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ABSTRACT 
 
 
 
 

 Super-hydrophobic surfaces as well as low adhesion and friction are desirable for 

various industrial applications.  Certain plant leaves are known to be hydrophobic in 

nature.  These leaves are hydrophobic due to the presence of microbumps and a thin wax 

film on the surface of the leaf.  The purpose of this study is to fully characterize the leaf 

surface and to separate out the effects of the microbumps and the wax on the 

hydrophobicity. Furthermore, the adhesion and friction properties of the leaves, with and 

without wax, are studied.  Using an optical profiler and an atomic/friction force 

microscope (AFM/FFM), measurements on the hydrophobic leaves, both with and 

without wax, were made to fully characterize the leaf surface.  Using a model that 

predicts contact angle as a function of roughness, the roughness factor for the 

hydrophobic leaves has been calculated, which is used to calculate the contact angle for a 

flat leaf surface.  It is shown that both the microbumps and the wax play an equally 

important role in the hydrophobic nature as well as adhesion and friction of the leaf.  This 

study will be useful in developing super-hydrophobic surfaces.   

 The next logical step in realizing hydrophobic surfaces that can be produced in 

the lab is to learn from the hydrophobic leaves and design surfaces based off of that 

learning.  This study looks at polymer surfaces that have a nanopattern present on the 
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surface that mimics the surface found on hydrophobic leaves, such as lotus.  This study 

explores the effect of nanopatterning on hydrophobicity, adhesion and friction for two 

different hydrophilic polymers, poly(methyl methacrylate) (PMMA) and  polyurethane 

acrylate (MINS) with two types of patterned asperities, low aspect ratio and high aspect 

ratio.  In addition to the polymers, a hydrophobic coating was deposited on the surface of 

the patterned PMMA to study the effect of roughness on the contact angle, along with 

adhesion and friction. Relative contribution due to change in contact angle and real area 

of contact are explored. Scale dependence on adhesion and friction was also studied using 

AFM tips of various radii. Since applications of these surfaces will require operation in 

varying environments, the effect of relative humidity is investigated. 

 Tribological issues in micro/nanoelectromechanical systems (MEMS/NEMS) and 

BioMEMS/NEMS are one of the concerns for the reliability of these devices.   Silicon 

based components for MEMS/NEMS devices have been the standard but new materials, 

such as polymers, are gaining use due to their advantages over silicon in the area of 

BioMEMS.  Adhesion and friction properties of two polymers of interest, poly(methyl 

methacrylate) (PMMA) and  polydimethylsiloxane (PDMS), along with a single-crystal 

silicon substrate, Si (100), are investigated by using a novel microtriboapparatus capable 

of adopting BioMEMS components used in microfluidic devices.  The adhesion and 

friction properties of PMMA and PDMS are dependent upon the surrounding 

environment and to study these issues, three different liquids are applied to the interface 

of the contacts in two different forms, a drop and a film.  Other environmental effects are 

also investigated in this study by looking at relative humidity, temperature, rest time and 

different gaseous environments such as nitrogen gas and reduced pressure.  
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

 Microelectromechanical systems (MEMS) refer to microscopic devices that have 

a characteristic length of less then 1 mm but more than 1 µm and combine electrical and 

mechanical components.  In mesoscale devices, if the functional components are on the 

microscale they may be referred to as MEMS.  The advances in silicon photolithographic 

process technology beginning in the 1960s led to the development of MEMS in the early 

1980s.  More recently, lithographic processes have been developed to process nonsilicon 

materials.  The lithographic processes complemented with non-lithographic process for 

fabrication of components or devices made from plastics or ceramics.  Using these 

fabrication processes, researchers have fabricated a wide variety of miniaturized devices, 

including Si-based devices, chemical and biological sensors and actuators, and miniature 

non-silicon structures.  MEMS for mechanical applications include acceleration, pressure, 

flow, gas sensors, linear and rotary actuators, and other microstructures or 

microcomponents such as electric motors, gear trains, gas turbine engines, nozzles, fluid 

pumps, fluid valves, switches, grippers, and tweezers.  MEMS for chemical applications 

include chemical sensors and various analytical instruments.   

 Despite the increasing popularity and technological advances in MEMS 

applications the severe tribological problems tend to undermine their performance and 
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reliability.  Miniaturization and the subsequent development of MEMS require better 

tribological performance of the system components and a fundamental understanding of 

basic phenomena underlying friction, wear and lubrication on the microscale.  The 

components used in microstructures are very light and operate very light loads, so going 

from macro to micro scale the surface to volume ratio increases considerably and 

becomes a cause of concern from a tribological point of view.  On the microscale the 

surface forces such as friction, adhesion, meniscus forces, viscous drag and surface 

tension that are proportional to area, significantly increase and limit the life and reliability 

of MEMS.  As a result, friction and wear of lightly loaded microstructures are highly 

dependent on the surface interactions.   
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CHAPTER 2 
 
 

SURFACE CHARACTERIZATION, ADHESION AND FRICTION PROPERTIES 
OF HYDROPHOBIC LEAF SURFACES AND NANOPATTERNED POLYMERS 

 
 

2.1 Introduction  

 Super-hydrophobic surfaces, as well as, low adhesion and friction are desirable 

for various industrial applications.  Hydrophobic (water-repellent) surfaces can be 

constructed either by using low surface energy materials or by chemically treating 

surfaces with materials such as polytretafluoroethylene, silicon, or wax.  Another 

technique that can be used to increase the hydrophobic properties of a hydrophobic 

surface is to increase the surface area by increasing surface roughness.  If a surface is 

initially hydrophilic, then introducing roughness to that surface will make it even more 

hydrophilic.  Wetting (hydrophilic property) is characterized by the contact angle of a 

surface and occurs when the surfaces has a contact angle of θ < 90°, whereas if the 

surface is hydrophobic, the value of the contact angle is greater than 90°. The contact 

angle depends on several factors, such as roughness, the manner of surface preparation, 

and surface cleanliness (Adamson, 1990; Israelachvili, 1992; Bhushan, 1999, 2002, 

2005).   

 Models have been presented in the past to determine how roughness affects 

hydrophobicity. Wenzel (1936) developed the first model, which is based on the 

consideration of net energy decrease during spreading of a droplet on a rough surface. A 
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rough surface has larger solid-liquid interface area, leading to larger net energy, and it is 

responsible for the increase of contact angle for a hydrophobic surface and the decrease 

of the contact angle for a hydrophilic surface.  Wenzel developed an equation that relates 

the roughness with the contact angles of a flat surface of a certain material and that of the 

rough surface of the same material and is given by: 

 cos cosf oRθ θ=  (2.1) 

where θ = contact angle of a rough surface, θo = contact angle of a flat surface, and Rf = 

roughness factor of the rough surface.  The roughness factor is defined as the ratio of the 

total surface area of the rough surface and the projected area of the rough surface or the 

footprint of the total surface area.  This model predicts that for a surface to become more 

hydrophobic by introducing roughness, then θo must be greater than 90°.  If θo is less than 

90° then the contact angle for the rough surface will decrease with increasing Rf.   

 Cassie and Baxter (1944) extended Wenzel’s equation, which was originally 

developed for the homogeneous solid-liquid interface, for the composite interface.  For 

this case, there are two sets of interfaces: a liquid-air interface with the ambient 

environment surrounding the droplet and a flat composite interface under the droplet 

involving solid-liquid, liquid-air, and solid-air interfaces.  This model does show that 

when roughness increases the contact angle does approach 180°, however, it does not 

provide any particular form of dependence of the areas of the solid-liquid and liquid-air 

interfaces and does not explain under which conditions the composite interface forms.  

Johnson and Dettre (1964) showed that the homogeneous and composite interfaces 

correspond to the two metastable states of a droplet.  Even though it may be 

geometrically possible for the system to become composite, it may be energetically 
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profitable for the liquid to penetrate into valleys between bumps and to form the 

homogeneous interface.  Based on understanding the effect of roughness on contact angle 

and the roughness distribution found in leaves, Nosonovsky and Bhushan (2005) 

presented optimal designs for super-hydrophobic surfaces.  Using the models presented 

above, researchers have been able to produced highly hydrophobic surfaces that have 

been fabricated directly by incorporating high roughness to the surface (Miwa et al., 

2000; Kijlstra et al., 2003).    

 In the last ten years, researchers have paid attention to the study of hydrophobic 

materials that can be found in nature.  The primary example studied showing this 

behavior is hydrophobic leaves.  The leaf surfaces of hundreds of different plant species 

have been studied to see the effect of roughness and hydrophobicity (Neinhuis and 

Barthlott, 1997).  One plant species in particular has given researchers the motivation to 

study leaf structures and see how that affects hydrophobicity: nelumbo nucifera (lotus).  

Lotus leaves have a very high contact angle with water and shows strong self-cleaning 

properties called the “lotus effect” (Barthlott and Neinhius, 1997).  By measuring contact 

angle and studying images from a scanning electron microscope (SEM), a correlation 

between the leaf roughness and its hydrophobicity has been studied, but a quantitative 

surface characterization of the leaf surface has not been completed.   

 Hydrophobic lotus leaves repel water using multiple mechanisms.  First, the 

surface of the leaf is usually covered with wax crystals which is a mixture of large 

hydrocarbon molecules, measuring about 1 nm in diameter, that are very hydrophobic 

alone.  Secondly, the surface of the leaves is very rough due to papillose epidermal cells 

that create papillae or bumps on the surface of the leaf.  The combination of the thin wax 
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film and the larger bumps on the surface of the leaf provides the ability for the leaf to be 

hydrophobic.  In this study, lotus leaves along with another leaf of interest in previous 

works, colocasia esculenta, are studied to determine surface characteristics along with 

their adhesion and friction properties.   

 This study examines the surface roughness of these hydrophobic leaves using 

various methods of measurements.  Along with measuring and characterizing surface 

roughness, the contact angle and adhesion and friction properties of these leaves are also 

considered in this study and are presented by Burton and Bhushan (2005b).  By 

examining these properties of the leaves and quantitatively analyzing the surface 

structure, this study will be helpful in designing super-hydrophobic surfaces.   

 After characterizing the surface of hydrophobic leaves, the qualities that give 

them their hydrophobic nature must be implemented on new and different surfaces.  

These new surfaces can then be tailored in specific ways to optimize both hydrophobicity 

and reduced adhesion and friction.  Material selection and roughness distribution are two 

of the key components in producing these hydrophobic surfaces that desirable for various 

industrial applications (Gould, 2003).  The inherent contact angle, when the surface is 

flat, of the material selected along with the roughness distribution chosen, based off of 

previous studies and models, will determine how the surface behaves.     

 Two of the critical tribological properties for materials in micro/nanoscale 

applications are hydrophobicity and real area of contact. Wetting results in formation of 

menisci at the interface between solid bodies during sliding contact, which increases 

adhesion and friction. As a result, the friction force is greater than the dry friction force 

(Bhushan, 1999, 2002). When the real area of contact increases there are more asperity 
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interactions between the two surfaces and adhesion and friction increases. With increased 

roughness the number of asperities in contact is reduced and therefore, the real area of 

contact is reduced, leading to decreased adhesion (Bhushan, 2002).  Introducing uniform 

patterns on a surface is one way to decrease the real area of contact when another surface 

comes into contact with the patterned surface. Since there is a decrease in the real area of 

contact, the adhesion and friction of the material will also decrease. This effect is present 

for both hydrophobic and hydrophilic materials. The two mechanisms, meniscus force 

contributions and real area of contact, that determine the adhesive force, both play a role 

as roughness is introduced to a surface. 

