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ABSTRACT 

 

 Surface interactions play an important role in many engineering phenomena as 

well as in everyday life. Recently, the study of engineering surfaces and interfaces has 

become the subject of major research in the emerging field of nanotechnology. In this 

research, interface studies are performed on the nanoscale in two different 

nanotechnology fields with industrial applications: nanotribology of a microdevice and 

biomimetics of a floating water fern.  

 Integrated microprojectors are being developed to project a large image on any 

surface chosen by users. For a laser-based microprojector, a piezo-electric based adaptive 

optics unit is adopted in the green laser architecture. Nanolubrication of adaptive optics 

sliding components is needed to reduce friction and for stick-slip motion.  Previous 

studies of the role of lubricant film thickness in nanolubrication of sliding components in 

adaptive optics have been carried out in an academic, coupon level fashion and need to be 

carried out on a device level in order to characterize the role of lubricant film thickness in 

an actual working device.  In this paper, the effect that operating temperatures have on 

lubricant film thickness, adhesive force and coefficient of friction of used devices is 

investigated.  The results and associated mechanisms are presented and compared with 

previous coupon level tests to show that the proposed AFM measurement techniques can 

be employed in other micro devices in which adhesion, film thickness, and coefficient of 

friction measurements are of interest. 
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 In the emerging field of biomimetics, one can take inspiration from nature and 

mimic it in order to create various products, devices and structures. There are a large 

number of objects, including bacteria, plants, land and aquatic animals and seashells, with 

properties of commercial interest. The subject of interest for this biomimetics research is 

the water fern Salvinia molesta because of its ability to trap air. Air-retaining surfaces are 

of technological interest due to their ability to reduce drag when used for fluid transport, 

ship coatings and other submersible industrial products in which drag is a concern. The 

purpose of this research is to mimic the air trapping ability of S. molesta in order to prove 

that a structure can be created in the lab that can mimic the behavior of the fern as well as 

demonstrate microfabrication techniques that can be utilized in industry to produce such 

materials. In this work, a novel methodology for the fabrication of microstructures that 

mimic the water-pinning and air-trapping ability of S. molesta is introduced. Water 

contact angle, water roll angle and adhesive force of the new microstructure and water 

fern are investigated. 
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CHAPTER 1 

 

INTRODUCTION 

 

 Surface interactions play an important role in many engineering phenomena as 

well as in everyday life.  From friction in automobile brakes, to machining and polishing, 

to wear on bearings and seals in combustion engines, the study of surface interfaces is of 

the utmost engineering importance.  Recently, the study of engineering surfaces and 

interfaces has become the subject of major research in the emerging field of 

nanotechnology. 

 Nanotechnology literally means technology on the nanoscale. The study of 

nanotechnology encompasses production and application of physical, chemical and 

biological systems at scales that range from individual atoms or molecules to submicron 

dimensions as well as the integration of resultant nanostructures into larger systems. Now 

more than ever, the focus on the production of various devices and engineering surfaces 

with enhanced properties is turning to a smaller scale. One such example is the study of 

nanotribology on micro devices for reliability and performance issues. Another example 

is in the field of biomimetics in which nature is mimicked in order to create new 

engineering surfaces with improved surface characteristics over those surfaces which 

currently exist.  
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 In this research, interface studies are performed on the nanoscale in two different 

nanotechnology fields. First, the nanotribology of a microporojector driving mechanism 

is studied on the nanoscale. Nanotribology studies are carried out in order to understand 

the underlying mechanisms that reduce a micro device’s reliability and performance on 

the nanoscale. Furthermore, the results are used to give a methodology for carrying out 

nanotribology studies on any micro device in which lubricant film thickness, friction and 

adhesion are a concern. Then, the biomimetic applications of a floating water fern are 

explored in order to produce a novel methodology for the fabrication of a micropattern 

which mimics the air pocket formation and water pinning abilities of the water fern 

Salvinia molesta, with applications for the design of interfaces which require reduced 

drag for fluid flow. 
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CHAPTER 2 

 

DEVICE LEVEL STUDIES OF ADAPTIVE OPTICS SLIDING COMPONENTS 

IN MICROPROJECTORS 

 

 2.1  Introduction 

 The development of microprojectors represents the miniaturization of the 

commercial projector. The microprojectors being sold commercially to date come as 

lightweight devices (about 100-150 grams) that can be attached to other hand-held 

devices (such as mobile phones) and can display images on any surface. One of these, 

laser-based microprojectors, uses two-dimensional pixel-by-pixel scanning with 

modulated laser beams as the light source (Microvision, Redmond, Washington) 

