linear
response. In comparison the NTC response of the PDMS-MWCNT nanocomposite of Figure 4.43 is linear within the tested range and the broad operating range of PDMS (-55°C to 200°C) with
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long lifetime in harsh conditions (PDMS is used as a solar cell encapsulant) makes the PDMS
MWCNT nanocomposite an attractive material where temperature sensing is required in addition
to other properties.

4.5. Electrowetting results and analysis
Young’s equation was introduced in chapter 2 and is repeated below as equation 4.5-1.
Young’s equation can be used calculate the contact angle of a liquid on a solid non-textured
surface
Cos 

 SV   SL
 LV

(4.5  1)

In this context θ represents the contact angle, sometimes referred to as the Young’s contact
angle and the three interfacial forces are γSV which represents the surface-vapor interface, γSL is
the surface-liquid interface and γLV is the liquid-vapor interface.
For this work on electrowetting we are mainly concerned with the interaction of liquid water
on a solid PDMS surface. Therefore, to quantify Young’s equation for this condition we can
place numeric values into Young’s equation using values of γSV of 24 mN/m[120], γSL of 41
mN/m[120], and γLV of 72.8 mN/m[100] we obtain a distilled water-PDMS contact angle of
102.7° which is well in agreement with the range reported by Ismail [120].
Lippmann is credited [101] as being the first to report that an electrostatic charge can change
the contact angle at a solid-liquid interface [102]. Electrowetting phenomena are explained by
the addition of a modification to Young’s equation [103, 133, 153, 154] that adds a force to
modify the surface tension as in eq. 4.5-2.

 SV   SL
1 CV 2
Cos 
 Coso 
 LV
2  LV

(4.5  2)

This modification is on the order of CV2 where C   d and V is the applied electrowetting
potential. C is the capacitance per unit area, and  is the permittivity of the material, in this case
PDMS. θo is the initial contact angle or the Young’s contact angle. For rough or microtextured
surfaces Young’s equation no longer applies and one must apply either the Wenzel model (eq.
4.5-3) [121] or the Cassie-Baxter model (eq. 4.5-4) [134] as explained in chapter 2. In the
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Wenzel model the Young’s contact angle is modified by a roughness factor r, a multiplication
factor that represents the surface roughness area divided by the geometric surface area
cos  *  r cos c

(4.5  3)

Here θ* is the apparent contact angle, θc is the equilibrium contact angle or Young’s contact
angle. As with Young’s theory an example helps to make the application of Wenzel’s model
clear. If we, for example, assume a Wenzel roughness factor of 2, meaning that the roughness
doubles the surface area, then using this value of r in eq. 4.5-3 and using the value of Young’s
contact angle calculated above of 102.7°, this gives an apparent contact angle of 116.1°.
cos  *  1  s (1  cos c )

(4.5  4)

The Cassie-Baxter model is shown above in eq. 3. With this model, the liquid is no longer in
complete contact with the solid but is partly supported by the surface tension of the liquid. Φs is a
dimentionless number that represents fraction of solid in contact with the liquid, θc is called the
effective contact angle and is also the Young’s contact angle and θ* is the observed contact
angle.
In a similar way to Young’s model, the Cassie-Baxter model can be expanded to
include electrowetting phenomena [155] as in eq. 4.5-5 where β represents the Cassie-Baxter
fraction of solid in contact with liquid, as above C   d , V is the applied electrowetting
potential, C is the capacitance per unit area, and  is the permittivity of the material.

Cos  Coso 

1  CV 2
2  LV

(4.5  5)

Figure 4.5-2 shows images captured from video for textured (a) and (b) and non-textured PDMS
(c) and (d). In this figure the samples are manufactured from PDMS without the addition of
nanomaterials. For each set of images, the first image is taken before the excitation voltage is
applied. It can be clearly seen that the change in excitation voltage from 0 V to 2 KV has a
greater effect on the contact angle for the textured sample where the CA changes from 162° to
144°, compared to that of the non-textured sample where the CA changes from 111° to 112°.
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(a)

(b)

(c)

(d)

Figure 4.5-2. Images captured from video for distilled water droplet on microtextured (a) and (b) and nontextured PDMS (c) and (d).