 The interaction between a flat surface and a rough surface with uniform patterns 

present on the surface changes whether or not the material is hydrophobic or hydrophilic.  

Figure 2.1 shows a cartoon of a flat surface in contact or out of contact with a rough 

surface with a uniform pattern. The first surface shows the formation of menisci over 

individual asperities of the rough surface which come into contact with the flat surface. 

Meniscus force is dependent upon the number of asperities and the contact angle at 

individual asperities (Bhushan, 2005). The second surface shows a meniscus interaction 

with multiple asperities on a hydrophilic material. For a hydrophilic material, wetting 

occurs and the valleys on the surface will be penetrated by the water creating large 

menisci over multiple asperities and valleys, leading to increased adhesion and friction. 

Based on Wenzel’s model (Eq. 2.1), θ1 will decrease with roughness and the surface will 

become more hydrophilic. The third surface shows a meniscus interaction with multiple 

asperities on a hydrophobic material. The water does not wet the surface, thus the water  
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Figure 2.1: Cartoon showing the interaction between a flat surface and a rough surface 

with water present.  The effect of individual versus multiple asperities is shown, along 

with the different behavior between a hydrophilic surface and a hydrophobic surface 

(Burton and Bhushan, 2005a). 

 
 
 
sits on top of the asperities with an increased θ2 based on Wenzel’s model, leading to 

reduced adhesion and friction from a hydrophilic material. 

Tribological properties play an important role for surfaces that have patterned 

roughness present on its surface due to different surface to surface interactions. 

Therefore, it is important to study the adhesion and friction properties of these surfaces 

that are mimicking nature and to see exactly how both increased contact angle and 

decreased real area of contact will affect these properties. The effect of meniscus and real 

area of contact for these surfaces can be very important in proper material selection for 
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specific applications. This study examines both samples with no pattern (hydrophobic 

and hydrophilic) and samples with a patterned (hydrophobic and hydrophilic). By 

investigating these combinations of surface properties, the effect of contact angle and real 

area of contact can be determined by measuring the adhesion and friction. To further 

examine the effect of meniscus force and real area of contact, scale dependence is 

considered with the use of AFM tips of various radii. The effect of relative humidity is 

also investigated to see environmental effects to adhesion and friction.  Results from this 

study on nanopatterned polymers have been presented by Burton and Bhushan (2005a). 

2.2 Experimental details 

2.2.1 Instrumentation 

Contact angle, a measure of surface hydrophobicity, was measured using a Rame-

Hart model 100 contact angle goniometer.  The measurements were made using 

demineralized deionized water droplets.  Surface hydrophobicity is an important property 

as it determines the strength of the adhesive interaction between sliding surfaces resulting 

from meniscus bridge formation (Bhushan, 1999, 2002, 2003, 2005).  All measurements 

were made at 22 ± 2 °C and 50 ± 5% RH and were reproducible to within ± 2°.   

 The tall bumps on freshly cut lotus and colocasia leaves present a problem when 

measuring surface roughness.  In order to obtain the surface dimensions that most 

accurately represent the surface structure found on the leaves growing in nature, an 

optical profiler (NT-3300, Wyko Corp., Tuscon, AZ.) was used.  The tall bumps on the 

leaves are well within the Z-range limitation of the optical profiler and therefore the 

entire vertical range of the leaf can be measured.  A greater Z-range is a distinct 

advantage over other types of surface roughness measurements, but it only has a 



 10

maximum lateral resolution of approximately 0.6 µm.  A scan size of 120 µm x 90 µm, 

which is the highest magnification for the optical profiler, was used to scan the leaves.   

 For additional surface roughness, adhesion and friction measurements on the leaf 

surfaces, a commercial AFM (D3100, Nanoscope IIIa controller, Digital Instruments, 

Santa Barbara, CA) was used.  AFM has a Z-range of about 7 µm and can only make 

measurements on dried lotus and colocasia since the P-V distance of fresh lotus and 

colocasia is greater than 17 µm.  Two different AFM tips were used in this study.  A 

square pyramidal Si (100) tip with a native oxide layer which has a nominal radius of 20 

nm on a rectangular Si (100) cantilever with a spring constant of 3 N m-1 was used to 

make surface roughness measurements.  Adhesion and friction measurements were made 

using a 15 µm radius silica ball that was mounted on a gold coated triangular Si3N4 

cantilever with a nominal spring constant of 0.6 N m-1.  The large radius tip was used to 

see the maximum effect of the large bumps found on the surface of the leaf when the tip 

is in contact with the leaf surface.  Adhesive force was made using the single point 

measurement of a force calibration plot (Bhushan, 1999, 2002, 2005).  All friction 

measurements were made during a 50 µm x 50 µm scan at 22 ± 1 °C and 50 ± 5% RH.    

Surface height maps were measured using both a 50 µm x 50 µm scan and a 100 µm x 

100 µm scan to show a different number of bumps on the leaf surface.   

Adhesion and friction measurements on the nanopatterned polymers were made 

using the same commercial AFM.  Experiments were performed using four different radii 

tips to study the effect of scale dependence.  Large radii AFM tips were primarily used in 

this study.  Fifteen µm radius and 3.8 µm radius silica balls were mounted on a gold 

coated triangular Si3N4 cantilever with a nominal spring constant of 0.6 N m-1.  A square 
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pyramidal Si3N4 tip with nominal radius 30-50 nm on a triangular Si3N4 cantilever along 

with a square pyramidal Si (100) tip with a native oxide layer which has a nominal radius 

of 20 nm on a rectangular Si (100) cantilever were used for smaller radii tips.  The spring 

constants for Si3N4 cantilever and the Si (100) cantilever were 0.12 N m-1 and 3 N m-1, 

respectively.  Adhesive force was measured using a single point measurement of a force 

calibration plot as well (Bhushan, 1999, 2002, 2005).  Contact angle was again measured 

using a Rame-Hart model 100 contact angle goniometer.  The same demineralized 

distilled water droplets were used for making contact angle measurements.  All 

measurements were made at 22 ± 1 °C and 50 ± 5% RH unless otherwise stated, and were 

reproducible to within ± 2%.   

2.2.2 Samples 

 Figure 2.2 (a) shows an SEM micrograph of lotus and colocasia which shows the 

surface roughness that is present on the surface of the leaf.  Figure 2.2 (b) shows two 

more SEM micrographs with higher magnification of a lotus leaf to show the roughness 

of the wax crystals covering the bumps.  The two leaves were obtained from two different 

sources.  Lotus leaves are perennials and only grow during specific times of the year 

because of the weather.  Lotus needs at least a constant temperature of 18 °C to grow and 

typically grow from the end of May to the beginning of October.  The leaves were 

purchased from Aquarius Water Gardens in Ramsey, Indiana.  Colocasia, on the other 

hand, can be found to grow at all times throughout the year and is readily available.  The 

leaves used in this study were taken from the Franklin Park Conservatory in Columbus, 

Ohio. 
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Figure 2.2: (a) SEM images of nelumbo nucifera (lotus) and colocasia esculenta.  (b) Two 

high magnification SEM images of lotus leaf to show a more detailed structure (Burton 

and Bhushan, 2005b).
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 To set up the leaves for measurements they were prepared in a specific manner.  

Each leaf was cleaned by placing them under running water, which will remove any 

contaminants by way of the “Lotus effect” (Barthlott and Neinhuis, 1997).  Then a 20 

mm x 20 mm square was cut from the leaf, between the veins, and placed on the 

measuring platform with double sided tape as adhesive.  For optical profiler 

measurements the leaves were scanned as soon as possible after being cut so as to reduce 

the effect of the dynamic shrinking found to occur after being cut.  The leaves for AFM 

measurements were dried for 24 hours before being measured because after this time 

period the leaves had shrank their maximum amount and the leaf surface was stable.  

Measurements were also made on leaves that did not have the wax present on the surface.  

To remove the wax from the surface but keep the surface structure of the leaf in tact, 

acetone was lightly rubbed on the surface of the leaf, which removed the wax from the 

leaf.   

Two types of polymers were used in this study to make the nanopatterned 

surfaces, PMMA and MINS. PMMA was chosen because it is a polymer often found in 

MEMS/NEMS devices and MINS was chosen as a comparison tool. For each of these 

polymers, there are three types of surface structures: film, low aspect ratio asperities 

(LAR, 1:1 height to diameter ratio) and high aspect ratio asperities (HAR, 3:1 height to 

diameter ratio). Roughness (σ) and peak-to-valley distance (P-V) for PMMA film was 

measured using an AFM with values σ = 0.98 nm and P-V = 7.3 nm. The diameter of the 

asperities near the top is approximately 100 nm and the pitch of the asperities (distance 

between each asperity) is approximately 500 nm. Figure 2.3 shows SEM images of the 

two types of patterned structures, LAR and HAR, on a PMMA surface. The patterns are 
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created using a mold produced from a master using soft lithography (Choi et al., 2004). A 

UV-curable polymer with high modulus was used to fabricate the mold in order to 

produce densely-packed sub-100 nm structures with high aspect ratio. 

 

 

 

 

Figure 2.3: SEM images of the patterned polymer surface.  Both LAR and HAR are 

shown from two magnifications to see both the asperity shape and the asperity pattern on 

the surface (Burton and Bhushan, 2005a). 

 

According to the model presented in the introduction, introducing roughness to a 

flat surface the hydrophobicity will either increase or decrease depending on the initial 

contact angle on a flat surface (Wenzel, 1936; Nosonovsky and Bhushan, 2005). The 

materials chosen were initially hydrophilic, so to obtain a sample that is hydrophobic, a 
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self-assembled monolayer (SAM) was deposited on the sample surfaces. The samples 

chosen for the SAM deposition were the flat film and the HAR for each polymer. The 

SAM perfluorodecyltriethoxysilane (PFDTES) was deposited on the polymer surface 

using vapor phase deposition technique. PFDTES was chosen because of the hydrophobic 

nature of the surface. The deposition conditions for PFDTES were 100 °C temperature, 

400 Torr pressure, 20 minute deposition time and 20 minute annealing time. The polymer 

surface was exposed to an oxygen plasma treatment (40 W, O2 187 Torr, 10 seconds) 

prior to coating (Lee et al., 2005). The oxygen plasma treatment is necessary to oxidize 

any organic contaminants on the polymer surface and to also alter the surface chemistry 

to allow for enhanced bonding between the SAM and the polymer surface. 