(Freeman et al., 2009; Tauscher et al., 2010). It uses a single scan mirror to create a pixel 

array. It requires red, green, and blue lasers to provide a high contrast, high brightness, 

high resolution, focus-free image and low power consumption. A compact green laser 

with high power is not commercially available. In order to produce a compact green laser, 

a frequency doubling technique is used with a distributed Bragg reflector (DBR) laser 

diode, where a 1060 nm wavelength light is passed through a second harmonic generating 

crystal to produce a 530 nm green laser (Bhatia et al., 2008, 2009a). To correct for any 

lens misalignment, the green laser module uses an adaptive optics component with a 
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zinc body consists of a grooved geometry.  Also contained within the moving body are 

the sub-friction plate, main-friction plate, a coil spring and leaf spring.  The assembly 

process of the moving body is shown in Figure 3b.  In step one, the U-shaped zinc body 

is laid flat.  The driving rod is placed against the zinc body in step two.  In steps three and 

four, the sub friction plate is placed on the side of the driving rod and is held in place by 

the coil spring.  The main-friction plate is laid on top of the driving rod in step 5, and the 

leaf spring is used to clamp the assembly together in step six.  The microprojector within 

which the SIDM operates is designed to have a maximum lifetime of 1500 to 3000 hours, 

and is designed to be operated continuously for a maximum of two hours at a maximum 

operating temperature of 80° C.  The SIDM assembly is exposed to temperatures as high 

as 150° C during the assembly process. 

 Wear is a significant concern for actuators such as the adaptive optics drive 

mechanism components described above, due to the high friction encountered during 

sliding (Kosaka et al., 2006; Lee et al., 2008; Bhushan et al., 2010a,b; Lee and Bhushan, 

2011). The friction and wear behavior of materials is dependent on their mechanical 

properties, surface roughness, and the operating environment (Bhushan, 2001, 2002, 

2010, 2011). To improve the tribological performance of the sliding components, 

perfluoropolyether (PFPE) lubricants are applied to the surfaces at a thickness of 65 nm. 
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Additionally, lubricant transfer between the driving rod and sliding components of SIDM 

can affect tribological performance and decrease the durability of the device. 

 The objective of this research is to evaluate the change in lubricant distribution 

along a SIDM driving rod before and after device operation at room temperature (22° C) 

and maximum design operating temperature (80° C) and evaluate any change in lubricant 

transfer between driving rod and moving body assembly.  The change in coefficient of 

friction and adhesive force for the SIDM driving rod and moving body assembly is also 

investigated.  Additionally, the purpose of this study is to show that the following AFM 

measurement techniques can be utilized for any given micro device in which adhesion, 

film thickness (of any material) and friction force are of interest.  To prove this, the 

results of these device-level studies are examined to show correlations to previous 

coupon level driving rod research.  Results and associated mechanisms follow. 

 

2.2  Experimental 

2.2.1  Device Operation 

 The SIDM assembly was connected to the driving circuit shown in Figure 2b.  

The piezo was powered to 3.0 V at 360 Hz with a duty factor of 0.3.  The driving circuit 

delivered 3 pulses per step for 2000 steps which moved the moving body from the base of 

the driving rod to the end utilizing the slip/stick motion described above.  Once the 

moving body reached the end of the driving rod, the direction was reversed and the 

moving body returned to its original position at the base of the SIDM assembly.  This 
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2.2.2   Nanoscale surface height, adhesion, friction and lubricant thickness 

measurements 

 A commercial AFM (Nanoscope IIIa, Veeco, Santa Barbara, CA, USA) was used 

for this study (Bhushan 2010, 2011). Silicon nitride tips of nominal 20 nm radius attached 

to the end of a triangular cantilever beam (DNP, spring constant of 0.12 N/m) were used 

for surface height, adhesion, and lubricant film thickness measurements. Adhesive force 

and lubricant film thickness on the driving rod and sliding components was calculated 

using the force distance curve technique (Bhushan and Blackman, 1991; LaTorre and 

Bhushan, 2005; Chen and Bhushan, 2006; Lodge and Bhushan, 2006; Bhushan et al., 

2010a). The experiments were performed at room temperature (22 °C) and 45-55 % 

relative humidity. 

 The force distance curves were collected at the same maximum cantilever 

deflection of 70 nm (relative trigger mode). In order to obtain a map of adhesive forces 

and lubricant film thickness, a 64 × 64 force distance curve array (total of 4096 

measurement points) was collected over a scan area of 20 µm × 20 µm with a 3 Hz scan 

rate. For each force distance curve, there are 128 sampling points. A custom program 

coded in Matlab was used to calculate the lubricant thickness and adhesive force. 

 The quantitative measurement of friction force was made using (n) doped silicon 

probes (nominal radius < 10 nm) attached to the end of a rectangular cantilever beam 

(MPP-21120, spring constant of 2.8 N/m) using the method described by Bhushan 

(1999a, b, 2002, 2010, 2011) and Palacio and Bhushan (2010). The normal load was 

varied (140-2700 nN) and a friction force measurement was taken at each increment. By 
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plotting the friction force as a function of normal load, an average coefficient of friction 

was obtained from the slope of the best fit line of the data. 