Similarly Figure 4.5-3 shows images captured from video for microtextured (a) and (b)
and non-textured PDMS nanocomposite (c) and (d). For each set of images the first image is
taken before the excitation voltage is applied. Again it can be clearly seen that the change in
excitation voltage from 0 V to 800 V has a greater effect on the contact angle of the textured
sample where the CA changes from 158° to 139°, compared to contact angle of the non-textured
sample where the CA changes from 94° to 91°. It should be noted that the PDMS nanocomposite
sample shows little or no reversible electrowetting behavior, and that the excitation voltage for
the nanocomposite testing was limited to 800 V to limit the creation of bubbles due to
electrolysis.
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(a)

(b)

(c)

(d)

Figure 4.5-3. Images captured from video for distilled water droplet on textured (a) and (b) and nontextured PDMS conductive nanocomposite (c) and (d).

Figure 4.5-4 shows how contact angle for microtextured and non-textured PDMS vary as
the applied voltage is increased from 0 V to 2000 V, the textured and non-textured up data sets,
and returned to 0 V the textured and non-textured dn data sets. Figure 4.5-5 similarly shows the
response for microtextured and non-textured MWCNT-PDMS nanocomposite as the voltage is
increased from 0 V to 800 V and returned to 0 V.

Figure 4.5-4. Graph of contact angles for distilled water droplet on PDMS as a function of voltage
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Figure 4.5-5. Graph of contact angles for distilled water droplet on PDMS conductive nanocomposite as a
function of voltage

For the measurements presented in figure 4.5-4 and 4.5-5 distilled water is used during
the experiment. For figure 4.5-6 and 4.5-7 the same experiment repeated for a 0.05 M solution of
NaCl used to simulate biological saline solutions interfacing to the microtextured surfaces
similar to Han et al. [81].

Figure 4.5-6. Graph of contact angles for 0.05 M solution NaCl droplet on PDMS as a function of voltage
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Figure 4.5-6. Graph of results for contact angles for 0.05 M solution NaCl droplet on PDMS conductive
nanocomposite vs. voltage

Looking at the measured data for textured PDMS which is the textured up curve of Figure 4,
and substituting values into eq. 4.5-5 with θ, the final CA = 144°, θs the initial CA= 162°, V =
2000 V,  SA = 24 N/m [120] and β = 0.1 from our earlier work [44] we find a value for C of
17.04 nF and can then develop a model for the system using eq. 4.5-5 as we change the voltage
from 0 V to 2000 V as shown expanded in figure 8. The value for the capacitance of the dropletPDMS dielectric combination of 17.04 nF is identical to the value obtained by Zhu et al. [100]
for aligned carbon nanotube films and is significantly larger, as expected, than the value of 21 pF
developed by Verheijen et al. [154] for a non-textured surface with a 90° contact angle.
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Figure 4.5-8. Graph of results for contact angles for distilled water droplet on PDMS vs. voltage and prediction from
model.

The response shown in figure 4.5-4 is repeatable and the drop can be seen to move down as
the voltage is increased and move back to the original position after the initial pass. The initial
pass condition is explained by the contact angle hysteresis between the advancing and receding
contact angles. As discussed earlier in the literature search, this reversible electrowetting
behavior has been observed in other surfaces and fluid combinations, but only in limited
circumstances such as with the addition of oil [93] or heating of the substrate [26] or by the use
of special coatings [86, 91, 94] and more lately on silicon nanofibers [93] and silicon
nanowires[92].
An analysis was performed to determine the dynamic performance of the system to AC high
voltage. The test fixture of figure 3.7-1 was modified similar to figure 4.5-5 with the high
voltage power supply modulated by the 0 – 10 V output from the signal generator. The camera
and stroboscope tachometer were used to verify the drop oscillation frequency.
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Surface

Figure 4.5-5. Test apparatus used to generate 1.0 Hz excitation for electrowetting testing.