2.2.3 Roughness factor 

 Roughness factor, Rf, needs to be calculated for the leaf surface to incorporate the 

effect of roughness on contact angle.  If a surface is a flat plane then Rf would be equal to 

one, whereas if roughness is added to the surface then Rf will increase.  To obtain an 

approximation of the Rf for the two different leaves, a model has been developed that will 

calculate the true surface area and the area footprint and produce their ratio.  This model 

uses the AFM scans of the leaves and uses the height of each data point, along with its 

location in the matrix of data points to determine the total surface area.  Figure 2.4 is a 

cartoon showing how the true area is calculated for each scan area.  For an n x n matrix of 

data points, there are (n-1) x (n-1) patches of area that are created.  For each patch, a 

hypotenuse is made to make two right triangles.  Using the Z-height for each data point 

along with its position in the matrix, the area of the two triangles created can be 

calculated and added together to get the entire area of the patch.  Using this technique for 
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Figure 2.4: Cartoon describing the method used to calculate the true surface area of the 

leaf surface from an AFM scan (Burton and Bhushan, 2005b). 

 

 

each patch and adding all the patches together will give an approximation for the true 

surface area for the scan and we can divide that by the total scan area or footprint to get 

the ratio, Rf.  Using this approximation for Rf, calculations can be made on contact angles 

of the flat surface if the contact angle of the rough surface is measured.  This method of 
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calculating the roughness factor for a surface is limited to a square scan size and is only 

used with AFM scans. 

2.2.4 Test matrix for nanopatterned polymers 

To study the effect of scale dependence, the adhesive force between the four AFM 

tips mentioned above with flat and patterned polymer films of two materials, was 

examined. There are 16 tip/surface structure combinations when using a bare polymer but 

with the PFDTES coatings on PMMA and MINS film and HAR, there is an additional 16 

combinations. This will allow for complete characterization of the adhesive force of the 

patterned surfaces with varying tip radii. Figure 2.5 is a cartoon showing the effect of the 

different radii on the patterned surface. For small radii, such as the 20 nm and 50 nm tips 

used in this experiment, the tip can easily fit between the asperities and therefore, there is 

less effect from the asperities. The 3.8 µm radius tip will sit on the asperities but may also 

come in contact with the flat polymer between the asperities if the aspect ratio is low 

enough. The 15 µm radius tip will only sit on the asperities and will not come into contact 

with the substrate. 

 Experiments in varying relative humidities show the dependence of 

hydrophobicity for a given surface roughness on adhesion and friction. Dry and wet 

friction and adhesion can vary dramatically because the dominant mechanism has a 

transition from real area of contact to meniscus forces. Therefore, the effect of relative 

humidity was also studied by performing measurements in 5, 50, and 80% RH. For these 

experiments, a tip of radius 15 µm was used to measure both adhesion and coefficient of 

friction for the both the film and patterned polymer surfaces along with the surfaces with  
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Figure 2.5: Cartoon showing the effect of different radii on the nanopatterend surface.  

Small radii can fit between the asperities, while large radii rest on top of the asperities 

(Burton and Bhushan, 2005a).  

 
 
the PFDTES coating. Both LAR and HAR were studied to determine the effect of taller 

asperity will have on adhesion and friction. 

2.3 Results and discussion  

 Lotus and colocasia are two leaves that exhibit extreme hydrophobic behavior and 

that has inspired researchers to understand why and how the surface behaves this way.  

Measurements have been made using the instrumentation discussed above to understand 

the mechanisms behind their hydrophobic behavior.  As a first step to realizing this 

phenomenon, nanopatterns on a polymer surface have been produced and to understand 

the behavior of these surfaces, various tests of adhesion and friction have been 

conducted.  Below is a discussion of the results for these two studies. 

2.3.1 Hydrophobic leaf surfaces  

 In order to completely understand the nature of hydrophobic leaves, a 

comprehensive study of the surface and its properties must be performed.  Using various 
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methods discussed above, the surfaces of the leaves have been studied and measured so 

that an understanding of the mechanisms that are responsible for its hydrophobic nature 

has been accomplished.  Below is a discussion of the findings of this study.   

2.3.1.1 Contact angle measurements  

 The contact angles for lotus and colocasia for both with wax and without wax 

were measured and are presented in the first bar chart of Fig. 2.6.  The calculated contact 

angles using the approximated Rf from Eq. 2.1 are also presented.  For both leaves the 

contact angle is dramatically reduced when the wax is removed from the surface.  This 

shows that the leaf material itself is a hydrophilic material and the combination of the 

wax and the roughness of the leaf is what creates such a hydrophobic surface.   

 The approximation of the roughness factor for the leaves was made using an AFM 

scan.  The AFM scans were made on the surfaces that had been dried and therefore the 

true surface area was smaller than that of a fresh leaf.  Modifications need to be made to 

calculate Rf on a fresh leaf measured using an optical profiler which gives data in a 

rectangular matrix.   

 The approximated values of Rf for lotus and colocasia are 1.55 and 1.52, 

respectively.  Using these values, along with the contact angles from both the wax and no 

wax surfaces, the contact angles for flat wax and flat plant material can be calculated for 

both leaves.  It was found that the contact angle on flat wax is approximately 126° for 

both leaves.  These values are also compared to the contact angle of a water droplet 

against paraffin wax surface that was reported as 104° by Craig et al. (1960) and 

Kamusewitz et al. (1999).  The contact angle for flat plant material was estimated to be 

76° for lotus and 72° for colocasia using the calculated Rf values.   
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Figure 2.6: Contact angle measurements and calculations for the leaf surfaces, both with 

and without wax and both fresh and dried leaves (Burton and Bhushan, 2005b). 

 

 The second bar chart in Fig. 2.6 shows the contact angles for the two leaves, both 

fresh and dried out.  There is a decrease in the contact angle for each leaf when it has 

been dried out.  This decrease is present because a fresh leaf has taller bumps than a dried 

leaf, which will give a larger contact angle, according to Eq. 2.1.  When the surface area 

is at a maximum compared to the footprint area, as with a fresh leaf, the roughness factor 

will be at a maximum and will only reduce when shrinking has occurred after drying.   

2.3.1.2 Surface characterization using an optical profiler 
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 As stated previously, using an optical profiler allowed for measurements to be 

made on fresh leaves, which have a large P-V distance.  Three different surface height 

maps can be seen for lotus in Fig. 2.7 (a) and for colocasia in Fig. 2.7 (b).  In each figure 

a tilted 3-D and flat 3-D maps along with a 2-D profile in a given location of the flat 3-D 

map.  These figures also show the maps for leaves with the wax present and the wax 

removed to see if the surface structure is consistent after the wax was removed, which it 

is consistent.   

 Figure 2.7 (a) shows that the bumps on the leaf are randomly distributed on the 

entire surface and that the structure found with the optical profiler correlates will with the 

SEM images shown in Fig. 2.2 (a) and (b).  A scan size of 120 µm x 90 µm was used to 

obtain a sufficient amount of bumps to characterize the surface but also to maintain 

enough resolution to get an accurate measurement.  Using these scans, different bump 

statistics can be found and for lotus there are four specific quantities that characterize the 

surface: bump to bump distance and bump height, width and radius.  These quantities can 

be found in Table 2.1, which also shows the statistics for all measurements made with 

both the optical profiler and the AFM. 

 Figure 2.7 (b) shows the optical image for colocasia.  This leaf shows a much 

different structure than lotus and correlates well with the SEM image in Fig. 2.2 (a).  The 

surface structure for colocasia has bumps similar to lotus but surrounding each bump, a 

ridge is present that completely separates each bump.  With these ridges, the bumps have 

a hexagonal packing geometry which allows for the maximum number of bumps in a 

given area.  Both the bumps and ridges contribute to the hydrophobic nature of colocasia 

since they both create pockets of air between the droplet of water and the surface.   
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Figure 2.7: (a) Surface height maps and 2-D profile of lotus leaf using an optical profiler.  

For lotus leaf, a bump is defined as a single, independent microstructure protruding from 

the surface.  (b) Surface height maps and 2-D profile of colocasia using an optical 

profiler. For colocasia, a bump is defined as the single, independent protrusion from the 

leaf surface, whereas a ridge is defined as the structure that surrounds each bump and is 

completely interconnected on the leaf (Burton and Bhushan, 2005b).   
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Fig. 2.7 continued 
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Table 2.1: Bump statistics for lotus and colocasia, measured fresh leaves using optical 
profiler and dried leaves using AFM (Burton and Bhushan, 2005b). 
 

 
 Table 2.1 shows the bump statistics found for colocasia leaves and there are a few 

different stats added because of the ridges structure.  For colocasia, bump to ridge and 

ridge to ridge along with ridge height, width and radius have been added to Table 2.1.  In 

comparison between lotus and colocasia it can be seen that the distance for bump to 

bump for lotus is very comparable to the distance of bump to ridge for colocasia.  This 

shows that both leaves have similar spacing for their large structures present on the 

surface.  It can also be shown that the bump width and radius is similar for both leaves 

but the bump height is larger for lotus leaf.  The ridges on colocasia are both taller and 

skinnier than the bumps but still have a similar shape for a cross-section 

 Figures 2.8 (a) and (b) show the 2-D profiles in Fig 2.7 (a) and (b) and an 

increased magnification of two bumps on lotus and an bump and ridge on colocasia.  A 

curve fit has been fitted to each profile to see exactly how the bump shape behaves.  For 

each leaf a second order curve fit has been given to the profiles to see how closely the 

profile is followed.  The radius of curvature for any function is known to be: 

Lateral spacing Bump (µm) Ridge (µm) 

Leaf Bump 
to bump 

(µm) 

Bump 
to ridge 

(µm) 

Ridge 
to 

ridge 
(µm) 

Peak 
to 

valley 
height 

Mid-
width 

Peak 
radius 

Peak 
to 

valley 
height 

Mid-
width 

Peak 
radius 

Lotus 
AFM-dried 18 - - 9 10 6.5 - - - 

Optical-fresh 17 - - 18 11 7 - - - 
Colocasia 

AFM-dried 34 17 36 5 11 6.5 5 8 4.5 
Optical-fresh 37 18 38 11 11 4.5 12 7 3.5 
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where R(x) = radius of curvature, y׳(x) = first derivative of the function, and y״(x) = 

second derivative of the function.  By using the second order curve fit of the profiles, the 

radius of curvature can be found.  The values found using this calculation are shown in 

Table 2.1.    

2.3.1.3 Leaf characterization using an AFM 

2.3.1.3.1 Surface characterization 

 For measurements using an AFM on the leaf surfaces, the leaves were completely 

dried out prior to experimentation due to the large P-V distance and the dynamic 

shrinking present after cutting the leaf.  Figure 2.9 (a) shows the 50 µm and 100 µm scans 

that were made on the lotus leaf to fully characterize the surface of the leaf.   

 The AFM has a limitation on the Z-range distance that can be traveled by the 

piezo of 7 µm.  The dried lotus leaf has a P-V distance of approximately 10 µm and the 

AFM cannot fully scan the image due to the lack of traveling distance capable from the 

piezo.  Therefore, a new method had to be developed to fully determine the bump 

statistics.  In order to compensate for the P-V distance two scans were made for each scan 

size: one measurement that scans the tops of the bumps and another measurement that 

scans that bottom or valleys of the bumps.  By first scanning the upper half of the bumps 

and then scanning the lower half of the bumps the total height of the bumps is imbedded 

within the two scans.  It can be seen in the surface height maps in Fig. 2.9 (a) that the 

scans of the lotus leaf can be taken separately and spliced together in the 2-D profile to  
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Figure 2.8: (a) Curve fit for two bumps on a lotus leaf using an optical profiler.  The 

radius of curvature is calculated from the parabolic curve fit of the bumps.  (b) Curve fit 

for one bump and one ridge on a colocasia leaf using an optical profiler.  The radius of 

curvature is also calculated from the parabolic curve fit (Burton and Bhushan, 2005b). 
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create the full profile of the leaf.  The 2-D profiles in the right side column of Fig. 2.9 (a) 

take the profiles from the top scan and the bottom scan for each scan size and splice them 

together to get the total profile of the leaf.  The four bump statistics for the total profile of 

the AFM scan of lotus leaf can be found in Table 2.1 and it can be seen that the values 

correlate well with the optical profiler scans except for the bump height which decreases 

by more than half because of the shrinking of the leaf.    

