
Surface Instabilities for Adhesion Control

Item Type Dissertation (Open Access)

Authors Davis, Chelsea Simone

DOI 10.7275/61vg-ge23

Download date 2026-07-12 12:18:36

Link to Item https://hdl.handle.net/20.500.14394/38993

http://dx.doi.org/10.7275/61vg-ge23
https://hdl.handle.net/20.500.14394/38993


 

 

 

 

 

 

 

 

SURFACE INSTABILITIES FOR ADHESION CONTROL 
 

 

 

 

 

 

 

 

 

 

A Dissertation Presented 

 

by 

 

CHELSEA SIMONE DAVIS 

 

 

 

 

 

 

Submitted to the Graduate School of the 

University of Massachusetts Amherst in partial fulfillment 

of the requirements for the degree of 

 

 

 

 

DOCTOR OF PHILOSOPHY 

 

 

May 2012 

 

 

Polymer Science and Engineering 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Chelsea Simone Davis 2012 
All Rights Reserved 

 

 



SURFFACE INSTABILITIES FOR 

ADHESION CONTROL 
 

 

 

 

 

 

A Dissertation Presented 

by 

CHELSEA SIMONE DAVIS 

 

 

 

 

Approved as to style and content by: 

 

___________________________________________ 

Alfred J. Crosby, Chair 

 

___________________________________________ 

Ryan C. Hayward, Member 

 

___________________________________________ 

Ashwin Ramasubramaniam, Member 

 

 

___________________________________________ 

David A. Hoagland, Department Head 

Polymer Science and Engineering  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For Mom, my rock 



v 

 

ACKNOWLEDGEMENTS 

Without the constant support of my advisor and mentor, Professor Al Crosby, the 

doctoral thesis presented here would not have been possible. As a first year student, I was 

drawn to Al’s group by the easy, elegant way in which he presented his research. Over 

my years here in PSE, I have come to appreciate even more how difficult it is to explain 

complex scientific concepts clearly and make it look effortless the way Al does. I have 

learned how to present my work well, both orally and in written form, through his tireless 

attention to detail and willingness to spend the time instructing me. I will always 

remember the first corrections I received back from him. I was so proud of my first 

abstract, but when Al returned the file to me, he had highlighted, deleted, and rewritten 

every word! I believe that I have come a long way since that first abstract, and I thank Al 

so much for all the time he has taken to improve my writing and presentation abilities. 

I have learned several other essential things by working with and observing Al. 

As a new Crosby Research Group member, I was reluctant to begin experiments in lab. 

Al noticed my hesitancy and went to lab with me for an afternoon. We simply “played” 

with the materials and equipment until I was comfortable working as an experimentalist. 

From that day on, I have enjoyed being in lab and working on the projects described here. 

Al has also shown me the importance of maintaining a healthy work/life balance, always 

placing family first. I admire the value Al places on living a full life and will strive to 

achieve this balance in my own career. 

I also want to acknowledge and thank the other members of my committee: 

Professor Ryan Hayward and Professor Ashwin Ramasubramaniam. Ryan has provided 

essential insight into my work and always asked questions that pushed me to dig more 



vi 

 

deeply into the fundamental phenomena behind my results and analysis. This thesis has 

more depth as a result of Ryan’s inquisitive nature. Ashwin has brought fresh ideas and 

comments to my thesis. Through the eyes of a theorist, he has viewed my work in a 

different light and forced me to explain my results and conclusions more clearly and 

precisely. As committee members, both Ashwin and Ryan have that rare ability to ask 

really “simple” questions that, when unpacked, drive right to the central part of the 

problem. I admire and respect you both as brilliant scientists and hope to follow in your 

footsteps. 

I have loved being a member of the Crosby Research Group. Graduate school has 

definitely been more fruitful and more fun because of the group members, past and 

present, that have made attending meetings and going to lab enjoyable and productive. I 

want to acknowledge all of the group members that came before me: Jong-Young, 

Edwin, CJ, Jess, Doug, and Derek. These guys taught me how to use just about every 

piece of equipment in lab and how to “do” grad school. Doug and Edwin were incredible 

mentors when I first joined the group and Derek and Jess were ready and willing to take a 

coffee break whenever I needed to get out of Conte. 

Thanks to the present group members: Yuri, Sam, Jun, Hyun-Suk, Mike, Cheol, 

Sami, Yujie, Marcos, Jon, Dan, and Yu-Cheng. You guys have put up with my cranky 

“old grad student” self since I was a third year and I appreciate your tolerance. I 

especially want to thank Yuri and Mike for their insight and willingness to drop 

everything and discuss my research whenever I asked. You guys have been great friends 

and I will keep in touch with you, no matter where we end up. I have also learned from 

the postdocs that have passed through Al’s group: Kyriaki, Santanu, Guillaume, Andrew, 



vii 

 

Dinesh, Aline, and Dong Yun. I look forward to continuing all of the relationships, both 

professionally and socially, that I have formed here in the Crosby group. 

My PSE classmates and friends have kept me sane. Ian, Joe, Felicia, Shilpi, JP, 

Sinan, Jeff, and Rachel have been great friends, coworkers, and colleagues and I thank 

you all for your help and support throughout grad school. Jess and Rach are tied for best 

roommate ever. We have shared a lot of fun memories on Summer Street like Desperate 

Housewife dinners, cookie parties, pumpkin carving, and cookouts. I also have to 

acknowledge the PSE softball teams: the Spare Parts and the Valley Radicals. Summers 

in Amherst were a lot more fun thanks to un-umpired, co-ed, beer-league softball. 

Reaching out to the community and teaching the public about polymers has been 

a passion of mine throughout grad school. Greg Dabkowski has allowed me to participate 

in all aspects of PSE Outreach. Sabra Dickson has helped me figure out how to manage 

groups of crazy high school students. Both Greg and Sabra have encouraged me to 

participate in outreach and as an ambassador for science. I thank you both very much for 

the time that you have taken to share your knowledge with me. 

During my graduate career, I have had the opportunity to travel abroad several 

times. I want to thank Professor Kilwon Cho and his research group (especially Dong 

Yun and Yun Joo) for the amazing research experience I had at POSTECH in Pohong, 

Korea. I also want to acknowledge my collaborators, Professor Costantino Creton, 

Professor Anke Lindner, and David Martina at ESPCI in Paris, France with whom I will 

be working next as a postdoc. 

Financial support for this project has come from several centers and programs 

sponsored by the National Science Foundation. I acknowledge the NSF-IGERT 



viii 

 

fellowship program in nanotechnology directed by Professor Jim Watkins and 

administered by Michael Westort at MassNanotech and the Center for Hierarchical 

Manufacturing through the NSF MRSEC. Also, the NSF-PIRE program enabled me to 

travel to Korea and financed part of my time in PSE. Al’s NSF Career Award also 

financed a portion of my studies. Michelin sponsored my trip to Paris. 