 

2.3  Results and Discussion 

2.3.1  Nanoscale height, friction, adhesion, lubricant thickness distribution, and wear on 

a coupon level 

 The surface height, friction force, adhesive force, and wear of samples with 

various roughnesses and lubricant thicknesses were obtained in previous driving rod 

studies (Bhushan et al., 2010a). The representative maps of an unlubricated and 

lubricated (65nm) CFRP rod are shown in Figure 5a. In the surface height images, the 

bright long columns correspond to the individual carbon fibers, and the dark ones 

correspond to epoxy regions at the base of the driving rod surface.  Figure 5b shows the 

correlation between surface morphology and corresponding adhesive force, coefficient of 

friction, and lubricant film thickness for a particular sample area of 20 µm × 20 µm. 

 The average lubricant thickness on the lubricated samples is 65 nm. The samples 

were lubricated by dip-coating using a 6 mm/s withdrawal speed. From the thickness 

distribution in Figure 5a, the lubricant is not evenly distributed across the surface. This 

situation has also been observed in other engineering surfaces (Bhushan and Blackman, 

1991). A large percentage of the lubricant resides in the recessed epoxy region with a 

thicker film as compared to that on the carbon fibers. It appears that the recessed epoxy 

region acts as a lubricant reservoir. 
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 It is expected that lubricant will get wicked up during the operation and get 

transferred to the carbon fibers little by little and will provide the protection. It is also 

observed that the distribution of lubricant thickness on the driving rod seems to be bi-

modal or tri-modal. This phenomenon could be attributed to an artifact of the 

measurement. During the thickness mapping process where a force distance curve is 

obtained at each point on the CFRP sample, the AFM tip is submerged into the lubricant 

film and removed from the surface. The AFM tip is then moved to the next point to get 

another force distance curve. However, some lubricant may remain on the AFM tip after 

contact. In this case, the real thickness in the next point is affected by the lubricant pick-

up on the AFM tip. The friction force and adhesive force maps show a non-uniform 

distribution. High values of friction force and adhesive force correspond to thicker film in 

the epoxy matrix region.  The thicker film in the epoxy region leads to large meniscus 

formation when the tip comes in contact which leads to high adhesion and friction. 

 

2.3.2  Nanoscale height, friction, adhesion, lubricant thickness distribution, and wear on 

a device level 

 The surface height, adhesive force, and lubricant thickness for region one of the 

used and unused driving rods are shown in Figure 6.  To begin, the unused driving rod 

has an average lubricant film thickness of 20.1 nm which is significantly lower than the 

designed lubricant thickness of 65 nm.  Lubricant thickness decreases in the used driving 

rod for both operating conditions (22 and 80° C).  For the driving rod operated at room 

temperature the decrease in lubricant thickness is accompanied by a decrease in adhesion 
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 The surface height, adhesive force, and lubricant thickness for the sub-friction 

plate of the used and unused SIDMs are shown in Figure 7.  Lubricant thickness increases 

on the used sub-friction plate at room temperature.  The increase in lubricant thickness is 

accompanied by a higher adhesive force as well as a lower surface roughness as 

expected.  The increase in lubricant thickness is evidence of lubricant migration from the 

driving rod to the sub-friction plate.  The used sub-friction plate at high temperature 

shows no change in lubricant thickness, surface roughness, or adhesive force.   The lack 

of lubricant transferred to the sliding components detected in the high temperature test, 

coupled with the decrease in lubricant on the corresponding driving rod shows that the 

lubricant is evaporating at high temperature operation. 

 The surface height, adhesive force, and lubricant thickness for the main-friction 

plate of the used and unused SIDMs are shown in Figure 8.  Lubricant thickness increases 

on the main-friction plate because lubricant is transferred in the same manner as the sub-

friction plate, but to a lesser extent.  A higher lubricant transfer is present from the 

driving rod to the sub-friction plate due to a higher contact force provided by the coil 

spring which keeps the sub-friction plate in place.  There is less lubricant transferred to 

the main-friction plate due to a lower contact force provided by the leaf spring. 

 The surface height, adhesive force, and lubricant thickness for the zinc body of 

the used and unused SIDMs are shown in Figure 9.  There is no evidence of lubricant 

transfer to the zinc body due to a lower contact force than both the main and sub-friction 

plates.  There is less contact area between the zinc body and driving rod due to the 

grooved geometry of the zinc body which may also be acting as a reservoir for 



 

tr

zi

co

 

 

ransferred lu

inc body and

omponents. 

Figure 7 AF
unused and 

image is 

 

ubricant.  Als

d the driving

FM maps for
used sub-fri
a cross-sect

so, it is expe

g rod which l

r surface heig
iction plates
ion taken at 

28 

ected that the

leads to less 

ght, adhesiv
 at two oper
a position d

 

ere is a lowe

 lubricant tra

ve force, and 
rating temper
denoted by th

r contact for

ansferred to 

 

lubricant fil
ratures.  Sho
he correspon

rce between 

the sliding 

lm thickness
own above e
nding arrows

the 

s for 
ach 

s. 