 Figure 2.9 (b) shows the 50 µm and 100 µm surface height maps for colocasia.  

When colocasia is dried there is no problem with the P-V distance and the travel distance 

of the AFM piezo.  Therefore, the entire surface profile can be measured in a single scan.  

The AFM scan shows very consistent results in the surface structure as compared to both 

the optical profiler scans in Fig. 2.7 (b) and the SEM images in Fig. 2.2 (a).  The nine 

bump and ridge statistics for the AFM scans of colocasia can be found in Table 2.1 and 

correlate well with the optical scans except for the bump and ridge height is much lower 

than the optical scans due to the shrinking. 
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Figure 2.9: (a) Surface height maps and 2-D profile showing the top scan and bottom 

scan of a lotus leaf because the P-V distance of a dried lotus leaf is greater than the Z-

range of an AFM. (b) Surface height maps and 2-D profile of colocasia using an AFM 

(Burton and Bhushan, 2005b).  
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Fig. 2.9 continued  
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  Figures 2.10 (a) and (b) show the curve fit of two bumps from the top scan from 

the lotus leaf and a bump and ridge profile from the colocasia leaf.  The lotus leaf profiles 

are not the complete bump due to the piezo traveling problem, but the peak of the bump 

is the most important section of the bump because that is the location where the water 

droplets come into contact with the surface.  Therefore, looking at the peak of the bump 

and curve fitting that profile will give a good approximation of the surface radius of 

curvature.  All four profiles have been given a second order curve fit to see how these 

bumps behave.  Using Eq. 2.2 the radius of curvature was found and is presented in Table 

2.1.   
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Figure 2.10: (a) Curve fit for two bumps on a lotus leaf using an AFM.  The radius of 

curvature is calculated from the parabolic curve fit of the bumps.  (b) Curve fit for one 

bump and one ridge on a colocasia leaf using an AFM.  The radius of curvature is also 

calculated from the parabolic curve fit (Burton and Bhushan, 2005b). 
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2.3.1.3.2 Adhesive force and friction of hydrophobic leaves 

 Adhesive force and friction measurements made on lotus and colocasia leaves are 

presented in Fig. 2.11.  For each type of leaf, adhesive force measurements were made on 

leaves that were both fresh and dried with either the wax present or the wax removed.   

 
 
 

 

 

Figure 2.11: Adhesive force and coefficient of friction for lotus and colocasia, both with 

and without wax, and for both fresh and dried leaves.  All measurements were made 

using a 15 µm tip (Burton and Bhushan, 2005b). 
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The dried leaves, regardless if wax was present or not, had a lower adhesive force than 

the fresh leaves.  When the leaves are fresh there is moisture within the plant material 

that causes the leaf to be soft and when the tip comes into contact with the leaf sample, 

the sample will deform elastically and a larger real area of contact between the tip and 

sample will occur and adhesive force will increase.  After the leaf has dried the moisture 

that was in the plant material is gone and when the tip comes into contact with the leaf 

sample, there is not as much deformation of the leaf and the adhesive force is decreased 

because the real area of contact has decreased.   

 The adhesive force increases when the wax is removed from the leaf surface and 

happens when the leaf is either fresh or dried.  This increase in adhesive force is due to 

the decrease in contact angle from a leaf with wax present to a leaf with the wax 

removed.  The increase in adhesive force from wax present to wax removed is not as 

large as the decrease in adhesive force from fresh to dried, so therefore, the dominant 

mechanism in adhesive force is the real area of contact between the tip and leaf sample 

rather than an increase meniscus force that arises when a surface is hydrophilic.   

 The coefficient of friction was only measured on a dried plant surface rather than 

including the fresh surface because the P-V was too large to scan back and forth with the 

AFM to obtain friction force.  As expected, the coefficient of friction increases when the 

wax is removed from the leaf surface, similar to the adhesive force results.  This increase 

is due to the reduction of contact angle from a wax covered leaf to a leaf with the wax 

removed.  

2.3.1.3.3 Dynamic shrinking effects of the leaf 
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 Both leaves showed dynamic shrinking effects after a small section of the leaf 

was initially cut away from the larger leaf.  This is due to the evaporation of the water 

that is present in the leaf structure.  As the water evaporates away the surface reduces in 

vertical height but the lateral shape and structure stays intact and constant.  Figure 2.12 

(a) shows an AFM scan on colocasia during the shrinking process.  At the beginning of 

the scan the peak of the bump is out of range of a fully retracted AFM tip.  As the 

scanning progresses, the profile of the leaf decreases until the piezo is fully extended at 

the end of the scan and the bottom of the leaf is out of range of the tip.  To determine if 

this was dynamic shrinking of the leaf or if the leaf was tilted enough to extend further 

than the piezo was able, the sample was allowed to fully evaporate while the AFM was in 

the same position as the first scan.  When the scan was conducted after the leaf had fully 

evaporated, the surface profile was completely flat and all peaks and valleys were able to 

be scanned.   

 Figure 2.12 (b) also shows the effect of dynamic shrinking of the leaves.  This 

plot shows the P-V height of the two leaves at different times from when they were cut.  

It can be shown that on a logarithmic scale of time the leaves shrink to some constant 

value of P-V distance after a certain amount of time.   



 35

 
 

Figure 2.12: (a) AFM surface height map and 2-D profile showing the dynamic shrinking 

of a colocasia leaf.  (b) Plot showing the P-V distance of both lotus and colocasia as a 

function of time from being cut (Burton and Bhushan, 2005b).
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2.3.2 Nanopatterned polymers 

 Implementing the lessons that are learned through nature is not complete until a 

thorough study is performed to discover the properties of a new surface that is created.  

By making nanopatterns on a polymer surface, the process of producing “biomimetic” 

surfaces has begun but more experimentation and characterization is necessary.  Using 

methods described previously, the tribological properties of the nanopatterned polymers 

have been studied and the results are discussed below. 

2.3.2.1 Contact angle measurements 

The initial experiment performed on the various materials was to determine the 

static contact angle. Figure 2.13 shows the results obtained using the method described 

earlier. These values correlate well with the model describing roughness with 

hydrophobicity (Nosonovsky and Bhushan, 2005). For both the PMMA and the MINS 

materials, the contact angle decreased with increased roughness. Since both PMMA and 

MINS are hydrophilic materials, this is expected. When the polymers were coated with 

PFDTES, the film surface became hydrophobic. For a hydrophobic surface, the model 

predicts an increase of contact angle with roughness, which is what happens when 

PMMA HAR and MINS HAR are coated with PFDTES. 
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Figure 2.13: Bar chart showing the contact angles for different materials and for different 

roughness (Burton and Bhushan, 2005a). 

 

 

2.3.2.2 Adhesion studies and scale dependence  

Adhesive forces can arise when the presence of water in the environment causes 

meniscus bridges to form around the contacting and near contacting asperities as a result 

of surface energy effects. A negative Laplace pressure inside the curved menisci results 

in an attractive force called the meniscus force. The value of the meniscus force is given 

by the product of the pressure difference and the immersed surface area of the asperity. 

This intrinsic attractive force may result in high friction and wear (Bhushan, 2003). The 

total meniscus force, Fm, is obtained by summing the meniscus forces from all individual 

contacting and near contacting asperities where meniscus bridges are formed (Bhushan, 

2002) and is given by the expression 
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 1 22 (cos( ) cos( )) ( )m tF R N tπ γ θ θ= +  (2.3) 

 

where Rt = radius of the contacting AFM tip radius; γ = surface tension of the liquid film; 

θ1 and θ2 = contact angles for the lower and upper sample, respectively; N(t) = number of 

contacting and near contacting asperities where menisci build up in time ‘t’. The surface 

hydrophobicity determines the meniscus bridge formation at the contact interface.   

Scale dependent effects of adhesion and friction are present because the 

tip/surface interface changes with size. Meniscus force will change by varying either the 

tip radius, the hydrophobicity of the sample or the number of contact and near-contacting 

points. Figure 2.14 shows the dependence of tip radius and hydrophobicity on adhesive 

force for PMMA and PFDTES coated on PMMA. By changing the radius of the tip, the 

contact angle of the sample, and adding asperities to the sample surface, the adhesive 

force will change due to the change in the meniscus force and the real area of contact.  

The two plots in Fig. 2.14 show the adhesive force on a linear scale for the 

different surfaces with varying tip radius. The first bar chart in Fig. 2.14 is for PMMA 

film and PFDTES coated on PMMA film and shows the effect of tip radius and 

hydrophobicity on adhesive force. For increasing radius, the adhesive force increases for 

each material, but decreases from PMMA film to PFDTES on PMMA film. With a larger 

radius, the real area of contact increases and the adhesion is increased. The 

hydrophobicity of PFDTES on PMMA film reduces meniscus forces, which in turn  
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Figure 2.14: Scale dependent adhesive force for PMMA film vs. PFDTES on PMMA 

film and PMMA HAR vs. PFDTES on PMMA HAR (Burton and Bhushan, 2005a). 

 

 

 

 

Figure 2.15: Scale dependent adhesive force for MINS film vs. PFDTES on MINS film 

and MINS HAR vs. PFDTES on MINS HAR (Burton and Bhushan, 2005a).
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reduces adhesion from PMMA film. The dominant mechanism for the hydrophobic film 

is real area of contact and not meniscus force, whereas with PMMA film, there is a 

combination of real area of contact and meniscus forces. 

The second bar chart in Fig. 2.14 shows the results for PMMA HAR and PFDTES 

coated on PMMA HAR. These samples show the same trends as the film samples, but the 

increase in adhesion is not as dramatic.  This is because of the decrease in real area of 

contact for each radius from a flat film.  Again, meniscus forces do not play a large role 

in adhesion for PFDTES on PMMA HAR, and the increase in adhesion is due to the real 

area of contact. With PMMA HAR, a combination of both meniscus forces and real area 

of contact contribute to the adhesion. 

Figure 2.15 shows the same data as Fig. 2.14, but MINS is the polymer used and 

the PFDTES is coated on MINS instead of PMMA. The same trends are present in the 

adhesive force values, but the only difference is that MINS film has a very large adhesion 

for both the micro-scale tips, which is due to the AFM tip conforming to the soft MINS 

sample (Moore, 1972).  This is the opposite trend than what is seen for the PMMA 

samples. All other trends are similar. 