The administrative staff of PSE is amazing. Lisa, Sophie, Maria, and Vivien have 

helped me navigate the red tape that is UMass Grad School. Thank you! 

Personally, I want to thank my friends, church, and family. Anna and Jess have 

been there for me constantly: laughing, crying, hanging out, cooking, studying, 

traveling... Ian has always provided comic relief and reminded me that life could be 

worse. We have spent a lot of time at the Bookmill and the Lady Killigrew and I thank 

you for being such a great coffee shop work buddy. MercyHouse has been another 

constant. My faith has been strengthened as a part of this “household” of believers and I 

have made lasting friendships there that I will value for the rest of my life. Thank you 

Elaine, Olivia, Katie, Felicia, Rachel, Chad, Tomisin, Steve, Robert, Melanie, Dan, Tim, 

Cindy, Tracy, and Lois! You have shown me what it means to walk in His presence and 

live a Christ-centered life. I will come and visit and hope to host some of you in Paris. 

Finally, I want to thank my family. The Millers and Grandma Lois have allowed 

me to spend so much time at Cedar Beach, both working and resting. Grandma Jackie, 

Dad, Tyler, Bubba, and Sommer have tolerated my craziness and supported my desire to 

carry on in school even if they didn’t understand why. To them I will always be “Nerd!”. 

Ultimately, Mom has been my rock and sounding board for my entire life. You have 

calmed, encouraged, and listened to me through countless frantic phone calls. Your faith 



ix 

 

in me has never wavered and I can’t express my gratitude to you. This thesis is dedicated 

to you.  



x 

 

ABSTRACT 

SURFACE INSTABILITIES FOR ADHESION CONTROL 

MAY 2012 

CHELSEA SIMONE DAVIS, B.S., NORTH CAROLINA STATE UNIVERSITY 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Alfred J. Crosby 

Controlling the specific adhesive properties of surfaces is a technologically 

complex challenge that has piqued the interest of many research groups around the world. 

While many scientists have used complex topographic and chemically altered surfaces to 

tune adhesion, others have shown that naturally occurring phenomena, such as elastic 

instabilities, can impact adhesion. We provide a thorough investigation into the effects of 

periodic surface buckling instabilities, or wrinkles, on adhesion. Wrinkles are an 

attractive surface patterning alternative as they form spontaneously over large areas and 

their dimensions, namely wavelength and amplitude, can be controlled on length scales 

relevant for adhesion control. We focus on the development of fundamental relationships 

that relate wrinkle adhesion to materials properties and topographic feature geometry. To 

accomplish this goal, we first investigate the separation of a flat rigid punch from a single 

elastic cylinder, which models the separation of a single wrinkle. The knowledge gained 

from this study is then utilized to develop a scaling expression relating adherence force to 

wrinkle geometry, materials properties, and testing geometry. This scaling theory is 

validated by varying these parameters systematically in a series of model wrinkle 

adhesion experiments. Added complexity in the form of varied crosslinker density, which 

alters the ratio of storage to loss moduli, and geometric confinement effects on wrinkle 
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adhesion are then studied. Finally, a novel technique for fabricating biaxial wrinkles with 

two independently-adjusted wavelengths is developed, adding an additional parameter 

which can be tuned to further control adhesion. 

A single elastic cylinder was probed with a finite rigid flat probe, allowing the 

separation mechanism of a single “macro” scale wrinkle to be determined. Rather than a 

long cylinder contact mechanism, which has been utilized in describing wrinkle adhesion 

mechanisms in the past, an elliptical contact area approximation was found to more 

appropriately describe the single cylinder adhesion data. 

To consider the impact of an array of cylinders on adhesion, a model wrinkle 

system comprised of an elastomeric foundation and chemically-simple polymer film was 

developed. The wrinkle wavelength, amplitude, substrate modulus, and probe radius were 

varied, and the normal adhesive response of each aligned wrinkled surface was 

determined. Overall, wrinkles were found to decrease the separation force relative to a 

smooth surface and the separation force varied inversely with the square root of a wrinkle 

dimension, either wavelength or amplitude. 

The effects of viscoelasticity on the adhesion of a wrinkled substrate that is 

geometrically confined was studied. Wrinkled surface features were molded onto the 

surface of a rigid cylindrical probe, and the normal adhesion of these probes contacting 

thin elastomeric films fabricated with varying crosslinker concentrations was measured. 

The materials-defined length scale relating adhesion energy and modulus controlled the 

wrinkle feature sizes that impacted the adhesive response of each smooth film. In the 

most highly crosslinked films, small wrinkles increased both the separation force and 
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adhesion energy of the interface two-fold, while large wrinkles reduced adhesion to 

almost nothing. 

Capitalizing on knowledge gained in the fabrication of many wrinkled surfaces, a 

novel technique for fabricating biaxial wrinkles was developed. Aligned wrinkles were 

formed on a partially crosslinked substrate, the modulus of the substrate was increased by 

allowing the material to crosslink completely, and a mechanical compressive strain was 

then imposed orthogonal to the primary wrinkle direction. This process resulted in the 

formation of biaxial wrinkled surfaces with two distinct, independently controlled lateral 

dimensions or wavelengths. 

The results obtained through these experiments form a knowledge base from 

which precisely-controlled adhesive surfaces can be designed. The fundamental 

mechanics governing the adhesion of wrinkled surfaces are presented here. 
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CHAPTER 1  

INTRODUCTION AND BACKGROUND 

 Project Motivation  1.1

Researchers have observed that a common pest insect, the coddling moth, has a 

unique evolutionary characteristic that allows it to control its adhesion to plant surfaces.
1
 

Each of the coddling moth’s legs end in an inflatable pad covered in ridges or wrinkles. 

By controlling the pressure inside these pads, the moth alters the geometry of the 

wrinkles and underlying material properties of its feet, drastically affecting its ability to 

adhere. 

 

Figure 1.1: Coddling moth. (A) Coddling moth on an apple leaf. (B) SEM of the tip of the 

leg of a coddling moth showing a fully inflated foot pad or arolium (“ar”).
1
 Ridges on 

arolium surface when deflated (C) and inflated (D) demonstrating change in geometry of 

surface features. Used with permission: J. Insect Phys. 2009. 

The common earwig is another insect that takes advantage of wrinkles to control 

adhesion.
2
 This bug has an array of tiny hairs or spatulae covering the tips of its feet. One 

side of each spatula is unpatterned and enhances the adhesion of the insect to surfaces, 

while the back side of each feature is covered with ridges or wrinkles that prevent the 

pads of the spatulae from sticking to one another. 



 

2 

Even in our own fingerprints, the effects of wrinkles on adhesion can be observed. 