 

 

u

 

 

Figure 8 AF
unused and u

image is 

 

FM maps for
used main-fr
a cross-sect

r surface heig
riction plates
ion taken at 

29 

ght, adhesiv
s at two oper
a position d

 

ve force, and 
rating tempe

denoted by th

 

lubricant fil
eratures.  Sh
he correspon

lm thickness
hown above e
nding arrows

s for 
each 
s. 



 

u

2

 

th

1

n

Figure 9 AF
unused and u

cros

.3.3  Observ

A com

he driving ro

0 and Figure

on-uniform.

FM maps for
used zinc bod
ss-section ta

ved trends 

mparison of t

od as well as

e 11.  It can b

  Figure 10 s

r surface heig
dy at two op

aken at a pos

the lubricant

 the sliding c

be seen that 

shows that lu

30 

ght, adhesiv
perating temp
sition denote

 

t thickness a

components

the lubrican

ubricant film

ve force, and 
peratures.  S

ed by the cor

and adhesive

 of the movi

nt distributio

m thickness d

 

lubricant fil
Shown above
rresponding 

e force for al

ing body is s

on along the 

decreases in 

lm thickness
e each image
arrows. 

l three regio

shown in Fig

driving rod 

the room 

s for 
e is a 

ons of 

gure 

is 



 

te

th

th

dr

 

F
a

emperature o

hickness on t

he SIDM doe

riving rod. 

Figure 10 Co
and moving 

operating con

the sub and m

es not have a

omparison of
body sliding

ndition, whi

main-friction

an effect on 

f average lub
g component

31 

ch correspon

n plates.  Fig

the lubrican

bricant film t
ts for unused
temperatur

 

nds with the

gure 10 also

nt film distrib

thickness for
d and used s
res. 

e increase in 

 shows that 

bution along

 

r three regio
samples unde

lubricant 

the operatio

g the length o

ons of driving
er two opera

n of 

of the 

g rod 
ating 



32 
 

 The lubricant is not transferred along the length of the driving rod because the 

majority of it resides in the valleys between the carbon fibers and does not come into 

contact with the sliding plates.  A comparison of the change in lubricant film thickness 

for each operating condition is given in Table 1.  There is no lubricant transfer present 

between the driving rod and sliding components in the high temperature operating 

condition and is evidence that the lubricant evaporates during exposure to high assembly 

temperature and continuous use at maximum design operating temperature. 

 

∆h (nm) 
Driving rod Sub-friction 

plate 
Main-friction 

plate Zinc body 
Region 1 Region 2 Region 3 

22° C 2.8 1.7 2.7 6.3 4.0 
No 

change 

80° C 13.9 10.9 7.1 0.4 1.0 
No 

change 
Table 1 Summary of change (∆h) in lubricant film thickness between unused SIDM 
assembly and used SIDM for both operating conditions. 

 

 Figure 11 shows a decrease in adhesive force corresponding with a decrease in 

lubricant film thickness for regions one and two of the driving rod as expected and was 

reported in (Bhushan et al., 2010a).  Although the lubricant film decreases considerably 

in the high temperature operating condition, the adhesive force increases.  The adhesive 

force is increased because the lubricant thickness is so low that the epoxy at the base of 

the driving rod is exposed and accounts for higher adhesion.  The increased adhesive 

force due to epoxy is further evidenced in region three of the driving rod, where the 

lubricant thickness is the smallest for the unused and used cases and has consistently 
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condition and correlates with the results reported in (Bhushan et al., 2010a).  

Furthermore, the average coefficient of friction of the driving rod decreases in the high 

temperature operating condition.  The average coefficient of friction increases, suggesting 

that with increasing temperature, the viscosity of the lubricant decreases, and the epoxy 

softens, resulting in the decrease of the coefficient of friction and has previously been 

reported in (Bhushan et al., 2010a).  The average coefficient of friction decreases in the 

sub and main-friction plates for the room temperature operating condition which 

corresponds with the lubricant transfer that occurs to the friction plates from the driving 

rod.  There is little to no change in coefficient of friction of the zinc body for both 

operating conditions as well as the friction plates used at high temperature.  The 

correlation between these results and previous coupon level tests indicate the viability of 

using the previously described AFM methods for measuring adhesion, film thickness and 

friction on a device level. 
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thickness distribution along the driving rod is not affected by operation of the SIDM 

device. 

 It is observed that lubricant film evaporates after exposure to assembly 

temperature and two hours of continuous use at maximum design temperature.  The 

evaporation of lubricant at high temperature is accompanied by a lower coefficient of 

friction because at increasing temperature, the viscosity of the lubricant decreases, and 

the epoxy softens.  The adhesive force of the driving rod increases after subjected to high 

temperatures because the lubricant film thickness is so low that the epoxy at the base of 

the driving rod is exposed and has higher adhesion than the lubricant that was present 

previously. 