Figure 2.16 explicitly shows the adhesive force data for three PMMA surfaces 

and a PFDTES coating on two PMMA surfaces when just the 15 µm radius tip is used in 

ambient conditions. The data show the effect of both real area of contact and contact 

angle on the adhesive force. While the contact angle does decrease from PMMA film to 

LAR and HAR, the change is not dramatic enough to reduce the adhesion as much as is 

seen. Therefore, the effect of real area of contact is the dominant mechanism for the 

reduced adhesion. The same is true for the samples with a PFDTES coating present. The 



 41

 

 

Figure 2.16: Adhesive force values for PMMA film, LAR and HAR along with PFDTES 

on PMMA film and HAR to show the effect of real area of contact and contact angle 

(Burton and Bhushan, 2005a). 

 

 

contact angle increases as expected when roughness is introduced, but the dramatic 

decrease in adhesion between PFDTES on PMMA and PFDTES on PMMA HAR is more 

heavily dependent on the reduced real area of contact. To examine the effect of increased 

contact angle on adhesive force, it is necessary to look at the drop between PMMA film 

and PFDTES on PMMA film along with the difference between PMMA HAR and 

PFDTES on PMMA HAR. Since the real area of contact is the same for each comparison, 

only the increased contact angle due to the PFDTES coating is responsible for the drop in 

adhesive force. 

2.3.2.3 Effect of relative humidity on adhesive force and coefficient of friction 
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The influence of relative humidity was studied in an environmentally controlled 

chamber. The results from varying surface roughness, hydrophobicity and relative 

humidity are summarized in Figs. 2.17 (a) and 2.18 (a), for PMMA and MINS, 

respectively. Experiments were also run on PMMA and MINS film and HAR with a 

PFDTES coating on them and are shown in Figs. 2.17 (b) and 2.18 (b). In Figs. 2.17 (a) 

and 2.18 (a), film, HAR and LAR were used to see the change in adhesion and friction 

for each type of surface structure. Only film and HAR were used for Figs. 2.17 (b) and 

2.18 (b) to show the difference in the two extremes of the surfaces. For these 

experiments, only the 15 µm radius tip was used to study the effect from the asperities on 

the patterned surfaces. 

The results for PMMA film, LAR and HAR is shown in Fig. 2.17 (a). For the 

adhesive force values there is a decrease from PMMA film to LAR to HAR for the three 

humidities. The decrease between LAR and HAR is very small, which means that the 

contact area is about the same for a single point measurement. There is, however, a large 

decrease in adhesive force from film to LAR and HAR. When examining the effect of 

relative humidity, the data show a larger difference between PMMA film at different 

humidities than for either of the patterned surfaces. For a flat film, meniscus bridges are 

the dominant factor in the adhesion, but for a patterned sample the dominant factor is still 

the contact area and not the formation of menisci. At 5% RH the only factor in the 

adhesion is the area of contact and not the formation of menisci. The data shows that 

there is a smaller difference at 5% in adhesion than compared to the difference at 80% 

RH. Coefficient of friction data also follows a similar trend to the adhesion data. There 

are larger differences between the values at 80% than at 5% because the shearing of 
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Figure 2.17: (a) Effect of relative humidity on adhesive force and coefficient of friction 

for PMMA film, LAR and HAR.  (b) Effect of relative humidity on adhesive force and 

coefficient of friction for PFDTES on PMMA film and HAR (Burton and Bhushan, 

2005a). 
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Figure 2.18: (a) Effect of relative humidity and coefficient of friction for MINS film, 

LAR and HAR.  (b) Effect of relative humidity on adhesive force and coefficient of 

friction for PFDTES on MINS film and HAR (Burton and Bhushan, 2005a).
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menisci when two surfaces slide together requires a larger force than when no liquid is 

present. 

Results for PFDTES coating on PMMA film and HAR are shown in Fig. 2.17 (b). 

The adhesion values are much lower than those for PMMA film and PMMA HAR and 

that is primarily due to the lack of meniscus bridge formation because of the hydrophobic 

contact angle of PFDTES. There is a decrease in adhesion between PFDTES film and 

PFDTES HAR, which is directly related to the area of contact difference between a film 

and HAR. Looking at the data across the three humidities, there is not much change in the 

values. Since the surfaces are hydrophobic, meniscus bridges are not the determining 

factor in the material adhesion. The coefficient of friction is also lower for PFDTES than 

for PMMA. There is a slight increase in the change between PFDTES film and PFDTES 

HAR for increasing humidity. This shows that shearing menisci by sliding across the 

surface has more effect than menisci contributing to adhesion. 

Figure 2.18 (a) shows results of varying relative humidity for MINS film and 

HAR. The trends for MINS film and HAR follow the same trends that occur with 

PMMA. There is a much larger difference between the adhesion values for MINS film 

and MINS LAR and HAR because of the increased real area of contact for MINS film. 

When a coating of PFDTES is deposited on the MINS surface, film and HAR, the 

adhesion and coefficient of friction values show the same trends with varying relative 

humidities as with PMMA coated with PFDTES. 

2.4 Summary 

 Hydrophobic, as well as low adhesion and friction, is desirable for many 

industrial applications.  A technique to obtain surfaces that exhibit these types of 
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properties is to study what is found in nature and learn from their characteristics.  This 

study aims to do precisely that, learn from nature and apply that understanding to 

different surfaces.  Hydrophobic leaves, such as lotus and colocasia, provide perfect 

samples from which to learn and in turn apply those same principles to materials such as 

polymers and SAMs.  Introducing patterned roughness, similar to that found on leaves, it 

the first step in realizing “biomimetic” surfaces that can be applied to other industrial 

applications.   

 This study has shown that a combination of surface roughness and a thin wax film 

gives leaves, such as lotus and colocasia, their hydrophobic nature.  By removing either 

the roughness or the thin wax, the surface properties change dramatically, so therefore it 

can be seen that both are inherently important to maintain a hydrophobic surface.  It has 

been shown that when the wax was removed from the rough leaf surface the contact 

angle drops dramatically and the surface becomes hydrophilic.  Wenzel’s model relates 

the contact angle and roughness together by the use of a roughness factor.  The roughness 

factor for lotus and colocasia has been calculated through the use of surface height maps 

from AFM scans and this roughness factor can then be used to calculate the contact 

angles for a flat surface of the same material.   

 In addition to calculating the roughness factor and contact angles for the 

hydrophobic leaves, the geometric characteristics of the two leaves have been analyzed.  

Bump spacing distance for lotus and colocasia is similar, but the only difference is that 

for lotus the distance is from bump to bump, while for colocasia the distance is from 

bump to ridge.  While the bump spacing is of similar distance, bump height is different 

between the two samples.  For both fresh and fried leaves, the bumps on the lotus leaf are 
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taller than those on the colocasia leaf, which leads to a higher roughness factor and an 

increased contact angle. 

 In addition to surface roughness, adhesion and friction are also of importance 

when characterizing the surface of the leaf.  The adhesive force increases from dried 

leaves to fresh leaves, regardless of whether wax is present or not, due to the moisture 

that is present in the plant material when the leaf is fresh.  This moisture causes the leaf 

to be very soft and the real area of contact will increase as an upper sample is pressed into 

the surface.  The coefficient of friction also increased when the wax was removed from 

the leaf surface because of increased meniscus forces in the lateral direction. 

 One property from the leaves that was learned during the implementation of this 

study is the dynamic shrinking effect when a section of the leaf is cut away.  It became 

apparent during testing that as the moisture from the leaf evaporates, the peak-to-valley 

distance will reduce to some minimum amount after a certain amount of time.  

Some results for nanopatterned polymer samples were similar to those found for 

hydrophobic leaves.  It was found that increasing roughness on a hydrophilic surface 

decreases the contact angle, whereas increasing roughness on a hydrophobic surface 

increases contact angle.  The increase in contact angle for the polymers with the SAM as 

a thin film was not as large as that for hydrophobic leaves because the roughness factor 

on leaves is much larger than that for the patterned polymers.   

For a flat film, with increasing tip radius, the adhesive force increases due to 

increased real area of contact between the tip and the flat sample and meniscus force 

contributions.  Introducing a pattern on a flat polymer surface will reduce adhesion and 

coefficient of friction because of the reduction of the real area of contact between the tip 
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and the sample surface if the tip if larger than the size of the asperities.  In addition, 

introducing a pattern on a hydrophobic surface increases contact angle and decreases the 

number of menisci, which then decreases adhesive force.  I was also seen that introducing 

a hydrophobic film to any hydrophilic surface, flat or patterned, will reduce adhesion and 

friction due to fewer meniscus bridge formations.   

Adhesion and coefficient of friction increase with increasing RH for every sample 

and decrease from film to LAR to HAR for every sample.  When PFDTES is coated on 

the PMMA and MINS samples, the adhesion and coefficient of friction decrease but 

follow the same trends as the bare polymer.  These trends are due to the formation of more 

menisci at higher relative humidities. In addition, with an increase in relative humidity, the 

increase in adhesive force for PMMA film is more dramatic than for the patterned samples 

due to larger menisci formations for a film sample. 
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CHAPTER 3 
 
 

ADHESION AND FRICTON PROPERTIES OF POLYMERS IN 
MICROFLUIDIC DEVICES  

 
 
3.1 Introduction 

The development of MEMS technology, along with new fabrication techniques 

and their applications to the field of biology and medicine, have led to the field of 

BioMEMS.  Applications of BioMEMS include biofluidic chips for chemical and 

biochemical analysis (biosensors) in medical diagnostics (e.g. DNA, RNA, proteins, 

cells, blood pressure, and toxin identifications), and implantable pharmaceutical drug 

delivery (Gravesen et al.; 1993, Lai Poh San and Yap, 2001; Mastrangelo and Becker, 

2001; Becker and Locascio, 2002; Beebe et al., 2002; Walker et al., 2002 and Schulte et 

al., 2002).   

Polymers have been used, in addition to silicon for BioMEMS devices because 

polymer microfabrication processes can be orders of magnitude less expensive than 

traditional microfabrication processes.  Various polymer materials that are commonly 

used in microdevices produced by soft lithrography include PMMA, polycarbonate 

(Soper et al., 2002) and PDMS (McDonald and Whitesides, 2002; Walker et al., 2002).  

Another application where polymers can be advantageous is when polymer structures are 

used for measuring cellular forces by using a cantilever with a low modulus.  The cell 

adheres to the center of the structure, and the contractile forces generated in the cells 
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cytoskeleton are transmitted to the underlying cantilever, causing a large deflection that 

can be optically measured and related to the force generated by the cell.   

An example of a wristwatch type biosensor based on microfluidics referred to as 

lab-on-a-chip system, is shown in Fig. 3.1 (a) (Tang and Lee, 2001).  These systems are 

designed to either detect a single or class of (bio)chemicals, and have the advantage of 

incorporating sample handling, separation, detection and data analysis onto one platform.  

The chip relies on microfluidics and involves manipulation of tiny amounts of fluids in 

microchannels using microvalves.  The test fluid is injected into the chip generally using 

an external pump or syringe for analysis.  Another example of a biosensor is the cassette 

type biosensor used for human genomic DNA analysis and integrated biological sample 

preparation is shown in Fig. 3.1 (b) (Tayler et al., 2003).  The implementation of 

micropumps and microvalves allows for fluid manipulation and multiple sample 

processing steps in a single cassette.  Blood or other aqueous solutions can be pumped 

into the system where various processes are performed, including DNA analysis, using 

polymerase chain reaction (PCR). 