Fingerprints are a result of the differential growth between the dermis and basal layers of 

our skin during development in utero.
3
 The ridges of fingerprints affect the frictional 

adhesion of our grip, changing how humans grasp smooth objects.
4
 It has been shown  

 

Figure 1.2: Earwig. (A) Schematic representation of an earwig. (B) Scanning electron 

micrograph of the leg of an earwig. Spatulae on foot of earwig showing nonadhesive (C-

D) and adhesive (E) sides of microscopic features.
2
 Used with permission: Arthropod 

2004. 

recently that the ridges on our fingertips allow skin to deform more laterally upon 

deformation, altering the amount of contact area between a finger and the surface, thus 

changing its frictional properties.
5,6

 



 

3 

 

Figure 1.3: Fingerprint and wrinkle pattern simulation of wrinkling on curved surface.
3
 

Used with permission: J. Theor. Bio. 2005. 

 Introduction 1.2

Motivated by these examples from nature, the work presented here focuses on 

understanding the relationship between the characteristics of buckled surfaces and contact 

adhesion. Wrinkling is a patterning mechanism that shows significant industrial 

advantages such as facile, large area coverage; spontaneous formation; and feature sizes 

that can be tuned over a wide range of dimensions.
7–9

 Utilizing the ability of wrinkling to 

affect surface adhesion, the research presented here extends the knowledge of wrinkled 

surfaces on contact adhesion. The normal adhesion of wrinkled surfaces has been studied 

in detail. Also, the development of novel biaxial wrinkle morphologies with two 

characteristic wavelengths has led to new wrinkle surfaces, which could allow further 

adhesion control. The overarching goal of this work is to develop a deeper understanding 

of the impact of surface instabilities on adhesion so that a wrinkled surface with specific 

adhesive properties can be engineered. 

The ultimate application or motivation of this study is the ability to tune or control 

adhesion through simple scalable processes for many materials. Development of a scaling 

relationship that describes wrinkle adhesion will allow pattern-controlled adhesive 



 

4 

surfaces to be engineered on an industrial scale with relative ease. Additionally, by 

understanding the impact of patterned surfaces on adhesion, the principles used here can 

be applied to the study and characterization of a wide variety of natural adhesive systems 

that serve as inspiration to many scientists. 

1.2.1 Project Overview 

This thesis is divided into an introductory section and four main experimental 

projects. The introduction provides information on wrinkle morphology and the adhesive 

properties of wrinkled surfaces. The four experimental sections focus on 1) the adhesion 

of a single cylinder to a finite circular plate, 2) the mechanics of wrinkled surface 

adhesion for a “model” wrinkled surface, 3) the impact of viscoelasticity on wrinkle 

adhesion, and 4) the formation of unique wrinkle morphologies through the sequential 

application of orthogonal uniaxial strains. Each of the experimental project chapters 

includes background, an experimental approach, results, analysis, and discussion. 

 Wrinkle Formation and Morphology 1.3

Instabilities in the form of wrinkles or buckles occur frequently in nature and have 

been the focus of study for both their insight into fundamental structural mechanics as 

well as more applied uses of surface patterning. The formation of surface buckling 

instabilities occurs as a result of a lateral compression acting on an elastic plate that 

deforms out of plane to relieve the compressive stress.
10

 This buckling is analogous to 

classic Euler buckling of a rod under uniaxial compression. In the case of wrinkles, the 

compressive stress can be applied in a number of ways, resulting in distinct, 

geometrically and materials properties-defined wrinkle morphologies.
11

 Uniaxial 
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compression results in aligned wrinkle morphologies, while equibiaxial stress results in 

an array of morphologies ranging from dimples to labyrinth to herringbones.
12

 

 

Figure 1.4: Wrinkle morphologies showing hexagonally packed dimples and two long 

ridge herringbone morphologies.
13

 

1.3.1 Buckling Mechanics 

One of the most common experimental sample geometries employed to study 

wrinkle morphology incorporates a thin rigid film fixed to a thick elastic substrate as 

shown in Figure 1.5. Allen’s work on structural sandwich panels treats this case 

analytically and has become the fundamental work in the study of wrinkle mechanics.
14

 

When a composite or layered geometry is placed in lateral compression (whether uniaxial 

or biaxial), a competition exists between the deformation mode of the stiff plate which 

buckles out of plane (Figure 1.5aiii) and the in-plane, isotropic deformation mode 

inherent to the softer elastic substrate (Figure 1.5aii). 

A characteristic wavelength,  of the wrinkles can be calculated by minimizing 

the total energy per unit area,   . This total energy is a combination of the bending 

energy of the film and stretching energy involved in deforming the substrate (assuming 

“perfect” interfacial attachment) into the buckled profile of the film when the bilayer is  



 

6 

 

Figure 1.5: Schematic illustration of the mechanics of wrinkle formation. (ai) Rigid thin 

film attached to a soft thick substrate under compressive strain (uniaxial in this case). 

(aii) Simple in-plane deformation of film and substrate. (aiii) Out-of-plane deformation of 

film and subsequent deformation of substrate. (b) Periodic surface buckling or wrinkling. 

(c) Inset of a few wrinkles illustrating sinusoidal profile and various geometric 

parameters utilized throughout this work. 

placed in compression. The bending energy of the film per unit area can be expressed 

as:
15

 

 
  

 
 

     ̅  
 

   
 ( 1.1 ) 

where A is the area of the film, t is the film thickness,  ̅  is the plane strain modulus of 

the film ( ̅    (    
 )⁄  with    being the Poisson’s ratio and    the Young’s 

modulus of the film), b is the wrinkle amplitude, and  is the wrinkle wavelength. The 

stretching or deformation energy per unit area is:
15

 

 
  

 
 

  ̅  
 

  
 ( 1.2 ) 

where  ̅  is the plane strain modulus of the substrate.    describes the energy required to 

deform or displace the substrate surface to conform to the bent or buckled profile of the 
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film. In the limit of small strains (   ), the compressive strain ( ) can be expressed as 

a ratio of the wrinkle amplitude and wavelength where: 

   (
  

 
)
 

 ( 1.3 ) 

Utilizing this substitution, an expression for the total energy per unit area can then be 

written as: 

 
  

 
 

  

 
 

  

 
 

 

 
(
   ̅ 

  
 

     ̅ 

  ) ( 1.4 ) 

By minimizing this total energy term with respect to the wavenumber (   ⁄ ), a 

characteristic or preferred wrinkle wavelength can be calculated that is independent of  . 