 The lubricant thickness decreases on the driving rod after two hours continuous 

use of SIDM device at room temperature due to lubricant transfer to friction plates.  A 

higher adhesive force and lower surface roughness accompanies the increase in lubricant 

film thickness transferred to the sub and main-friction plates from the driving rod.  The 

average coefficient of friction of the friction plates decreases with an increase in lubricant 

film thickness.  Lubricant transfer is not present on the zinc body for the two operating 

temperatures because of the grooved zinc body geometry and lower contact force. 

 The results show strong correlation to the findings reported in (Bhushan et al., 

2010a). This is proof that the methods employed for this micro-device study are sound 

and can be adapted to investigate the performance of other devices in which adhesion, 

friction and film thickness affect the reliability and performance of the device. 
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 To summarize, lubricant film thickness, adhesive force and coefficient of friction 

on the SIDM driving rod and sliding components are directly affected by standard 

operating conditions as well as temperature effects.  Lubricant migrates from the driving 

rod to the friction plates during room temperature operation, leaving the driving rod with 

lower adhesion and a higher coefficient of friction.  Lubricant evaporates at high 

temperatures and leaves the epoxy at the base of the driving rod exposed which increases 

the adhesive force.  At high temperature, the viscosity of the lubricant increases and 

results in a lower coefficient of friction on the driving rod.  The findings provided above 

correlate with previous studies conducted on the driving rod on a coupon level.  The 

nanotribological properties of the SIDM assembly are altered depending on the operating 

conditions the SIDM is subjected to. 
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CHAPTER 3 

 

NANOSCALE BIOMIMETICS STUDIES OF SALVINIA MOLESTA FOR 

MICROPATTERN FABRICATION 

 

3.1  Introduction 

 Throughout millions of years, nature has evolved to form complex optimized 

surfaces that can be mimicked for the development of new materials. The emerging field 

of biomimetics allows one to take inspiration from nature and mimic it in order to create 

various products, devices and structures. The word biomimetics means to mimic nature 

and comes from the Greek word biomimesis. Surfaces with superhydrophobicity, self-

cleaning, drag reduction in fluid flow, energy conversion and conservation, high 

adhesion, thermal insulation, and self-healing mechanisms are some of the examples 

found in nature that are of commercial interest (Bhushan, 2009). Various features found 

in nature’s objects are on the nanoscale. The major emphasis on nanoscience and 

nanotechnology since the early 1990s has provided a significant impetus in mimicking 

nature using nanofabrication techniques for commercial applications (Bhushan, 2010). 

 There are a large number of objects, including bacteria, plants, land and aquatic 

animals and seashells, with properties of commercial interest. A classic example of 

biomimetics used for commercial applications is the self cleaning ability of N. nucifera 

(lotus) which is known to be superhydrophobic and displays self cleaning due to a 
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hierarchical surface roughness and the presence of a hydrophobic coating (Bhushan and 

Jung, 2008; Koch et al., 2008, 2009; Nosonovsky and Bhushan, 2008a,b,c). For a water 

droplet on the surface of a lotus leaf, the droplet is in the so called Cassie State and sits 

on top of the microstructure of the lotus leaf and forms air pockets between the leaf and 

water (Cassie and Baxter, 1944). Self cleaning surfaces are of interest for various 

applications such as self-cleaning windows, windshields and exterior paints. 

Additionally, surfaces such as the lotus leaf have significantly less surface friction drag 

when submerged in water due to the air pockets formed between the microstructures of 

the lotus leaf. 

 Another subject of interest is the floating water ferns of genus Salvinia, because 

of their ability to trap air. Specifically, Salvinia molesta has been an area of research for 

its complex hierarchical surface structures which are able to retain air and has been 

reported by Koch et al. (2009). The air-retaining properties of biological surfaces have 

also been explored by Barthlott et al. (2010) where a mechanism for long-term air-

retention for the floating water fern S. molesta is explored. It has been shown that the 

hierarchical nature of the S. molesta leaf is predominantly composed of tiny eggbeater-

shaped hairs, shown in Figure 13, which are almost completely hydrophobic due to a 

coating of nanoscopic wax crystals except for the terminal cells of each hair which lack 

the crystals thus making them hydrophilic. 
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created in the lab with comparable dimensions to the S. molesta hairs. The micropattern is 

then treated with a hydrophobic coating which is then stripped away to produce a new 

microstructure which is hydrophobic everywhere except for the tips of the micropattern 

in the same manner as the S. molesta hairs themselves. The new micropattern is then 

studied to determine air trapping ability as well as its ability to pin water in the same 

fashion as S. molesta. 