Microvalves, which are found in most microfluidic components of BioMEMS, 

can be classified in two categories: active microvalves (with an actuator) for flow 

regulation in microchannels and passive microvalves integrated with micropumps.  

Active microvalves consist of a valve seat and a diaphragm actuated by an external 

actuator (Gravesen et al., 1993; Shoji and Esashi, 1994).  Different types of actuators are 

based on piezoelectric, electrostatic, thermopneumatic, electromagnetic and bimetallic 

materials, shaped memory alloys, and solenoid plungers.  An example of an electrostatic 

cantilever type active microvalve is shown in Fig. 3.1 (c).  Passive microvalves used in 
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micropumps include mechanical check valves and a diffuser/nozzle (Woias, 2001; 

Nguyen et al., 2002; Stehr et al., 1996; Shoji and Esashi, 1994; Gravesen et al., 1993).  

Check valves consist of a flap or membrane that is capable of opening and closing with 

changes in pressure; see Fig. 3.1 (c) for schematics.  A diffuser/nozzle uses an entirely 

different principle and only works with the presence of a reciprocating diaphragm.  When 

one convergent channel works simultaneously with another convergent channel oriented 

in a specific direction, a change in pressure is possible.   

There are four main types of mechanical micropumps, which include a diaphragm 

micropump that involves mechanical check valves, valveless rectification pumps that use 

diffuser/nozzle type valves, valveless pumps without a diffuser/nozzle, electrostatic 

micropump and rotary micropumps (Woias, 2001; Nguyen et al., 2002; Stehr et al., 1996; 

Shoji and Esashi, 1994; Gravesen et al., 1993).  Diaphragm micropumps consist of a 

reciprocating diaphragm, which can be piezoelectrically driven, working in 

synchronization with two check valves (Fig. 3.1 (c)).  Electrostatic micropumps have a 

diaphragm as well, but it is driven using two electrodes.  Valveless micropumps also 

consist of a diaphragm which is piezoelectrically driven, but does not incorporate passive 

mechanical valves.  Instead, these pumps use an elastic buffer mechanism or a variable 

gap mechanism.  Finally, a rotary micropump has a rotating rotor that simply adds 

momentum to the fluid by the fast moving action of the blades (Fig. 3.1 (c)).  Rotary 

micropumps can be driven using an integrated electromagnetic motor or by the presence 

of an external electric field.  All of these micropumps can be made of silicon or a 

polymer material.   
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Figure 3.1: (a) MEMS based biofluidic chip, commonly known as lab-on-a-chip, that can 

be worn like a wrist watch.  (b) Cassette type biosensor used for human genomic DNA 

analysis.  (c) Multiple examples of valves and pumps found in BioMEMS devices.  

Mechanical check valves, diaphragm micropump, valveless micropump and rotary 

micropump (Bhushan and Burton, 2005).  
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Fig. 3.1 continued  
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 During the operation of the microvalves and micropumps discussed above, 

adhesion and friction properties become important where contacts occur due to relative 

motion.  During operation, active mechanical microvavles have an externally actuated 

diaphragm which comes into contact with a valve seat to restrict the fluid flow.  Adhesion 

between the diaphragm and valve seat will affect the operation of the microvalve.  In the 

diaphragm micropumps, two passive mechanical check valves are incorporated into the 

design.  Passive mechanical check valves also exhibit adhesion when the flap or 

membrane comes into contact with the valve seat when fluid flow is removed.  Adhesion 

also occurs during the operation of valveless micropumps when the diaphragm, which is 

piezoelectrically driven, comes into contact with the rigid outlet.  Finally, adhesion and 

friction can also be seen during the operation of rotary micropumps when the gears rotate 

and come into contact and rubs against one another. 

Tribological properties such as adhesion and friction play an important role in the 

successful operation of these devices and studies need to be conducted to fully 

characterize these properties of polymers found in BioMEMS devices.  Despite the large 

increase in the use of polymers in BioMEMS, little work has focused on the tribological 

issues inherent in any MEMS device.  The objective of this research is to characterize 

adhesion and friction properties of specific polymers found in BioMEMS devices in 

ambient as well as different environments.  This study looks at the effect of different 

liquids in thin film as well as droplet form, which changes adhesion and friction 

properties.  Device operation may occur in multiple types of environments and that 

change in environment may change the tribological properties.  By decreasing the 

pressure using a vacuum pump, for example, this simulates high altitude flight or space 
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applications.  Relative humidity and temperature are important in medical applications, 

so these two environments are studied.  The amount of time that two parts may be in 

contact and then separated may be important, so therefore, rest time studies are 

considered.   

3.2 Experimental  

3.2.1 Instrumentation 

The adhesion and friction properties were measured by a microtriboapparatus 

(Tetra Inc., Ilmenau, Germany).  This apparatus has the following advantages: it can 

deliver velocity higher than that in a commercial AFM; a large radius or flat specimen 

can be used to reduce the contact stress; and BioMEMS components can be directly 

mounted on this machine for tribological and mechanical tests.  In this apparatus, an 

upper specimen, mounted on a soft cantilever beam, comes in contact with a lower 

specimen mounted on a lower specimen holder (Fig. 3.2).  The apparatus consists of 

mechanical, optical and signal control parts.  The main mechanical parts include a Z 

micropositioner, two piezos (X- and Z-piezos), one specially designed cantilever, one 

cantilever holder, one lower specimen holder and one tilting stage.  The lower specimen 

holder and X-piezo are attached on a tilting stage, which can be adjusted by Y and Z 

stepper motors.  The reciprocating movement of the lower specimen is performed by the 

X-piezo.  The Z micropositioner is used for a coarse approach of the cantilever beam with 

respect to the lower specimen.  The final engagement and the setting of the normal load 

are accomplished by using the Z-piezo.  The tilting stage can ensure parallel engagement 

of the upper and lower specimens.  The X- and Z-piezos have a maximum expansion of  
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Figure 3.2: Schematic of a microtriboapparatus with a specially designed cantilever (with 

two perpendicular mirrors attached on the end), X- and Z-piezos and X- and Z-force 

displacement sensors (Bhushan and Burton, 2005).
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1025 and 100 µm, respectively, and their resolution is about 20 nm.  The maximum 

velocity the X-piezo can reach is 3400 µm/s. 

The optical part of this apparatus consists of four fiber optic sensors (X- and Z- 

displacement sensors, and X- and Z-force sensors).  The sensors measure reflected light 

intensity which is directly related to the distance between the sensor and the target 

(mirror/holder).  By measuring the reflected optical signal intensity from the lower 

specimen holder and cantilever holder by X- and Z-displacement sensors, the lateral 

position of the lower specimen and vertical position of the upper sample can be 

determined, respectively.  Two mirrors perpendicular to each other are attached at the 

base of the cantilever for force measurements (Fig. 3.2).  Measuring the optical signal 

intensity reflected from the two mirros by X- and Z-force sensors, the deflection of the 

cantilever caused by friction force and normal load/adhesive force between these two 

specimens can also be determined, respectively.  The deflection values can be transferred 

to force values by multiplying by the corresponding spring constants.  The stainless steel 

cantilever has a stiffness of 57 N m-1 along the vertical axis (Z-axis) and a stiffness of 

309 N m-1 along the horizontal axis (the X-axis).  The maximum measuring range of the 

sensors is 2000 µm , and their resolution is 20 nm (Liu and Bhushan, 2003).   

Friction force measurements were calibrated using the technique described in Liu 

and Bhushan (2003).  Measurements were made at multiple normal loads ranging from 

500 – 2000 µN with a speed of 500 µm/s and a sliding distance of 1 mm.  Plotting friction 

force versus normal load and taking the slope of the line give the coefficient of friction.  

The adhesive force was measured using two different techniques.  The first technique 

takes the negative intercept value of the friction force versus normal load curve which 
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gives the adhesive force.  This technique was used for all measurement except for rest 

time studies.  The second technique is very similar to a force calibration plot using an 

AFM and is described in Liu and Bhushan (2003).  The sample is lowered to the surface 

until contact and then is pulled away after a certain amount of time to give the adhesive 

force, which can then be calculated by plotting the cantilever deflection versus the Z-

displacement of the piezo.   

3.2.2 Samples 

The contact was simulated by a flat lower sample, Si(100), PMMA, or PDMS, 

sliding against a single crystal Si(100) ball (1 mm diameter, 5 x 1017 atoms/cm3 boron 

doped) or a PMMA or PDMS sample mounted on a stainless steel cantilever.  The 

Si(100) wafers were purchased from Wafer World and the Si(100) balls were purchased 

from Ball Semiconductor.  The Si(100) balls were produced by the sorting of very small 

polycrystal silicon granules that are then processed into single-crystal silicon balls that 

have the same surface properties as Si(100) wafers.  Experiments with silicon-silicon 

interface were performed for comparison purposes with different material combinations. 

The PMMA samples were prepared by dissolving PMMA resin (Mw 75,000, Lot 

#25, Beads[CAS# 9011-14-7], Scientific Polymer Products) in an organic solvent 

(anisole) and then spin coated at a nominal speed of 2000 RPM on a silicon substrate.  

During the spinning process the anisole evaporates, leaving a solid film of PMMA.  The 

sample was then baked in an oven at 100 °C for about an hour to completely remove the 

curing agent.  Film thickness was measured using an ellipsometer (model Gaertner 

Scientific LI15CLC waferscan with LI16CMS microspot optics and a He-Ne laser).  The 

thickness was about 1-2 µm and was obtained by controlling the PMMA concentration to 
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10% by weight.  An index of refraction of 1.49 was also found using the ellipsometer.  To 

obtain a PMMA film for an upper sample, a Si(100) ball connected to the cantilever was 

dip-coated for 5 minutes and left to cure in ambient for 48 hours. 

 To create a PDMS film, a PDMS base (SILASTIC® T-2 Translucent Base, Dow 

Corning) and curing agent (SILASTIC® T-2 Curing Agent, Dow Corning) were mixed 

using a 10:1 ratio by weight and spin coated on a silicon wafer at 5000 RPM to achieve a 

film, of thickness 30-50 µm.  The thickness of the film was measured by scanning the 

Si(100) ball across the step height of the film with the microtriboapparatus and measuring 

the cantilever deflection.  The PDMS base, which is a highly viscous, translucent liquid, 

was thoroughly mixed together with the curing agent using a 10:1 ratio by weight.  The 

mixture was then cast against a silicon wafer and cured in ambient for 48 hours.  

Similarly, to create a PDMS film for an upper sample, a Si(100) ball was glued to a 

Si(100) wafer and the PDMS mixture was poured on over the ball and it was then spin-

coated at 5000 RPM to obtain a film similar to that of the lower sample.  PDMS bulk 

material was considered to examine the substrate effect on adhesion and friction.  To 

prepare PDMS bulk material, the base and curing agent mixture is cast against a Si(100) 

wafer to obtain a flat sample and it is placed under high vacuum to remove any excess 

bubbles in the solution.  The same cure time was used for the bulk PDMS material.  To 

obtain a PDMS bulk upper sample a three sided pyramidal shape was cut from the bulk 

material using a razor blade and glued to the cantilever.   