The results shown in table 4.5-1 were obtained with the signal generator set to a 1.0 Hz
frequency.
Table 4.5-1. Drop height and contact angle repeated changes for 1.0 Hz 1.5 KV excitation.

This test results suggest an application described in the future work section such as that of figure
A3-3 in appendix 3 where a laser can be modulated by an externally controller variable
frequency. An analysis of the design difficulties of such a test fixture is included.

4.6. Contact angle measurements for different fluids
Surfaces with a high degree of microtexture have demonstrated resilience to ice buildup [156].
This potential use of the microtextured superhydrophobic surface that was discussed in chapter
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4.3 is for anti-icing for the aviation industry where much expense is currently employed in the
distribution and use of anti-icing equipment and supplies. In chapter 1 we described that a busy
airport can spend over $1,000,000 per day on de-icing equipment, manpower and fluid [110].
With this potential application in mind an analysis was performed on a selection of fluids that
might be found at a typical airport and in particular types of fluids used for de-icing [157].

Figure 4.6-1. Typical fluids that might be found at an airfield.

These fluids were analyzed using the contact angle goniometer and the table of results below was
produced that shows both advancing and receding contact angle and sliding angle where
measured. The advancing contact angles can be used as the static contact angle if needed.
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Table 4.6-1. Contact angle and sliding angle of typical fluids.

Looking at Table 4.6-1 it can be seen that the microtextured PDMS surface is only
superhydrophobic for water, degrades to hydrophobic for ethylene glycol and shows oleophilic
behavior for the common oils and hydrocarbons tested above. The oleophilic response of the
microtextured PDMS to hydrocarbon oils is expected to enhance its hydrophobic behavior since
such oils are typically used to enhance hydrophobic behavior [92, 93, 133].

4.7. Durability of microtextured surfaces
The mechanical durability of the pulsed laser microtextured surface was investigated by Steele
et al. [158]. A titanium master was prepared and coated with a fluoropolymer to produce a
superhydrophobic microtextured surface with a contact angle of about 165°. The surface was
then subjected to repeated abrasive wear testing and the contact angle was found to degrade
below 150° after three abrasive testing cycles of 350 g load. This reduction in contact angle can
be explained by the abrasive removal of the hydrophobic fluoropolymer coating exposing the
hydrophilic titanium surface and the breaking of the microtexture. The degradation of the master
due to multiple replications has been examined in our earlier work [44] and was determined to be
minimal for up to 25 repetition cycles (see figure 4.3-3). It was discussed earlier in section 3.1
that the environmental stability (exposure to UV light primarily) is one of the key factors why
PDMS is used as a solar cell encapsulant to produce modules. Premium solar panels are
guaranteed for up to 25 years. A laser microtextured replicated sample was provided to PBI
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Corporation, a major satellite dish antenna manufacturer, for UV stability test to simulate
outdoor sun exposure. Test results showed no measurable degradation after three and a half years
of equivalent sun exposure.

Page | 64

Chapter 5.