This characteristic wavelength is proportional to the film thickness and is represented by 

the expression now ubiquitous in wrinkling literature:
14,16,17

 

      (
 ̅ 

  ̅ 
)

 
 
 ( 1.5 ) 

The characteristic wavelength of a wrinkled system is shown to be a function of 

both the system geometry ( ) as well as materials properties ( ̅   ̅ ). However, the 

wrinkle amplitude is independent of geometry and depends only on the ratio of the two 

moduli, commonly referred to as the modulus mismatch and the amount of compressive 

strain applied to the composite system. The critical buckling strain threshold can be 

determined through an energy balance comparing the energy of a wrinkled surface with 

that of a surface compressing in-plane. The total energy of a wrinkled surface per unit 

area is: 

 
    

 
 

   ̅ 

 
(

 ̅ 

  ̅ 
)

 
 
  ( 1.6 ) 

while the total energy of the compressed film deforming in-plane is: 
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  ̅ 

 
   ( 1.7 ) 

By setting           and solving for strain, the critical buckling strain (  ) for a 

uniaxially compressed system can be determined. The critical buckling strain is: 

    
 

 
(
  ̅ 

 ̅ 
)

 
 

 ( 1.8 ) 

The prefactors may vary slightly depending on the strain conditions and the analysis 

techniques used to develop this calculation.
7,18

 

Once the applied strain reaches or exceeds this critical buckling strain threshold, 

low aspect ratio wrinkles form over the entire strained surface. The wrinkle amplitude 

increases as additional strain is applied to the system according to: 

    (
 

  
  )

 
 
 ( 1.9 ) 

Through this analysis, the onset of wrinkling can be calculated and compared with 

experimental observations. Also, wrinkled surfaces with specified wavelengths and 

amplitudes can be designed by tuning materials properties, sample geometry and strain 

conditions. The ability to control the feature size of wrinkles is essential if these surface 

instabilities are to be used as an industrial surface patterning technique. The simple 

mechanics relationships presented above will enable a range of wavelengths and 

amplitudes to be fabricated and the resulting normal adhesion to be characterized. 

1.3.2 Compressive Strain Application 

Wrinkles develop on the surface of a material that is placed in a state of lateral 

compression.
7,11

 The most obvious method of applying a compressive strain to a layered 

composite material system is to simply impose a mechanical strain. Mechanical strain can 

be applied either by directly compressing the system or placing the substrate in tension 
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prior to application of the rigid film and relying on Poisson effects to compress the 

sample orthogonal to the applied tensile force upon release of this “prestrain”. 

Often in literature, a tensile prestrain is applied to the elastomeric substrate, the 

film is placed on the strained sample and then the tensile strain is released.
19

 Through this 

method, wrinkles form upon the release of the tensile prestrain as restoring forces in the 

elastomeric substrate cause the substrate to contract, placing a compressive strain on the 

film transferred through the interface between film and substrate. This prestrain technique 

is an attractive way to form wrinkles since the wrinkle morphology is preserved on the 

sample surface after the prestrain is removed, allowing for facile surface characterization 

and sample manipulation. However, practical difficulties arise at high prestrain values as 

Poisson effects in the elastomer result in a tensile strain acting on the film parallel to the 

wrinkles. For rigid polymer films, undesirable cracks
20

 and crazes
21

 often form as a result 

of this orthogonal strain. 

An additional technique made popular by the work of Harrison and coworkers,
22

 

takes advantage of Poisson effects to form aligned wrinkles. The SIEBIMM (strain 

induced elastic buckling instability modulus measurement)
17

 process involves placing a 

thin film on an unstrained substrate, applying a uniaxial tensile strain to the substrate, and 

allowing the contraction of the substrate orthogonal to the applied strain (due to Poisson 

effects) to compress the film. The SIEBIMM technique results in aligned wrinkles 

formed parallel to the strain direction. Since the film and substrate have identical original 

strain states, releasing the applied strain results in recovery of a flat, unwrinkled surface. 

Mechanical strain allows very precise control of the amount and direction of the 

applied strain. However, uniaxial mechanical strain tends to lead to the development of 



 

10 

defects in the aligned wrinkle pattern and experimental difficulties can arise from 

misalignment and complex boundary conditions. 

Another form of strain that can result in wrinkling is thermal compression. In one 

of the first reports of wrinkle formation, wrinkles formed as a result of the thermal 

expansion mismatch of the composite materials.
16

 Bowden and Whitesides deposited a 

thin film of metal on a thermally-expanded substrate and wrinkles developed upon 

cooling as the substrate contracted to a greater extent than the metal film and applied a 

compressive strain to the film. Thermal compression is advantageous in the formation of 

wrinkles as it can apply an isotropic or equibiaxial compression that results in uniform, 

biaxial wrinkle morphologies. However, a severe limitation of this technique is the 

reliance on the mismatch of the thermal expansion behaviors of the film and substrate, 

greatly restricting the materials that can be wrinkled using this application of strain as 

well as the amount of strain that can be applied. 

A third method of applying a compressive strain to a system to form wrinkles is 

swelling of the film, substrate, or both. When a soft material is attached to a rigid 

substrate and swollen, the confinement of the surface opposes the lateral expansion of the 

material and results in surface instabilities ranging from wrinkles up to more highly 

strained instabilities such as creases and folds.
23,24

 This method has been utilized to create 

wrinkled surfaces for previous wrinkle adhesion studies, which are reviewed in the 

following section.
25

 While swelling is an effective technique to form wrinkles, 

experimental disadvantages include the need for very careful material/solvent materials 

selection as well as rapid drying and evaporation of solvent that complicates 

characterization of the wrinkled surfaces. 
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The new dipcoating wrinkle technique developed by Miquelard-Garnier and 

coworkers is a form of mechanical compression.
26

 However, strain is applied to the 

sample in such a way that a local deformation occurs at the surface as one wrinkle at a 

time is formed. For traditional mechanical strain applications, the bulk substrate is 

compressed. Also, by forming each wrinkle individually, the number of dislocations and 

defects in the resulting aligned wrinkle pattern is greatly reduced over more conventional 

mechanical techniques. 

1.3.3 Wrinkle Morphology 

Wrinkle morphology or orientation has been studied in detail over the past few 

decades and researchers have demonstrated the ability to control wrinkle patterns to a 

large extent by altering boundary conditions and constraint scenarios.
8,12

 Under uniaxial 

compression, aligned wrinkles form orthogonal to the compressive strain direction. 

Aligned wrinkles have also been observed in areas where sample geometry is constrained 

or confined (i.e. at the edge of a film), leading to areas of local uniaxial compression even 

under conditions of global biaxial strain. Aligned wrinkles will be used for the wrinkle 

adhesion experiments proposed here since they are easily modeled and can be formed 

reproducibly. 

More complex and varied wrinkle morphologies form under biaxial compression. 