 All samples were cleaned before making adhesion and friction measurements.  

Si(100) and PDMS samples were ultrasonically cleaned in an acetone bath and PMMA 

samples were ultrasonically cleaned in an isopropyl alcohol bath.  All PMMA and PDMS 
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films were prepared by depositing on a Si(100) wafer that was ultrasonically cleaned in 

an acetone bath.  Table 3.1 lists the mechanical and thermal properties of materials and 

also film thicknesses, where applicable.    

Using a commercial AFM (D3100, Nanoscope IIIa controller, Digital 

Instruments), roughness maps, surface roughness (σ), and total peak to valley height (P-

V) were measured.  The AFM maps of Si(100), PMMA and PDMS are presented in Fig. 

3.3 to show roughness for the three samples using a 25 µm scan size.  For Si(100) and 

PMMA, contact mode was used for the roughness maps and for PDMS, tapping mode 

was used because the polymer is soft. 

 To determine different types of liquids to use during testing, blood and more 

specifically, the components of blood were looked at, relevant for blood analysis.  Blood 

primarily consists of saline, serum (cell culture) and white and red cells.  Saline is also 

used as a fluid for protein analyses.  Simulated blood serum chosen was Hyclone 

Laboratories fetal bovine serum (FBS) (SH 30088801) purchased from Fischer Scientific 

(Standard Fetal Bovine Serum, triple 0.1 µm sterile filtered).  Serum is blood from the 

fetus of a cow with the red and white blood cells removed using a centrifuge and the 

remaining fluid is a liquid protein and salt solution that also contains fibrinogen 

(Hansford, 2004).   Saline is a used medium when studying protein analysis.  Phosphate 

buffered saline (PBS) (0.15 NaCl solution) was purchased from Fischer Scientific (BP 

24384, 1 x solution, pH 7.4 ± 0.1, filtered through a 0.2 µm filter).  Tests were also 

performed with DI water for reference. 
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Table 3.1: Selected physical properties of various samples (Bhushan and Burton, 2005). 
 

 Young’s 
Modulus, 
E (GPa)  

Hardness, 
H (GPa) 

Poisson’
s ratio, 

ν 

Tg (°C) Thermal 
expansion 

coefficient, (/K) 

Thermal 
Conduc.  

(Wm-1K-1)  

Film 
Thickness 

(µm) 
Si(100) 

 130a,b 11c 0.28b - 2.6x10-6 (22°C)a 156a - 

PMMA 5.0d 0.41d 0.34-0.4e 104-
106f,g 

2-3x10-4 (<Tg)h 

6x10-4 (>Tg)h 0.193i,j ~1-2 

PDMS 
 

360-870 kPae 

600 kPaf - 0.5e -123f 9.07x10-4 f 0.151f ~30-50 

a Bhushan and Venkatesan (1993) 
b Anonymous (1988) 
c Bhushan and Li (2003) 
d Wei et al. (2004) 
e Livermore and Voldman (2004) 
f Mark (1999) 
g Brandrup and Immergut (1989) 
h Wunderlich (1975) 
i Calvet et al. (1965) 
j Eiermann (1964) 
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Figure 3.3: AFM roughness maps along with surface roughness (σ) and peak-to-valley 

height (P-V) for the three materials, Si(100), PMMA and PDMS. 

 

 
 

3.2.3 Test matrix 

To study environmental effects on adhesion and friction, a total of seven material 

combinations were used for all tests performed.  The seven combinations were a Si ball 

on Si flat, Si ball on PMMA film, Si ball on PDMS film, Si ball on PDMS bulk, PMMA 

film on PMMA film, PDMS film on PDMS film and PDMS bulk on PDMS bulk.  Si ball 

on Si flat is used as a bench mark for other types of contacts.  PDMS, both a film and 
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bulk was used to ascertain if there is a substrate effect because of the low hardness for 

PDMS.  Thicker films of PMMA are attainable, but it was determined that there is no 

change in adhesion and friction with thicker films. 

 For each combination of materials, tests were performed in ambient conditions 

(22 ± 1 °C, 50 ± 5% RH) and then compared to results of experiments with different 

environments.  Operation of devices such as valves and pumps found in BioMEMS will 

be exposed to liquid environments.  To simulate these interactions, two different forms of 

liquid were present during experimentation, a drop and a film.  A microsyringe was used 

to produce a drop with approximately 1 mm diameter.  A drop was used for all three 

liquids used, DI water, saline and FBS.  To attain a film on the lower sample, the sample 

was dip-coated for five minutes in the fluid: DI water, saline and FBS.   

 During operation, these devices may experience a change in the surrounding 

environment.  Two changes that may occur are relative humidity and temperature.  To 

simulate these changes, the effect of relative humidity and temperature were studied for 

each combination of materials using an environmental chamber.  Relative humidity 

values of 5, 20, 50, 60 and 80% were chosen.  Temperature was controlled using a 

resistor and controller with a thermocouple that used a feedback system.  Experiments 

were performed at temperature values of 22, 50, 75, 100 and 125 °C.   

Some of the devices may sit in the presence of fluid for a period of time with two 

surfaces in contact.  It has been observed that menisci grow with time, which leads to 

higher adhesion (Bhushan, 1996).  To simulate this effect, rest time studies on adhesion 

were performed to observe the contributions of meniscus growth as a function of time, 

which leads to higher meniscus forces (Chilamakuri and Bhushan, 1999).   
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A series of experiments were run to determine the effect of different gaseous 

environments.  The first step was to remove the water from the surrounding environment 

by reducing the relative humidity to 5% and perform adhesion and friction tests.  The 

next step was the remove the oxygen from the environment by pumping nitrogen gas 

through the system and repeat all tests.  The final step was to put the system under 

reduced pressure to remove most of the gas particles from the system.  Using a 

mechanical pump (Gast Manufacturing) the pressure inside the surrounding chamber was 

reduced to 650 Torr or a 120 Torr pressure drop.  By comparing the results for dry air, 

nitrogen gas and reduced pressure with ambient results, the effect of water, oxygen and 

gas particles in the surrounding environment can be studied.  

3.2.4 Contact angle measurements 

 Contact angle, a measure of surface hydrophobicity, was measured using a Rame-

Hart model 100 contact angle goniometer.  The measurements were made using 

demineralized deionized water droplets.  All measurements were made at 22 ± 2 °C and 

50 ± 5% RH and were reproducible to within ± 2°.  Surface hydrophobicity is an 

important property as it determines the strength of the adhesive interaction between 

sliding surfaces resulting from meniscus bridge formation (Bhushan, 2003; Tambe and 

Bhushan, 2004; and Bhushan et al., 2004). 

3.3 Results and Discussion 

3.3.1 Adhesive force and coefficient of friction in dry and liquid environments 

 The initial experiment performed on the materials used was to determine the 

contact angle of the three materials that will be used during adhesion and friction tests.  

Figure 3.4 shows the results obtained using the method described earlier.  The contact  
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Figure 3.4: Bar chart showing contact angle values for Si(100), PMMA and PDMS 

(Bhushan and Burton, 2005). 

 
 
 
angles (θ) of Si(100), PMMA and PDMS can be ranked in the following order: θSi(48°) < 

θPMMA(74°) < θPDMS(105°). 

 Adhesive forces can arise from the absorption of water that is present in the 

environment that causes meniscus bridges to form around the contacting and near 

contacting asperities as a result of surface energy effects.  A negative Laplace pressure 

inside the curved menisci results in an attractive force called the meniscus force.  The 

value of the meniscus force is given by the product of the pressure difference and the 

immersed surface area of the asperity.  This intrinsic attractive force may result in high 

friction and wear (Bhushan, 2003).  The total meniscus force, Fm, is obtained by 

summing the meniscus forces from all individual contacting and near contacting 

asperities where meniscus bridges are formed (Chilamakuri and Bhushan, 1999) and was 

given in chapter 2 by Eq. 2.3: 
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 1 22 (cos( ) cos( )) ( )m tF R N tπ γ θ θ= +  (2.3) 

where Rt = radius of the contacting spherical ball; γ = surface tension of the liquid film; 

θ1 and θ2 = contact angles for the lower and upper sample, respectively; N(t) = number of 

contacting and near contacting asperities where menisci build up in time ‘t’.  The surface 

hydrophobicity determines the meniscus bridge formation at the contact interface.   

Figure 3.5 (a) shows the adhesion and friction results for three like material 

combinations in three different environments.  Adhesive force and coefficient of friction 

results in ambient conditions for Si on Si, PMMA film on PMMA film and PDMS film 

on PDMS film are shown in the top two bar charts.  This shows that PMMA gives less 

adhesion and friction than both Si and PDMS.  Adhesive forces can be ranked in the 

order: PMMA (342 µN) < Si(100) (670 µN) < PDMS (673 µN).  Coefficient of friction 

gives a similar ranking: PMMA (0.23) < Si(100) (0.43) < PDMS (0.51).  Reproducibility 

for both adhesive force and coefficient of friction is ±10% for all measurements.  PMMA 

has a higher contact angle than Si(100) and fewer meniscus bridges are formed, so the 

intrinsic attractive force is reduced when in ambient conditions.  PDMS has a higher 

contact angle than Si(100) and PMMA but its adhesion is large because the upper sample 

conforms more readily to the lower sample since PDMS is a relatively soft polymer (see 

table 1), which in turn increases the real area of contact and results in higher adhesion 

(Moore, 1972). 

 The middle two bar charts in Fig. 3.5 (a) show adhesive force and coefficient of 

friction for the same materials combinations but with a liquid film of either DI water, 

saline or FBS at the interface.  For Si(100) on Si(100), the adhesive force drops from the 
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ambient value for all three liquids present.  Coefficient of friction drops dramatically 

from ambient with the presence of a film.  Since Si(100) has a low contact angle and is  

 

 

Figure 3.5: (a) Adhesive force and coefficient of friction for three different material 

combinations: Si-Si, PMMA film-PMMA film, and PDMS film-PDMS film.  For each 

material combination, ambient environment and three different liquids (DI water, saline 

and FBS) as a film and a drop were used. (b) Adhesive force and coefficient of friction 

for seven material combinations in ambient environment and liquid films of DI water, 

saline and FBS present at the contact interface.  (c) Adhesive force and coefficient of 
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friction for seven material combinations with a liquid drop and film of DI water, saline 

and FBS present at the interface (Bhushan and Burton, 2005).  
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Fig. 3.5 continued                 
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Fig. 3.5 continued         
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very hydrophilic, the film created is thick enough to create a lubricating effect that 

reduces friction (Liu and Bhushan, 2003).  When two samples slide against one another 

with a liquid present at the interface, viscous shearing occurs within the liquid.  The 

viscous shear at contacting asperities is lower than at near contacting asperities.  When a 

film is present, the number of meniscus bridges at contacting asperities is larger than at 

near contacting asperities so the force required to shear through the liquid is less, which 

results in a lower coefficient of friction.  With an FBS film present, the coefficient of 

friction decreases from ambient but is larger than that for DI water and saline.  A 

lubricating film is still present but since FBS has a high viscosity compared to the other 

two liquids, the fluid resists the travel of the upper sample more than that with DI water 

or saline.  Similar results were obtained for PMMA film and PDMS film.  For both DI 

water and saline film, adhesive force and coefficient of friction reduce from ambient 

conditions, but with an FBS film present adhesion actually increases from ambient.  This 

increase in the coefficient of friction shows that protein adhesion is an issue with multiple 

types of materials and will impede the operation of BioMEMS devices.  Coefficient of 

friction for the PMMA film contact increases from ambient and the PDMS film contact is 

similar to ambient with an FBS film present. 