Conclusions and Future work

5.1. Key findings
The first key finding of this research is that laser generated surface microtexture can be
replicated to a high degree of fidelity using a very simple and inexpensive technique that is
readily scalable to industrial applications. An experimental setup was designed to measure
wetting properties and it was found that the replicated microtextured surface displays
superhydrophobic properties. The results were analyzed using the Wenzel and Cassie-Baxter
models and it was found that minimum texture height of about 4.2 µm is needed for the
replicated surfaces to enter into the Cassie-Baxter regime. Having a high static contact angle in
the Cassie-Baxter region combined with a low value of contact angle hysteresis and a low sliding
angle would help in achieving anti-icing and anti-corrosion properties [4, 8, 9, 124]. No
additional processing such as coatings are required to achieve contact angles greater than 161°. It
was also found that the contact angle can be controlled by changing the height of the replicated
microtexture. The optical properties of the replicated microtexture were analyzed and it was
found that the replicated microtextured PDMS, when applied on a silicon surface showed that
surface reflectance can be suppressed over 55% compared to the control value. The process
demonstrated is directly applicable to other polymer and plastic materials and has since been
demonstrated on polycarbonate by other members of our research group [105]. Another key
finding is that we can take the aforementioned microtextured PDMS surface and the addition of
multi-walled carbon nanotubes to the polymer matrix can produces a superhydrophobic and
conductive nanocomposite that when analyzed for its wetting properties was found to retain the
superhydrophobic properties of the PDMS microtextured surface. This superhydrophobic
nanocomposite demonstrated a huge increase in conductivity of more than 1011 over the base
polymer with a bulk loading of less than 5 wt % with an operating temperature range from -15°C
to 165°C and a negative temperature coefficient of resistance of α = 1.43 x 10-3 (35.5 mΩ/K).
The combined characteristics of a conductive, superhydrophobic nanocomposite with linear
temperature coefficient of resistance have exciting potential for applications in the packaging
area.
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This research has provided a better understanding of superhydrophobic properties of
microtextured surfaces. This understanding and demonstration of extremely high contact angle,
low sliding angle and low hysteresis would help in applications of microtextured
superhydrophobic surfaces for anti-icing, anti-corrosion, self-cleaning and anti-biofouling etc.
The electrowetting properties of the non-impregnated replicated microtextured surface
demonstrate greater than 10° of reversible electrowetting behavior without the use of additional
oils or coatings and suggest applications for MEMS. The microtextured nanocomposite surface
was not found to be a useful surface for demonstrating electrowetting phenomena.
These superhydrophobic surfaces also demonstrates a small contact angle hysteresis of 6° and
low sliding angle of 6° both known as predictors of anti-icing properties. The combined
characteristics of these surfaces suggest many applications including anti icing, anti-biofouling,
smart electrically shielded enclosures with internal electronic temperature sensing, electro
mechanic actuators and as a surface coating to improve the efficiency and cleaning properties of
solar power modules.

5.2. Future work
Further improvement in the antireflection properties of the PDMS microtextured surface on
silicon can be expected by finding a similar material to PDMS with a refractive index closer to
1.75 – 2.0. This material will be expected to have a refractive index close to 1.95 by the formula

n2  n1n3 where n1 is the refractive index of air (1.0) and n3 is the refractive index of silicon
(3.874) [159]. This will provide low reflectance over a broad wavelength and angular range.
The light-coupling phenomenon discussed in chapter 4 from the integrating sphere
experiments where light is coupled by the surface texture and effectively wave-guides through
the PDMS media should be investigated for possible use as a fiber-optic coupling device.
Some initial investigation was performed on the replicated microtextured surface to determine
the effectiveness of the material as a light diffuser and to examine the scattering properties.
The electrowetting investigation can be expanded to other microtextured surfaces including
polycarbonate suggested by our research team in recent work [105] that demonstrates
microtexture replication and superhydrophobic properties..
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In section 3.8 we demonstrated electrowetting behavior for replicated microtextured surfaces
and further suggested applications in the area of electromechanical systems to control high speed
movement of a drop with possible application as a high speed shutter for laser systems. One
difficulty of such an application is how to control or modulate the high voltage power supply to
achieve response times faster than 1 Hz using the Stanford Research Systems PS325 being
driven by the 0 – 10V output of the Stanford Research Systems DS345 synthesized function
generator. When we originally set up the test system of figure 4.5-5 we found that the frequency
response was limited to approximately 2.0 Hz by the slew rate on the input of the PS325 (The
PS325 has an external voltage set maximum update rate of 16 Hz with a maximum slew rate of
0.3s for zero to full scale [160]). A discrete circuit should be built to modulate the output of the
PS325 with a frequency response as fast as 1KHz so the dynamic frequency response of the
electrowetting system can be investigated at these frequencies. Details of this test fixture design
are included in appendix 3.
Anti-icing and anti-corrosion are two additional aspects of this thesis that have been discussed
as potential applications of superhydrophobic microtextured surfaces but have not as yet been
fully demonstrated. Work has been done on fabrication of washers out of microtextured PDMS
film with the aim of providing an anti-corrosive demonstration and that work is ongoing, see
figure 5.2-1. Anti-icing as an application has been tested on the small scale in the laboratory,
targeting the satellite dish antenna market however, due to lack of large size samples no data is
yet available on actual field test.