These wrinkle morphologies tend to fall in to two general categories: 1) dimples and 

bumps and 2) long ridges.
27

 Biaxial compressive strains have been applied in a number of 

ways to form wrinkles, the three most common being thermal,
28,29

 mechanical,
17,30

 or 

osmotic
13,23

 (swelling with liquid or vapor). Biaxially-strained wrinkle systems yield a 

variety of morphologies, many of which have been modeled through theoretical and 
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numerical analyses as well as observed experimentally.
27

 Under equilibrium conditions 

(infinitesimally small strains and perfectly equibiaxial strain), certain morphologies have 

been predicted and observed repeatedly. Most notably, the square or hexagonally packed 

bumps or dimples at very low strains just above the critical buckling strain and a long 

ridge herringbone pattern at higher strains.
27

 

Several groups have recently investigated the formation of wrinkles and the 

resulting morphologies that arise when biaxial strain is applied to a composite system but 

strains in the two primary directions are applied sequentially rather than 

simultaneously.
19,31,32

 Ohzono and coworkers have conducted experiments on thin metal 

layers deposited on siloxane substrates.
31,33

 The metal deposition process occurs at 

elevated temperatures so that upon cooling of the sample after applying the metal film, 

the mismatch in the thermal expansion properties of the metal and polymer result in a 

compressive strain that biaxially wrinkles the metal films.
31

 These wrinkled samples are 

then subjected to a second, uniaxial mechanical strain and wrinkles were shown to 

rearrange and align perpendicular to the compression direction. The rearrangement was 

chiefly reversible with a small amount of hysteresis resulting from plastic deformation of 

the metal film.
33

 

Two other notable studies on the impact of biaxial compression on wrinkle 

patterning were accomplished by the groups of Yang
19

 and Stafford.
32

 A study by Yang’s 

group took advantage of Poisson’s effects by applying an equibiaxial tensile strain to a 

siloxane rubber, oxidizing the surface, and releasing the strain in one direction to develop 

aligned wrinkles and then in the orthogonal direction to achieve well-ordered herringbone 

morphologies.
19

 Alternatively, Stafford and coworkers relied on templating and molding 
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wrinkles into unstrained rubber, developing a checkerboard wrinkle morphology resulting 

from two sets of aligned wrinkles oriented perpendicular to one another.
32

 

 Wrinkled Surface Adhesion 1.4

Inspired by wrinkles used in nature to modify the adhesion of surfaces, wrinkling 

is an attractive surface patterning method to control adhesion. There are a couple of key 

advantages to note regarding wrinkle-based adhesive systems. First, the relative 

independence by which the lateral and height dimensions of these patterned surfaces can 

be controlled yields an extremely large parameter space and degree of control over the 

surface topography.
17

 Second, since wrinkles form spontaneously as a result of a 

compressive strain, these surface patterns can be considered self-assembling.
25

 Self-

assembly inherently leads to facile pattern formation and also can be applied over a large 

area with relative ease, leading to obvious advantages in terms of industrial scale-up. 

Overall, wrinkled surfaces can be easily engineered to a specific wavelength, amplitude, 

and orientation and these features can be formed in a simple, inexpensive manner over 

extensive surface areas leading to precise control of the resulting adhesion. 

Historically, considerations of periodically rough surfaces have been developed 

which are closely related to recent wrinkle adhesion studies.
34–39

 Periodic roughness 

refers to asperities that have a uniform spatial distribution and uniform height. The 

uniform heights allow each asperity to act simultaneously and independently when 

contacting an opposing smooth surface.
36

 

Johnson has considered low aspect ratio undulations on a surface that change the 

adherence force over that of a perfectly flat interface.
36,37

 The undulations he considered 

had a sinusoidal profile and were shown to have an impact on the pressure distribution at 
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the interface. These periodically rough surfaces were of particular interest to Johnson and 

his contemporaries in the field of contact mechanics as they introduced periodic or 

controlled crack initiation sites from which cracks were shown to propagate in 

mathematically defined ways. The primary difference between this rich set of theory and 

current wrinkle adhesion literature is the aspect ratio of Johnson’s structures. For the 

mechanical relationships presented in these references, the aspect ratios of the surface 

roughness or wrinkles are several orders of magnitude smaller than the wrinkles used in 

the study proposed here. In most of the periodic surface roughness adhesion works, full 

contact is achieved between thee smooth and rough surfaces. 

1.4.1 Prior Wrinkle Adhesion Literature 

Studies have been conducted on the adhesion of wrinkled surfaces over the last 

few years. The most notable studies have been performed by the Crosby group
23,40

 and by 

Yang and Jagota.
30,41

 These studies form the majority of prior wrinkle adhesion literature 

available. In these works, wrinkles have been shown to affect adhesion, either increasing 

or decreasing the overall force required to separate the interface over that of a smooth 

surface. Additionally, the size of the wrinkle feature geometry (amplitude and/or 

wavelength) can be changed to control the adhesive force. 

These studies have shown the potential of wrinkles to control surface adhesion; 

however, each has limitations which call for further study to more completely understand 

the physical mechanisms that govern wrinkle adhesion. The wrinkle adhesion study 

presented here provides a more model wrinkled surface and testing geometry that can be 

generalized to other wrinkle systems. We present a complete study incorporating many 
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parameters that have an impact on wrinkle adhesion rather than focusing on only one or 

two variables. 

In 2008, Chan and coworkers demonstrated enhanced adhesion using a flat, 

cylindrical punch and a swollen acrylate biaxial wrinkle system with a very low effective 

modulus and large critical strain energy release rate (Gc).
23

 In their study, the separation 

stress or separation force per unit projected area increased with decreasing wavelength. 

The inverse relationship between adhesion and wavelength was attributed to the 

increased contact perimeter resulting from separating the area of contact into multiple 

smaller contacts. While their study was the first to demonstrate the importance of wrinkle 

feature size on separation force, it had a critical limitation. The material system employed 

had a large viscous or dissipative component that greatly increased the measured 

adhesion. Enhanced adhesion was a stated goal of this work, but the viscoelasticity of the 

acrylate system led to a complex separation mechanism that is difficult to model and 

develop predictions from. The work here concentrates first on fully elastic systems, 

removing complications arising from any viscoelastic effects before reintroducing 

dissipative material effects into the adhesion problems. 