The third set of bar charts shows data for adhesive force and coefficient of friction 

with a liquid drop present for the same three materials.  Applying a drop to the lower 

surface was a very variable process compared to creating a liquid film and reproducibility 

decreased.  Adhesive force data shows a large increase in adhesion for both Si on Si and 

PMMA film contacts for all three liquids.  These materials are considered hydrophilic 

because their contact angles are less than 90°.  When the drop is applied to the surface the 
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droplet spreads out and becomes more flat and increases the number of meniscus bridges.  

For a drop, the number of meniscus bridges at near contacting asperities is larger than at 

contacting asperities so the force required to overcome the meniscus force of the liquid is 

greater, which results in a higher adhesion than when a film is applied.    Adhesive force 

for the PDMS film contact did not increase from ambient but actually decreased.  The 

large contact angle for PDMS causes a decrease in the meniscus force when DI and saline 

are present.  Again, FBS causes an increase in adhesion due to its large viscosity.  

Coefficient of friction is decreased for all material combinations for all liquids.  The 

amount of liquid present in the droplets acts as a lubricant and decreases the friction.  

Since it is harder to shear meniscus bridges at near contacting asperities, the coefficient 

of friction for droplets increases compared to a film, however the value is still smaller 

than ambient because a liquid at the interface will give some lubricating effects.  

Figure 3.5 (b) shows the data collected for all seven material combinations and 

compares results of adhesive force and coefficient of friction in ambient and when a 

liquid film is present.  Material combinations other than the three chosen earlier exhibit 

similar results.  For DI and saline films, adhesive force and coefficient of friction are 

decreased for every material combination and FBS causes an increase.  Figure 3.5 (c) also 

shows the data collected for all seven material combinations, but these bar charts 

compare results found for a liquid drop or film present.  For all the other material 

combinations, results similar to the like material pairs were found for both adhesive force 

and coefficient of friction.   

3.3.2 Effect of environment on adhesive force and coefficient of friction 

3.3.2.1 Effect of relative humidity  



 73

 The influence of relative humidity was studied in an environmentally controlled 

chamber.  The results of these experiments are summarized in Fig. 3.6.  It shows that for 

Si(100) the adhesive force increases with relative humidity, but for the other six material 

combinations there is no change in the adhesive force because of the hydrophobicity of 

the materials.  The adhesive force increase for Si(100) is due to the formation of 

meniscus bridges at higher humidities (Eq. 2.3).  For Si(100) the friction force increases 

with relative humidity up to 50%, and then it shows a decrease with a further increase in 

the relative humidity.  Up to 50% relative humidity water molecules are being absorbed 

and forms a larger water meniscus, which increases the force required to shear through 

the liquid.  But increasing relative humidity, the absorbed water molecules can form a 

continuous water layer that separates the upper sample from the lower sample and acts as 

a lubricant.  For the other material combinations there is relatively no change in the 

friction force values with an increase in relative humidity. 

3.3.2.2 Effect of temperature 

 The effect of temperature was studied with the use of a heating stage consisting of 

a resistor and controlled current flow.  Figure 3.6 also shows the results of the 

temperature tests for both adhesive and friction force.  It shows that for an increase in 

temperature the adhesive force decreases for all samples except PMMA film on PMMA 

film.  At higher temperatures desorption of water molecules and reduction of surface 

tension of water (Lide, 1994 and Liu and Bhushan, 2003) results in a decrease in 

adhesive force for Si(100) on Si(100).  Along with the desorption of water, for PMMA 

and PDMS a dependence of the adhesive force on temperature is known for viscoelastic 

polymers and various theories have been proposed to explain this dependence (Moore,  
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Figure 3.6: Influence of relative humidity and temperature on the adhesive force and 

friction force for seven material combinations in ambient conditions (Bhushan and 

Burton, 2005). 

 

 

1972).  For PMMA film on PMMA film contact, adhesive force increases slightly instead 

of decreasing.  This can be explained by looking at the glass transition temperature of 

PMMA, which is about 105 °C.  Both the upper and lower sample melt above this 

temperature which then contributes to a larger contact area leading to larger adhesive 

force.  In general, friction force also decreases with temperature for the materials.  

However, there is a slight variation in the results for PDMS film and bulk.  The 

mechanisms responsible for this behavior are not fully understood at this point. 
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3.3.2.3 Effect of rest time 

 The effect of rest time on the adhesive force was studied using the single point 

measurement technique described in detail in Liu and Bhushan, (2003).  Rest times 

ranging from 10 seconds to 5000 seconds were considered and experiments were 

performed in ambient conditions.  The results are summarized in Fig. 3.7 for each of the 

seven material combinations.  It can be seen that for Si(100) there is near a logarithmic 

increase with rest time until an equilibrium time was reached (t = 1000s) after which it 

remains constant.  The presence of a thin film of absorbed water caused meniscus 

formations around the contacting asperities and grows with time until equilibrium occurs 

(Chilimakuri and Bhushan, 1999).  The adhesive force does not grow with time for the 

other six material combinations, which suggests that either the water meniscus is not 

present on their surfaces or that it does not increase with time.   

 

 

 

Figure 3.7: Influence of rest time on the adhesive force for seven material combinations 

in ambient conditions (Bhushan and Burton, 2005). 
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3.3.2.4 Effect of various gaseous environments 

 To investigate the effect of different types of gaseous molecules in the 

surrounding environment, a series of experiments were run where specific molecules 

were removed from the environment.  First, dry air was obtained by removing the water 

from the environment and decreasing the relative humidity, the effect of meniscus 

formations can be determined.  Next the oxygen was removed from the system by 

pumping nitrogen gas into the chamber and studying any oxidation effects of the 

surfaces.  Finally, to determine the effect of any particles in the surrounding environment, 

the chamber was placed under reduced pressure.  Figure 3.8 shows the results from these 

experiments in comparison to ambient.  For Si(100) on Si(100) there is an initial drop 

from ambient values to dry air for adhesive force and coefficient of friction but with N2 

and reduced pressure the values are very similar to dry air.  This shows that the main 

reason for higher adhesive force for Si(100) at ambient conditions is due to water 

condensation and the formation of meniscus bridges.  For the other six material 

combinations, very little change was observed for any of the environments from ambient.  

This shows that the removal of different components of the ambient environment does 

not affect the adhesive force and coefficient of friction for PMMA and PDMS. 
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Figure 3.8: Influence of dry air, nitrogen gas and reduced pressure on the adhesive force 

and coefficient of friction for seven material combinations (Bhushan and Burton, 2005).
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3.4 Conclusions 

This report presents the data on adhesion and friction properties of polymers that 

are used in BioMEMS.  The effects of liquids present in different forms, relative 

humidity, temperature, rest time, nitrogen gas, and reduced pressure on adhesion and 

friction were also studied.  It was found that the use of PMMA can reduce adhesive force 

and coefficient of friction in comparison to the traditional material, Si(100).  It was also 

found that PDMS has similar properties to Si(100) in ambient, but a change in 

environment has less effect on PDMS and PMMA than it does on Si(100).  In general, a 

liquid film reduces adhesion and friction but a liquid drop can cause a large increase due 

to meniscus contributions.  Based on this study, the detailed conclusions follow. 

(1) In ambient conditions, PMMA film on PMMA film has lower adhesion and friction 

than both Si(100) and PDMS film on PDMS film.  PDMS film on PDMS film and 

Si(100) have similar adhesive force values but different mechanisms are responsible for 

causing each adhesion value. 

(2) Introducing a liquid film of either DI water or saline causes a decrease in adhesion 

and friction from ambient values, whereas introducing an FBS film may cause an 

increase in adhesion and friction due to the presence of proteins. 

(3) Creating a drop is a highly variable process, which limits reproducibility and creates a 

large menisci force that increases adhesion.  Friction is decreased in the presence of 

droplets, however, the decrease is less pronounced than in the presence of a film, due to 

the higher number of menisci formed at near contacting asperities.   

(4) Relative humidity does not have an effect on contacts with PMMA and PDMS due to 

their larger contact angles.  It is shown that adhesive force for Si(100) on Si(100) 



 79

increases with relative humidity.  The friction force for Si(100) on Si(100) initially 

increases with humidity, due to the formation of meniscus bridges but then decreases at 

around 50% relative humidity, because of a lubricating film of water on the surface. 

(5) In general, an increase in temperature causes a decrease in adhesion and friction for 

all materials due to the desorption of water molecules and the properties of viscoelastic 

polymers.     

(6) Rest time does not affect adhesion for PMMA or PDMS contacts but there is a 

dependence shown with Si(100) on Si(100).   

(7) The presence of different gaseous environments does not change the adhesion and 

friction results obtained from ambient for PMMA or PDMS contacts.  Si(100) 

demonstrates a drop in both adhesion and friction when the water is taken out of the 

environment.  
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CHAPTER 4 
 

SUMMARY 
 
 

  
 Hydrophobic surfaces that exhibit low adhesion and friction are desirable for 

many applications in the MEMS industry.  This study looked at surfaces found in nature 

that exhibit those same qualities that would be beneficial in industry and thoroughly 

studied them to determine how and why these surfaces exhibit such behavior.  The 

surfaces selected for this study are hydrophobic leaves, specifically nelumbo nucifera 

(lotus) and colocasia esculenta.  After a complete surface characterization was performed, 

surfaces that had nanopatterned asperities on the surface to simulate the structure of the 

leaf were studied to see how bringing asperities onto the surface changed the 

hydrophobicity, adhesion and friction properties of the surface.   

 Studying the leaves has shown that a combination of surface roughness and a thin 

wax film give leaves their hydrophobic nature.  By removing the roughness or the thin 

wax film, the surface properties change dramatically, so therefore it can be seen that both 

are inherently important to maintain a hydrophobic surface.  These results correlate well 

with the findings from studying the nanopatterned polymers.  It was necessary for both a 

rough surface and a hydrophobic film to cover that rough surface to get the maximum 

hydrophobicity and most reduced adhesion and friction.  Without one of the two 
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components for a hydrophobic surface, the surface will not exhibit those types of 

qualities.   

 This study also looks the adhesion and friction properties of polymers found in 

microfluidic devices.  These tests were performed on the microscale since the vast 

majority of the applications for BioMEMS will have similar scale in distance and forces.  

The polymers used in this study showed much difference in both ambient and in varying 

environments.  One specific example for which these polymers may possibly be used is 

in lab-on-a-chip systems.  These systems will have liquid traveling through different 

valves and pumps to get the fluid to where it needs to go for proper testing and the 

adhesion and friction between the surfaces in the valves and pumps with a liquid present 

changes dramatically from when there is a dry contact.  The adhesion and friction also 

behaves differently when a drop or a film is added to the contact interface.  
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