 

3.2  Experimental 

3.2.1  Characterization, Fabrication and Coating 

 Samples of S. molesta were provided for this study by the Ohio State University 

Biological Sciences Greenhouse. To store the water fern throughout testing, a ten-gallon 

aquarium, water filter, and UV lamp was purchased. To characterize the fern hair, an 

optical microscope was used to image S. molesta as well as determine the spacing of the 

fern hairs (Figure 13). Using the microscope images, an average hair spacing of 490 µm 

with a range of 250-750 µm was observed. The apparent surface area of the tip of the S. 

molesta hair where the four eggbeater-shaped hairs come to a point was observed to be 

on the order of 20 µm. The height of the S. molesta hairs was about 2 mm. To observe the 

effect that water pressure had on the ability of S. molesta to maintain an air layer when 

submerged in water, the leaf was subjected to a hydrostatic pressure test at a depth of 0.3 

m under a column of water. 

 In order to create the micropatterns used in this study, a two step molding 

technique was employed. Using the methods reported by Bhushan and Jung (2011) two 
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master Si microstructures were fabricated by photolithography. The technique was used 

to create two microstructures of 14 µm diameter (mimicking the surface area of the S. 

molesta hair tips) and 30 µm height with pitches of 210 and 26 µm. The 30 µm pillar 

height, while much smaller than the observed 2 mm height of the S. molesta hairs was 

selected based on the tallest pattern size readily available for the given pitch and diameter 

dimensions. The 210 µm pitch was selected in order to recreate the minimum hair 

spacing observed on S. molesta as closely as possible. The 26 µm pitch was selected in 

order to observe the effects that pitch had on the hydrophobic behavior of the 

microstructure as well as its ability to trap air. Additionally, the 26 µm pitch was selected 

to compensate for the low height of the micropillars as compared to the observed height 

of the S. molesta hairs in order to reproduce a closer ratio between height and pitch of the 

fern hairs. Negative molds were created from the master Si microstructures and were then 

filled with a liquid epoxy resin (Bhushan and Jung, 2011). The specimens were then 

transferred to a vacuum chamber at 500 mTorr (66.7 Pa) for one minute to remove 

trapped air and to enhance the saturation of the epoxy resin into the negative mold. After 

trapped air bubbles ceased to release from the mold, the mixture was removed from the 

vacuum and placed at room temperature (24 h at 22 °C). After hardening, the positive 

replica of the original Si master was removed from the mold. 

 Once the epoxy replicas were created, a coating of (tridecafluoro-1,1,2,2-

tetrahydrooctyl) trichlorosilane (Gelest) was then applied by a syringe to the surface of 

the micropatterns to impart hydrophobicity. After coating, the micropatterns were placed 

in a vacuum at 500 mTorr for one minute to remove air bubbles and to assist with 
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saturation. Finally, the hydrophobic coating was removed using double sided tape to strip 

away the trichlorosilane from the top of the microstructures leaving the hydrophobic 

coating in between the micropillars. The hydrophobic coating was stripped from the tips 

of the micropillars, creating a microstructure which is hydrophobic with small patches at 

the tips of the micropillars which are hydrophilic. This was done in order to mimic the S. 

molesta hairs in which the surface of the leaf is almost completely hydrophobic except 

for tiny hydrophilic patches at the tips of the fern hairs. Optical microscope imaging of 

the 26 µm pitch microstructure is shown in Figure 15 for the coated and stripped 

micropillars. 

 

3.2.2  Contact angle and nanoscale adhesion measurements 

 Water droplets of roughly 1.5 mm radius (15 µL volume) were applied to the 

uncoated micropatterns using a micro syringe for both pitch values in order to observe a 

difference in contact angle. Contact angle was measured using proprietary software 

developed for the ImageJ software program (Stalder et al., 2006). The uncoated 

micropatterns were then tilted to investigate the angle at which water begins to roll off of 

the surface of the micropattern. The contact angle and tilt tests were repeated for both the 

coated 210 and 26 µm pitches. Finally, the trichlorosilane was stripped away from the top 

of the micropillars as previously described and contact angle measurement and tilt testing 

was repeated. 
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adhesion measurements. Adhesive force was calculated using the force distance curve 

technique (Bhushan, 2010, 2011). The experiments were performed at room temperature 

(22 °C) and 45-55 % relative humidity. In order to collect adhesion data for the 

micropillars an initial scan size of 30 µm × 30 µm was selected at a 1 Hz scan rate, a 

single pillar was identified and the scan size was decreased incrementally until just the 

top of one micro pillar was scanned. A single force distance curve was generated for the 

center of one pillar, with 128 data points recorded for each of the extending and retracting 

deflections of the AFM tip. This was repeated a minimum of 30 times for both the coated 

and stripped micropatterns on various pillars at different locations on the microstructure. 

 

3.3  Results and Discussion 

3.3.1  Cassie-Baxter and Wenzel transition criteria 

 In order to understand the results of the contact angle experiments it is necessary 

to examine the importance of the Cassie-Baxter and Wenzel transition criteria. The effect 

of water droplet curvature on the Cassie-Baxter and Wenzel regime transition has been 

investigated by Bhushan and Jung (2007, 2008) and Jung and Bhushan (2007, 2008a,b). 