Lin and coworkers investigated the adhesion of aligned wrinkles using an 

oxidized siloxane materials system under mechanical compression and a spherical 

indenter.
30

 Their work also showed an inverse relationship between the separation force 

and wrinkle feature size, though the amplitude rather than wavelength was used to 

measure wrinkle size. The use of an oxidized elastomer for this study leads to an 

inherently unknown chemical structure and material properties in the oxidized film. For 

conversion of polydimethyl siloxane (PDMS) to an oxide through the use of an 
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ultraviolet/ozone surface treatment, the thickness of the “rigid film” layer is difficult to 

measure directly as is the Young’s modulus of the layer as there is higher conversion to a 

silica-like chemical structure on the near surface than in the sub-surface region. This 

gradient in chemical and mechanical properties imparts a degree of uncertainty to the 

interface and complicates analysis of the wrinkled structure formation. An additional 

aspect of this study is the use of a spherical indenter to measure the separation force of a 

wrinkled surface, which complicates the testing geometry, leading to a more complex 

separation mechanism. Characterizing and modeling the separation of a spherical 

Reference Chan (2008) Lin (2008) Kundu (2011) 

Test geometry Flat cylindrical punch Sphere Sphere 

Material 

system 
Viscoelastic acrylate 

Oxidized, elastic 

siloxane 

Oxidized, elastic 

siloxane 

Wavelength 

(m) 
300-500 0.8-3.0 30-70 

Amplitude 

(m) 
60-1005 0.05-0.15 0.3-5.0 

Wrinkle 

Formation 

Swelling-induced 

wrinkling, UV 

crosslinking, molding 

UV oxidation, 

mechanical strain 

UV oxidation, 

swelling-induced 

wrinkling, molding 

Data 

 
Adhesion strength vs. 

wavelength 

 
 

Separation force vs. 

strain (amplitude) 

 
Separation force vs. 

amplitude 

Reported 

Relationship 
   

 

          
    

 

         
 

   
 

          
 

   
 

         
 

 

Table 1.1: Summary of results and analysis from previous wrinkle adhesion studies.
23,30,40

 

Used with permission: Adv. Mat. 2008; J. Poly. Sci. B. 2011. 



 

17 

indenter from a patterned surface is difficult since only the surface features near the 

perimeter of the projected contact exert an adhesive force on the probe upon separation. 

By utilizing a flat punch to study wrinkle adhesion, the work presented here improves on 

this study and offers additional insight into the adhesive properties of wrinkled surfaces. 

A third, more recent study performed on biaxially strained wrinkles formed by 

vapor-phase swelling of a spherical cap of oxidized siloxane rubber demonstrated a 

similar dependence of adherence force on wrinkle feature size.
40

 This study measured 

both the wavelength and amplitude of the wrinkles and showed a dependence of 

adherence forces on both dimensions. The same caveat of the spherical indenter testing 

geometry applies as for the Lin study. Table 1.1 summarizes the testing conditions and 

principle findings of each of these studies. 

 Project Aims and Goals 1.5

Prior wrinkle adhesion studies have shown that changing the size scale of wrinkle 

geometry can have a significant impact on the adhesive separation force of a patterned 

interface. However, the relationship between feature size (either wavelength or 

amplitude) and adhesive response is not a linear function and it is important to identify 

this scaling relationship, which has yet to be done quantitatively. 

Also, each of these prior studies employed a complicated materials system, 

whether it is viscoelastic, unknown or inconsistent surface properties (PDMS surfaces are 

known to have varying concentrations of exposed hydroxyl and methyl functional groups 

as well as free siloxane oligomers that complicate the chemistry at the interface).
42

 The 

wrinkle adhesion study presented here overcomes these experimental limitations by first 

utilizing elastic materials and a chemically symmetric interface of a high molecular 
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weight, low polydispersity index, amorphous glassy polymer (atactic polystyrene) so that 

the chemistry of the interface is well controlled. 

By using a discrete capping film as the rigid layer rather than oxidizing the 

surface of the elastomer, the film thickness will be consistent and characterized to within 

a few nanometers and independent contact mechanics modulus measurements will be 

used to independently determine the modulus of the elastomeric substrate as well. 

Measuring the geometry and properties of the individual components of the bilayer 

system lends an added degree of certainty to the study presented here. By improving on 

these prior wrinkle adhesion experiments, our research on the mechanics of aligned 

wrinkle adhesion furthers the existing knowledge of wrinkle adhesion by developing a 

model system to allow more precise adhesion measurement and providing a scaling 

relationship that combines many significant factors such as testing probe geometry, 

materials properties, and wrinkle geometry. 

 Governing Questions and Overarching Approach 1.6

1. How does a cylinder separate from a flat surface of finite area? 

a. Form elastic cylinders of varying radii of curvature (R) 

b. Characterize sample geometry and materials properties 

c. Measure adhesion of cylinders with varying probe radii (c) 

d. Develop scaling relationship relating separation force to cylinder and probe 

radius:      (   ) 

2. How do wrinkles impact adhesion? 

a. Fabricate wrinkled surfaces 

b. Prepare symmetric interface 
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c. Reduce residual stress in wrinkles 

d. Characterize sample geometry and materials properties 

e. Measure adhesion of wrinkled surfaces 

f. Relate separation force to wrinkle features, materials properties, and testing 

geometry:      (     ̅     ) 

3. What is the impact of viscoelasticity on the adhesion of wrinkled surfaces? 

a. Fabricate rigid wrinkled surfaces 

b. Characterize sample geometry and materials properties 

c. Measure adhesion of wrinkled surfaces 

d. Relate separation force to wrinkle features, material properties, and testing 

geometry:      (      ) 

4. How can biaxial wrinkles with two discrete wavelengths be formed? 

a. Fabricate uniaxial aligned wrinkles, alter modulus of substrate, apply secondary 

strain 

b. Characterize primary and secondary substrate modulus 

c. Observe and quantify resulting structures 

d. Verify surface buckling mechanics relationships  
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CHAPTER 2  

CYLINDER ADHESION 

 Introduction 2.1

The contact of a long rigid cylinder contacting a soft elastomeric surface along its 

axis is a classical mechanics problem that has been considered for decades.
43–45

 The work 

of Barquins
46

 and Chaudhury
47,48

 has focused extensively on the theoretical and 

experimental aspects of the adhesion of a cylinder to a flat surface. In such fields as 

microelectronics and microbiology, the contact between a cylinder and a flat substrate 

must be controlled in order to develop appropriate processing conditions and engineering 

solutions. 

 

Figure 2.1: Schematic of topdown view of cylinder contact scenario.
47

 Dark region 

represents contact area. Used with permission: J. App. Physics 1996. 

Cylinder adhesion plays a key role in the attachment of round microwires in 

flexible electronics such as in the transfer of an array of gold wires from one substrate to 

another.
49

 Additionally, in the micro and nanomanipulation of a nanoparticle,
50

 the shape 

and adhesive properties of the cylindrical manipulators utilized for positioning purposes 



 

21 

are a critical design parameter that requires a thorough understanding of the adhesion and 

contact mechanics of cylinders. 

The assembly, adhesion, and release of rod-like particles, either artificial or 

biological, are also dictated by the contact mechanics of cylinders. The contact behavior 

of bacilli, specifically common contaminants like Escherichia coli (E. coli), has been 

studied to develop new methods of abatement.
51

 However, particularly in the case of 

contact models for E. coli and other fairly low aspect ratio, short cylinders, the 

relationships developed by Barquins
45

 and confirmed by Chaudhury
47

 may not be as valid 

since these models have been developed for long cylinders, neglecting the impact of the 

short ends of the contact. 