Figure 5.2-1. Washers made from microtextured PDMS film for corrosion prevention.
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Appendix 1 - MATLAB® program listings for models
Program 1.
This program is used to calculate and plot reflectance versus angles of incidence for silicon (or
PDMS). Used to produce graphs of predictions for figure 4.2-3.
%
% Copied from Phys 531 Homework 4, Problem 2.
% Was Plot Reflectance vs. Angle of incidence for Nickel (at 560nm)
% POC 9/29/2004
%
% Refreshed for reflectance data for Figure 5 of Paper1
% POC 8/6/2011
%
n_i = 1.0;
% Index of Air
%n_t = 3.874 + 0.015i;
% Index of Si
%n_t = 3.882 + 0.019i;
%
%Index of Si
n_t = 1.412
% Index of PDMS
%n_t = 3.874 + 0.015i;
% Index of Si
rtd = 360 / ( 2*pi );
% Conversion factor radians to degrees
%
% Allocate space for Theta vector
theta_i =linspace( 0, pi/2, 90 );
%
% Calculate theta_t
theta_t = asin( (n_i/n_t) * sin(theta_i) );
%
% Fresnel amplitude coefficients r_prp and r_par
r_prp = ((n_i*cos(theta_i) - n_t*cos(theta_t)) ./ (n_i*cos(theta_i) +
n_t*cos(theta_t)));
r_par = ((n_t*cos(theta_i) - n_i*cos(theta_t)) ./ (n_i*cos(theta_t) +
n_t*cos(theta_i)));
%
% Reflectances
R_prp = abs( r_prp ).^2;
R_par = abs( r_par ).^2;
%
% Plot the resulting graph
plot( theta_i.*rtd ,R_prp ); hold; text(42, 0.4,'R_p_r_p');
plot( theta_i.*rtd ,R_par ); hold; text(80, 0.05, 'R_p_a_r'); hold;
xlabel( 'Angle of Incidence (degrees)'); ylabel( 'Reflectance (R)' );
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Program 2.
This program is used to generate the graph of figure 2.4-1 where the apparent contact angle is
graphed against the effective contact angle for various settings for the Cassie-Baxter wetting
factor (ϕs).
%
% Plot Contact Angle vs. Wenzel Roughness
% POC 5/18/2014
%
clear;
%
% This is the real Contact Angle ala young
%
Theta_c=linspace( 0, 180, 181 );
%
% Loop for each degree
% This could be done as a dot operation but I use a loop for simplicity
%
for i=1:181
%
% Compute cosine
%
Cos_Theta_c(i) = cosd( Theta_c(i) );
for r=[1,5,10,15,20]
%
% Determine apparent CA for wenzel roughnesss for the various roughness
%
Cos_Theta_s_r(i,r) = r*Cos_Theta_c(i);
Theta_s_r(i,r)=acosd(Cos_Theta_s_r(i,r));
end
end;
%
% Plot output Graph
%
plot(Theta_c(60:120),Theta_s_r((60:120),1),'color','k');hold on;
plot(Theta_c(60:120),Theta_s_r((60:120),5),'color','b');
plot(Theta_c(60:120),Theta_s_r((60:120),10),'color','r');
plot(Theta_c(60:120),Theta_s_r((60:120),15),'color','g');
plot(Theta_c(60:120),Theta_s_r((60:120),20),'color','m');
axis([70 110 0 180]);
text(78,82,'r = 1');
text(82,55,'r = 5');
text(84.4,43,'r = 10');
text(85.1,20,'r = 15');
text(88,33,'r = 20');
text(95,40,'More Hydrophobic');
text(75,120,'More Hydrophilic');
text(88,33,'r = 20');
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x=[90,90];y=[0,180];line('XData',x,'YData',y, 'LineStyle','--');
xlabel('Apparent Contact Angle (\Theta_c) (Degrees)');
ylabel('Observed Contact Angle(\theta_*) (Degrees)' );