A small water droplet suspended on a superhydrophobic surface consisting of a regular 

array of circular pillars with diameter D, height H, and pitch P is considered. The local 

deformation for small droplets is governed by surface effects rather than gravity, and the 

curvature of a droplet is governed by the Laplace equation, which relates the pressure 

inside the water droplet to its curvature. Therefore, the curvature is the same at the top 

and bottom of the water droplet. 
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 For a micropatterned surface, the maximum droop of the droplet occurs in the 

center of the square formed by four adjacent micropillars. The maximum distance 

between two pillars is where the water droplet will droop the most and is the diagonal of 

the square formed by the four pillars. This diagonal distance between two pillars is given 

by √2 / 8 . If the droop of the water droplet is greater than the pillar height, the 

droplet will just come into contact with the bottom of the cavity between two pillars. If 

the droop is much greater, transition from the Cassie-Baxter to Wenzel regime occurs. 

The equation used to determine which regime the droplet and micropattern interface 

resides is given in Equation 1 (Bhushan and Jung, 2011). 

 

√ 	
                                                       (1) 

 

3.3.2  Air pocket formation, contact angle and roll angle 

 When submerged in water, a silvery layer is visible on the surface of the  S. 

molesta leaf indicating a layer of air trapped against the surface. When submerged to a 

depth of 0.3 m in a water column, the fern is able to retain an air layer under a hydrostatic 

pressure of 2.99 kPa. With this result in mind, it is necessary to explore the interaction 

between water droplets and the micropatterns created in this study to observe the 

micropatterns’ ability to create an air layer and pin water to its surface. This is 

accomplished by studying the contact angle and angle at which water will remain pinned 

to the surface of the micropatterns. 
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 Results from the water contact angle test are shown in Figure 16. Also shown in 

Figure 16 are the results of the tilt test use to check for water pinning at vertical 

orientation. To begin, the uncoated 210 µm pitch micropillars are completely saturated by 

the water droplet. This is an expected result due to the Cassie-Baxter and Wenzel region 

transition criteria.  

 Using Equation 1, it is seen that the interface of the water droplet and 210 µm 

pitch micropillars falls within the Wenzel regime due to the 30 µm height of the 

micropillars. The pillars are not high enough to create an air layer between the water 

droplet and base of the micropattern. In order to recreate the air layer created by the S. 

molesta hairs for a micropillar pitch of 210 µm, the pillar height would have to be 

increased by a factor of two to three. As a result of the hydrophilic nature of the hardened 

epoxy microstructures, the water does not roll off of the 210 µm micropillars up to an 

angle of 90° (vertical orientation). The coated 210 µm micropillars show an improved 

contact angle due to the deposition of the hydrophobic coating. The stripped 210 µm 

pitch micropattern shows an improved contact angle over the uncoated sample and pins 

the water droplet to the surface. For the 210 µm pitch that is coated and stripped, the 

water remains pinned to the microstructure at vertical orientation because the water 

droplet is in the Wenzel State. 
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 The uncoated 26 µm micropattern shows an increased contact angle of 139°. As 

predicted by the transition criteria discussed previously, the interface falls within the 

Cassie-Baxter regime, therefore creating air pockets between the water droplet and base 

of the micropattern. However, despite the higher contact angle observed on the 26 µm 

pitch, the water does not roll off of the epoxy microstructure due to the hydrophilic nature 

of the micropillars. The attraction between the micropillars and water droplet is high 

enough to pin the water to the surface of the microstructure at vertical orientation. The 

coated 26 µm micropattern displays a contact angle of 147° and is higher than the 139° 

contact angle of the uncoated sample. 

 The most notable difference between the 210 and 26 µm pitches is that water 

begins to roll off of the 26 µm pitch at an incline of 14° whereas the water droplet stays 

pinned to the coated 210 µm microstructure up to vertical orientation. When the 26 µm 

microstructure is stripped, the contact angle is reduced to 136° which is on par with the 

uncoated 26 µm sample and water remains pinned to the surface due to the hydrophilic 

nature of the now-exposed tips of the micropillars as a result of stripping. Because of the 

hydrophilic nature on the surface of the microstructures, the water droplet remains pinned 

to the surface at vertical orientation despite the hydrophobic nature of the coating 

between the micropillars, and air pocket resulting from the interface residing in the 

Cassie-Baxter regime. This is the first time a microstructure has been fabricated which 

mimics the behavior of S. molesta. The micropattern traps air at the interface of the water 

droplet and also has a hydrophobic coating in between the micropillars while the tips of 

the pillars are hydrophilic in nature, thus exhibiting the same characteristics of S. molesta. 
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3.3.3  Adhesion 

 For the first time, AFM has been utilized to quantify the adhesive force of S. 

molesta hairs. The force-distance curve resulting from the adhesion study of S. molesta is 

shown in Figure 17. The dip in Figure 17 shows a vertical tip deflection in the retracting 

direction of 69 nm which is used to calculate the adhesive force (Fad) by multiplying the 

vertical deflection of the tip by the cantilever spring constant (k) of 3 N/m. This 

corresponds with a resulting adhesive force of 207 nN. The force-distance curve for the 

stripped 26 µm micropattern is also shown in Figure 17. Similar to the S. molesta force-

distance curve, a tip deflection of 67 nm is shown which corresponds with an adhesive 

force of 201 nN. 