In the context of the thesis presented here, specifically the adhesion of 

periodically rough or wrinkled surfaces, the contact and separation mechanism governing 

the adhesion of an individual cylinder must be determined. Here, the contact mechanism 

of a single elastic cylinder with a finite, circular flat punch will be investigated in order to 

account for the effects of the probe edges. The experiments presented in this chapter 

investigate the separation mechanism of cylinders that are short relative to their radius of 

curvature. The determination of the separation mechanism of these short cylinders will 

allow wrinkled surfaces to be modeled as arrays of short cylinders in subsequent 

chapters. 

2.1.1 Background 

To determine the separation mechanism of a cylinder of finite length, it is 

important to briefly review the more classic contact scenario of a rigid, infinite cylinder 

contacting an elastic halfspace. Using the approach presented by Johnson, Kendall, and 
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Roberts in the now famous JKR Adhesion theory paper, Barquins has developed the 

adhesion relationships for a rigid, infinite cylinder contacting a smooth, elastic 

halfspace.
45

 (Note: here and throughout,   represents a normal force while  ̅ denotes 

normal force per unit length of a cylinder, wrinkle, or wrinkle array.) 

Beginning with a contact scenario in the absence of adhesion, the contact area 

formed upon compression of a semicylinder on a flat surface (illustrated in Figure 2.1) is 

rectangular and the half contact width, a, increases as 

   (
  ̅  (    )

  
)

 
 
 ( 2.1 ) 

where  ̅  is the normal force per unit length in the absence of Van der Waals interactions 

(refered to as the Hertzian force), R is the radius of curvature,  is the Poisson’s ratio, and 

E is the Young’s modulus of the elastomeric substrate.
45

 However, since there is 

substantial adhesion between the rigid cylinder and soft substrate, surface energy must be 

accounted for in determining the actual contact width observed at a given  ̅. Holding the 

contact width constant at 2a and increasing the surface energy, the Hertzian force,  ̅ , can 

be reduced to the actual force,  ̅. By considering the contact area to be formed by a 

rectangular flat punch of length  , and width   , rather than a cylinder on a flat surface, 

fracture mechanics can simply be applied to determine the stress intensity factor,    

along the long edges:
45,52

 

    
( ̅   ̅)

(  )
 

 ⁄
 ( 2.2 ) 

The well-known relationship taken from linear elastic fracture mechanics dictates 

that for a mode I crack opening geometry, the strain energy release rate,   is related to    

by:
44
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 (    )

 
 ( 2.3 ) 

Combining equations 2.2 and 2.3: 

   
( ̅   ̅) (    )

    
 ( 2.4 ) 

To determine the critical separation force,   ̅ and critical half contact width,   , we first 

solve equation 2.2 for  ̅ , substitute the resulting expression into equation 2.4, and solve 

for  ̅: 

  ̅  
    

  (    )
 (

     

(    )
)
 
 
 ( 2.5 ) 

At thermodynamic equilibrium, the critical strain energy release rate is equivalent 

to the work of adhesion,        . The critical separation force and contact width are 

calculated by determining the load at (    ⁄ )  (    ⁄ )   :
53

 

    (
    

 (    )

  
)

 
 
 ( 2.6 ) 

   ̅    (
    

  

  (    )
)

 
 
 ( 2.7 ) 

The critical separation force and half contact width correspond to the point at 

which the contact becomes unstable and two cracks propagate from the long edges of the 

contact area inward towards the center without any additional energy (in the form of a 

tensile load) being added to the system. These relationships are valid for long cylinders 

where the effects of the ends of the cylinder are neglected. 

To compare our experimental results with these theoretical predictions, it is 

convenient to obtain an expression in terms of separation force,   
   

 rather than 

separation force per unit length. By multiplying both sides of equation 2.7 by cylinder 
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length, defined here by the diameter of the probe,   , an expression for the critical 

separation force of a long cylinder is: 

   
   

   (
  ̅  

  

 
)

 
 
 ( 2.8 ) 

where  ̅ is the plane strain modulus given by  ̅   (    )⁄ . A simple rearrangement 

of this separation force relationship yields an expression that normalizes the separation 

force by the materials properties (modulus and adhesion energy) to account for variations 

in crosslinking density and surface energy of the cylinders and probes respectively: 

 
  
   

( ̅  
 )

  ⁄    
 
  ( 2.9 ) 

 Experimental 2.2

2.2.1 Objective 

The relationship between the contact geometry and materials properties of a long 

cylinder contacting a flat substrate is well understood. However, the impact of the 

cylinder ends or edges of the contact area on the separation mechanism have been widely 

neglected. Johnson includes a short description of the stress concentrations that can 

develop at the ends of a cylinder in his seminal work, Contact Mechanics.
44

 However, the 

need still exists to determine the extent to which cylinder ends impact the separation 

mechanism, if at all, and if necessary, to develop an appropriate relationship accounting 

for these effects. 

These experiments characterize the adhesion of elastomeric cylinders contacted 

with flat, axisymmetric probes. The radii of the cylinders,   and probes,   are varied so 

that the ratio between the two varies from        ⁄      . 
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2.2.2 Cylinder Preparation 

Rather than test the impact of short, rigid cylinders contacting an infinite, soft 

surface, the contact geometry is inverted so that rigid, flat probes with a finite circular 

face are utilized to probe long elastomeric cylinders as shown in Figure 2.2. In this way, 

the length of the contact,   (along the cylinder axis) is defined by the probe radius,   

rather than the length of the cylinder. This inversion of the contact geometry is selected 

as it is a more direct analog to the wrinkle adhesion experiments that will be presented in 

Chapters 3 and 4. More practically, the selected geometry also greatly simplifies the 

cylinder fabrication and adhesion testing processes. 

 

Figure 2.2: Contact geometry schematic of cylinder adhesion experiments. 

For these tests, elastomeric cylinders are formed by molding polydimethyl-

siloxane (PDMS) (Dow Corning Sylgard 184) in optically smooth glass tubes of varying 

inner radii (R=0.95, 3.00, 7.94, 10.94mm). The cylinders are cast from a mixture of 10:1 

oligomer to curing agent by weight, degassed for 30 minutes, and cured at 130°C for two 

hours. Upon removal from the oven, thermal contraction of the elastomer is much greater 

than that of the tubular glass molds, enabling easy removal of the PDMS cylinders 
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without damaging their surfaces. After curing, the cylinders are cut in half lengthwise and 

affixed to a glass slide by attaching the flat side of the hemi-cylinder to a 1mm thick 

coating of uncured PDMS. The cylinder/substrate samples are placed in an oven for an 

additional 12 hours (T=130°C) to ensure complete crosslinking of all of the PDMS. A 

schematic of the final testing geometry is presented in Figure 2.2. For more details on the 

chemistry and crosslinking of PDMS, see the Appendix. 