%title('Wenzel Roughness (r), Cos\theta_*=rCos\theta_c');
hold off;
%
% Plot Contact Angle vs. Cassie-Baxter Factor
% POC 5/18/2015
%
clear;
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Program 3.
This program is used to generate the graph of figure 2.4-2 where the apparent contact angle is
graphed against the effective contact angle for various instances of Wenzel roughness (r). The
area on the graph to the left of 90° shows the increase in hydrophilic behavior with increasing
roughness whereas the area to the right shows the increase in hydrophobic behavior with
increasing roughness.
%
% This is the real Contact Angle ala young
%
Theta_c=linspace( 0, 180, 181 );
phi_array=[0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0];
%
% Loop for each degree
% This could be done as a dot operation but I use a loop for simplicity
%
for i=1:181
%
% Compute cosine
%
Cos_Theta_c(i) = cosd( Theta_c(i) );
for j=1:10
%
% Determine apparent CA for various Cassie-Baxter factor values
%
phi_s=phi_array(j);
Cos_Theta_s_phi(i,j) = -1 + phi_s*(1+Cos_Theta_c(i));
Theta_s_phi(i,j)=acosd(Cos_Theta_s_phi(i,j));
end
end;
%
% Plot output Graph
%
plot(Theta_c(1:180),Theta_s_phi((1:180),1),'color','k');hold on;
plot(Theta_c(1:180),Theta_s_phi((1:180),2),'color','y');
plot(Theta_c(1:180),Theta_s_phi((1:180),4),'color','b');
plot(Theta_c(1:180),Theta_s_phi((1:180),6),'color','r');
plot(Theta_c(1:180),Theta_s_phi((1:180),8),'color','g');
plot(Theta_c(1:180),Theta_s_phi((1:180),10),'color','m');
axis([0 180 0 180]);
text(60,48,'\Phi_s = 1');
text(20,50,'\Phi_s = .8');
text(20,90,'\Phi_s = .6');
text(20,110,'\Phi_s = .4');
text(20,135,'\Phi_s = .2');
text(20,152,'\Phi_s = .1');
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xlabel('Apparent Contact Angle (\Theta_c) (Degrees)');
ylabel('Observed Contact Angle(\theta_*) (Degrees)' );
%title('Cassie-Baxter Factor (\Phi_s)
hold off;
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Appendix 2 – C code program to control GPIB power supply
/*
* Filename - Simple.c
*
* This application demonstrates how to read from and write to the
* Tektronix PS2520G Programmable Power Supply.
*
* To build open the MS Visual C++ Command prompt and issue the collowing command
* cl /I"%NIEXTCCOMPILERSUPP%\include" StepUp.c
"%NIEXTCCOMPILERSUPP%\lib32\msvc\ni4882.obj" /MD
* or use the build.bat batch file to build
*
* This sample application is comprised of three basic parts:
*
* 1. Initialization
* 2. Main Body
* 3. Cleanup
*
* The Initialization portion consists of getting a handle to a
* device and then clearing the device.
*
* In the Main Body, this application queries a device for its
* identification code by issuing the '*IDN?' command. Many
* instruments respond to this command with an identification string.
* Note, 488.2 compliant devices are required to respond to this
* command.
*
* The last step, Cleanup, takes the device offline.
*/
#include
#include
#include
#include