 A comparison of the adhesive force for S. molesta and the 26 µm micropattern is 

also shown in Figure 17 for both the coated and stripped micropatterns. As expected, the 

trichlorosilane-coated micropattern exhibits a much lower average adhesive force of 54 

nN. The S. molesta hairs show an average adhesive force of 165 nN with a standard 

deviation of 47 nN and the stripped 26 µm microstructure shows an average adhesive 

force of 180 nN with a standard deviation of 19 nN. 
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graph) and multiplying by the spring stiffness. Summary of adhesive force for fern hairs 
and 26 µm pitch micropillars (coated and stripped). 

 

 The similarity between the adhesive force of the stripped microstructure and the 

S. molesta hair is an important result because it shows that the stripped microstructure 

will exhibit similar adhesion to water as the S. molesta hair. The higher adhesive force of 

the stripped microstructure compared to the coated 26 µm microstructure explains why 

water will roll off  of the coated sample at an incline of 14° whereas water will remain 

trapped at vertical orientation for the stripped sample. For the first time, a microstructure 

has been created in the lab that exhibits a similar water trapping ability as S. molesta. 

 

3.4  Summary 

 For the first time, a micropattern that mimics the hydrophobic/hydrophilic nature 

and air-trapping/water pinning behavior of S. molesta has been created. Using the 

methods described previously, a 26 µm pitch microstructure composed of micropillars 

has been created such that the surface is predominantly hydrophobic while still having 

hydrophilic tips. The resultant microstructure is shown to create trapped air pockets 

between a water droplet and microstructure base due to the water droplet residing in the 

Cassie-Baxter state. Through the use of AFM, the adhesive force of S. molesta has been 

characterized for the first time. Additionally, the newly created microstructure has been 

shown to exhibit comparable adhesion to S. molesta. As a result of the similar adhesive 

forces, water pinning on the microstructure has been observed up to vertical orientation in 

the same fashion as S. molesta. 
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 The 210 µm pitch microstructure does not exhibit the air trapping ability of S. 

molesta, despite the micropatterns similarity of pitch with the S. molesta hairs. While 

water remains pinned to the 210 µm micropillars in the same fashion as S. molesta, an air 

layer is not formed in between a water droplet and the base of the microstructure due to 

the water droplet residing in the Wenzel state as predicted by Equation 1. To improve on 

this design, it is required that microstructures with the same height as S. molesta hairs 

(roughly 2 mm) are created. Water droplets sitting on micropillars with this height would 

reside in the Cassie-Baxter state. This new structure, when coupled with the hydrophobic 

treatments presented in this paper would mimic the air trapping ability of S. molesta more 

closely. 

 It has been shown that the Salvinia Effect of pinning water and creating air 

pockets at the water surface interface, as well as the necessary production techniques 

required for such a surface, is viable through the production of hydrophobic 

micropatterns with a predefined level of hydrophilic patches. The commercial 

applications for such a technology include industrial uses in which fluid transport, drag 

reduction, thermal insulation, and increased buoyancy are of interest, especially in 

applications in which giant liquid slip has been shown to deteriorate air films created by 

superhydrophobic surfaces. 
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CHAPTER 4 

 

CONCLUSIONS 

 

 The results of two studies of interfaces on the nanoscale have been given. For a 

micro device, AFM was utilized in order to analyze the effects of lubricant transfer on the 

device’s driving mechanism as well as the subsequent changes in adhesion and friction. 

The results obtained from the device level study correlate with coupon-level tests and 

therefore show these methods to be valid for analyzing other micro devices in which fluid 

film, coefficient of friction, and adhesion are of interest. 

 The air trapping and water pinning abilities of the floating water fern S. molesta 

have been successfully created on a micropattern for the first time. A micropattern was 

created using a novel manufacturing process in order to create a microstructure that can 

form an air pocket in the presence of a water droplet, while still maintaining tiny 

hydrophilic patches on the surface in order to mimic the water pinning ability of S. 

molesta.  

 The results of the preceding interface studies can be used in a variety of 

applications. The methods shown here illustrate how to measure fluid film and tribolocial 

properties on the nanoscale for any given microdevice. This result is important in an age 

when devices continue to get smaller, while achieving higher reliability. Furthermore, the 

ability to create an air layer and pin water is of importance for fluid transport 
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applications. The microstructures created in this study can be used to develop pipe and 

ship coatings which exhibit reduced drag due to reduced shear flow.  
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