<stdio.h>
<stdlib.h>
<malloc.h>
<windows.h>

#include "ni4882.h"
#include <sys/types.h>
#include <sys/timeb.h>
#include <time.h>
#define ARRAY_SIZE
#define
#define
#define
#define
#define
#define

BDINDEX
PRIMARY_ADDR_OF_PPS
NO_SECONDARY_ADDR
TIMEOUT
EOTMODE
EOSMODE

1024
0
14
0
T10s
1
0

// Size of read buffer
//
//
//
//
//
//

int Dev;
char ValueStr[ARRAY_SIZE + 1];
char ErrorMnemonic[29][5] = { "EDVR",
"ESAC",
"EOIP",
"ESTB",
"ETAB",
"",
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Board Index
Primary address of device
Secondary address of device
Timeout value = 10 seconds
Enable the END message
Disable the EOS mode

"ECIC",
"EABO",
"ECAP",
"ESRQ",
"ELCK",
"EWIP",

"ENOL",
"ENEB",
"EFSO",
"",
"EARM",
"ERST",

"EADR", "EARG",
"EDMA", "",
"",
"EBUS",
"",
"",
"EHDL", "",
"EPWR" };

void GPIBCleanup(int Dev, const char * ErrorMsg);
int __cdecl main(void)
{
/*
* ========================================================================
*
* INITIALIZATION SECTION
*
* ========================================================================
*/
//
// Since this is C code make some local variables
//
int i;
int j;
char VoutCommand[20];
//
// For time keeping
//
struct _timeb timebuffer;
char timeline[26];
errno_t err;
//
// Make a few constants
//
const int MaxVoltage=2000;
const int DelayMS=0;

// The Max Voltage
// Delay between each minor step

//
// The step delay is how long to wait at the modulo 100 voltage plateau
// Since the video is 29 FPS, the best accuracy is +/- 35 ms for the video
// The PC is using the Meinberg NTP client code which has beem +/- 5 ms or less
// So the total time accuracy is +/- 40 ms
// ==> the delay at the plateau shouls be ~100 ms
//
const int StepDelayMS=100;
// The delay at each plateau
const int Msize=200;
// The Steps between Measurements
const int VoltageStep=5;
// The voltage step size
/*
* The application brings the power supply online using ibdev. A
* device handle, Dev, is returned and is used in all subsequent
* calls to the device.
*/
Dev = ibdev(BDINDEX, PRIMARY_ADDR_OF_PPS, NO_SECONDARY_ADDR,
TIMEOUT, EOTMODE, EOSMODE);
if (Ibsta() & ERR)
{
printf("Unable to open device\nibsta = 0x%x iberr = %d\n",
Ibsta(), Iberr());
return 1;
}
/*
* Clear the internal or device functions of the device. If the
* error bit ERR is set in ibsta, call GPIBCleanup with an error
* message.
*/
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ibclr(Dev);
if (Ibsta() & ERR)
{
GPIBCleanup(Dev, "Unable to clear device");
return 1;
}
/*
* ========================================================================
*
* MAIN BODY SECTION
*
* In this application, the Main Body communicates with the instrument
* by writing a command to it and reading its response. This would be
* the right place to put other instrument communication.
*
* ========================================================================
*/
/*
* The application issues the '*IDN?' command to the power supply.
*/
ibwrt(Dev, "*IDN?\n", 6L);
if (Ibsta() & ERR)
{
GPIBCleanup(Dev, "Unable to write to the Power Supply");
return 1;
}
/*
* The application reads the identification code in the form of an
* ASCII string from the power supply into the ValueStr variable.
*/
ibrd(Dev, ValueStr, ARRAY_SIZE);
if (Ibsta() & ERR)
{
GPIBCleanup(Dev, "Unable to read data from Power Supply");
return 1;
}
/*
* Assume that the returned string contains ASCII data. NULL
* terminate the string using the value in ibcntl which is the
* number of bytes read in. Use printf to display the string.
*/
ValueStr[Ibcnt() - 1] = '\0';
printf("Data read: %s\n", ValueStr);
//
// First set the supply off
//
ibwrt(Dev, "HVOF\n", 5L );
//
// Set the voltage to Zero
//
ibwrt(Dev, "VSET0\n", 6L );
//
// For this test we make a 100V amplitude square wave at 0.1 Hz
//
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//
// Set the supply on
//
ibwrt(Dev, "HVON\n", 5L );
//
// Ramp the voltage up
//
for( i=0; i<=MaxVoltage ; i+=VoltageStep)
{
//
// Set the voltage
//
sprintf( VoutCommand, "VSET%03d\n", i);
ibwrt(Dev, VoutCommand, 8L );
//
// Print out Timestamp every 100V
//
if(!(i%Msize))
{
_ftime( &timebuffer );
err = ctime_s( timeline, 26, & ( timebuffer.time ) );
printf( "%4dV at %.19s.%03d\n", i, timeline, timebuffer.millitm );
Sleep( StepDelayMS );
}
Sleep( DelayMS );
}
//
// Now ramp the voltage back down
//
for( ; i>=0 ; i-=VoltageStep)
{
//
// Set the voltage
//
sprintf( VoutCommand, "VSET%03d\n", i);
ibwrt(Dev, VoutCommand, 8L );
//
// Print out Timestamp every 100V
//
if(!(i%Msize))
if(i!=MaxVoltage) // don't delay another StepDelayMS at the top
{
_ftime( &timebuffer );
err = ctime_s( timeline, 26, & ( timebuffer.time ) );
printf( "%4dV at %.19s.%03d\n", i, timeline, timebuffer.millitm );
Sleep( StepDelayMS );
}
Sleep( DelayMS );
}
//
// Set the voltage to Zero
//
ibwrt(Dev, "VSET0\n", 6L );
//
// Set the supply off
//
ibwrt(Dev, "HVOF\n", 5L );
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/*
* ========================================================================
*
* CLEANUP SECTION
*
* ========================================================================
*/
/*
* The device is taken offline.
*/
ibonl(Dev, 0);
return 0;
}
/*
* After each GPIB call, the application checks whether the call
* succeeded. If an NI-488.2 call fails, the GPIB driver sets the
* corresponding bit in the global status variable. If the call
* failed, this procedure prints an error message, takes the device
* offline and exits.
*/
void GPIBCleanup(int Dev, const char * ErrorMsg)
{
printf("Error : %s\nibsta = 0x%x iberr = %d (%s)\n",
ErrorMsg, Ibsta(), Iberr(), ErrorMnemonic[Iberr()]);
if (Dev != -1)
{
printf("Cleanup: Taking device off-line\n");
ibonl(Dev, 0);
}
}
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Appendix 3 – Experimental details of future electrowetting fixture.
Initially we attempted to use an SCR device to switch the PS325 output similar to a choppertype circuit. The intent was that we would strive to keep the current below the holding current
threshold and thus would not need any snubber circuit to turn the SCR off. However it was found
that the majority of commercial SCR packages (including our samples) include an internal
resistance between the gate and the cathode that limited operation to relatively high current
applications as shown in figure A3-1.

Figure A3-1. Equivalent SCR circuit showing Gate-to-Cathode resistor [161]

Given the lack of success with the use of an SCR device to modulate the PS325 high voltage
output it was decided to research the use of high power MOSFETS for this application.
Commercially available MOSFETS are typically available with a voltage rating of 500 V or less
so in order to modulate or switch voltages as high as 1500 V multiple devices must be utilized.
There is literature available in the area of high-frequency switching using MOSFETS [162, 163]
and also using MOSFETS in a stacked configuration for high voltage [164, 165] and using these
references the test fixture of figure 5.2-2 is proposed.
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Figure A3-2. Test apparatus to generate variable frequency excitation for electrowetting testing of laser shutter
application using stacked MOSFET circuit.

The values of the resistance are initial values only with the intent that the variability of the zero –
10 V output from the DS345 synthesized function generator would be utilized until final values
are fixed. In addition the circuits of Baker [165] show additional capacitors and resistors for
impedance matching that have been omitted due to the high impedance of our application and
these may be added if necessary.
One future enhancement to the contact goniometer measurement system that would have
broad impact would be the addition of an automated image recognition system that would
automatically analyze a captured image and rather than using the drop image plugin for ImageJ
that requires the user to “snake” the contour of the drop would automate this step, thus
eliminating the human subjective analysis of the image contour boundaries from the error budget
of the system. This would of course require extensive image processing techniques but would
have application in any situation that utilizes the drop image plugin.
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Appendix 4 – Published papers.
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