The radius of curvature of each cylinder is quantified through optical profilometry 

(Zygo NewView 7300). Several scans are taken of three different locations on each 

cylinder and the average radius of curvature determined. The range of these 

measurements for each cylinder was less than 5% of the average radius value. 

2.2.3 Cylinder Adhesion Characterization 

The normal adhesion of each cylinder is measured with a custom-built contact mechanics 

testing device.
23

 A rigid cylindrical probe is mounted on a load cell which is subsequently 

attached to a piezo-controlled linear actuator (Burleigh Inchworm Nanopositioner) over 

the objective of an inverted microscope (Zeiss Axiovert 200M). The sample is then 

placed between the testing equipment and the microscope. All three components of the 

test are controlled simultaneously using a custom computer program (National 

Instruments Labview 8.5). Figure 2.3 is a schematic of the experimental setup. This 

testing method allows for the vertical displacement () of the probe, the normal force (P), 

and the area (A) of the interface to be monitored over the course of a test. 
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Figure 2.3: Schematic of contact adhesion setup. 

Two probes are used for the cylinder adhesion experiments reported here. The 

size and material of the probes vary (see Table 2.1), and the surface energy of each probe 

is measured independently by contacting a smooth elastomeric substrate. 

Probe Radius, c (mm) Material 
Critical Strain Energy 

Release Rate, Gc (N/m
2
) 

1 0.50 Aluminosilicate, Al2SiO5 0.083 

2 1.25 Sapphire, Al2O3 0.021 

 

Table 2.1: Properties of rigid probes utilized for cylinder adhesion experiments. 

An adhesion test consists of the probe being brought into contact with the sample, 

compressed at a fixed displacement rate until a specified, arbitrary maximum 

compressive force is achieved, and then the displacement is reversed until separation 

occurs. The contact area and force exerted on the probe are recorded throughout the test. 

In this study, tests have been performed at displacement velocities, V ranging from 0.1 to 
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1.0 m/s and maximum compressive force values of Pm=-3mN to Pm=-50mN. However, 

within these ranges, little variation is observed in the value of the maximum separation 

force, or adherence force, Pc (Figure 2.4). Therefore, all cylinder adhesion data reported 

here are for Pm=-10mN and V=1.0m/s. 

Both probes have an RMS surface roughness of approximately 15nm over a 

lateral distance of 1mm, measured using optical profilometry (Zygo NewView 7300) 

over the entire face of the probe. Optical positioning equipment (Newport) is employed to 

ensure good parallel alignment between the face of the probe and the cylinder prior to 

each test. 

 

Figure 2.4 Force versus displacement data varying maximum compressive force (Pm). 

Tests performed with the same probe (probe 1) on the same cylinder (R=7.94mm, 

 ̅=4.0MPa, V =1.0m/s). 
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Figure 2.5 Force versus displacement data varying displacement rates. Tests performed 

with probe 1 on the same cylinder (R=0.65mm,  ̅=4.0MPa, Pm =-10mN). 

2.2.4 Determination of Gc and  ̅ 

The critical strain energy release rate,    is a measure of adhesion energy and is 

related to both the materials properties of the two contacting surfaces, specifically their 

surface energy, modulus, and viscoelastic properties.    is defined as the amount of 

energy per unit width required to propagate a crack a specified distance.
52

 In this work, 

   is used as an adhesion descriptor and typically considered a constant materials 

property. 
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Though crack propagation velocity can impact Gc, the tests presented here are 

performed relatively slowly and Gc is taken as a constant.
54

 This assumption is supported 

by the relative testing rate independence of Pc measured here (Figure 2.5). By performing  

 

Figure 2.6: Representative force versus displacement plots for smooth probe contacting a 

smooth PDMS substrate. 

contact adhesion tests on the smooth, unpatterned portion of each PDMS cylindrical 

sample with both probes, Gc is determined for each interface. 

In order to measure the Gc of the interface, we employ the relationship of Pc,  ̅, 

and c to Gc given by Johnson for a flat circular punch.
44

 

    
  
 

   ̅  
 ( 2.10 ) 

This equation assumes that at the point of separation, the interface is at thermodynamic 

equilibrium (implying that the entire interface separates instantaneously at Pc). The two 
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tests shown here yield values of Gc=75mN/m and Gc=20mN/m, respectively (the average 

values of several tests are given in Table 2.1). 

The modulus ( ̅) for each substrate is determined independently through contact 

adhesion measurements on a flat portion of the PDMS substrate. In these experiments,  ̅ 

is calculated from the stiffness (K=dP/d) of the elastomer according to classical contact 

mechanics:
23

 

  ̅  (
 

  
)

  

  
 ( 2.11 ) 

 Cylinder Adhesion 2.3

Contact images of the various probe and cylinder size combinations are shown in 

Figure 2.7b. Qualitatively, for testing geometries where 2c~R, the contact areas are 

roughly rectangular and the width of the contact line changes as a function of the vertical 

displacement between the two contacting surfaces. However, for the contact geometries 

where the effective cylinder length is much smaller than R (2c<<R), the contact area is 

more elliptical and upon retraction of the probe, both the length and width of the contact 

area are observed to decrease. Additionally, the flat probes used here are circular; 

therefore, the “short” ends of the contact area have a noticeable curvature and the overall 

shape of the contact area can be approximated more closely by an ellipse than a rectangle. 

The cylinder adhesion relationship presented in equation 2.9 is based on a fracture 

mechanics argument where two mode I fractures occur simultaneously along the long 

sides of the inward rectangular contact between the cylinder and the flat surface. 

Effectively, two peel events occur at the same time and propagate toward the center of 

the contact area upon separation. This argument works well for long cylinders on flat 
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Figure 2.7: Single cylinder adhesion experimental results with finite cylindrical punch 

probes.
55

 (a) Schematic of the testing geometry. (b) Optical micrographs of contact for 

several adhesion experiments of various probe and cylinder dimensions. The bottom three 

rows of images have been smoothed and subtracted from their respective background or 

reference images shown in the first row using ImageJ image processing software to allow 

the contact areas to be more easily seen. The scale bars apply to each column 

respectively. (c) Cylinder adhesion experimental results of separation force as a function 

of the cylinder radius of curvature for two different probe radii (c). Used with permission: 

Soft Mat. 2011. 

surfaces. However, for cylinders of finite length, a similar relationship has not been 

proposed. Therefore, these cylinder adhesion experiments explore the separation behavior 

for a geometry where 2c≤R. 

 Determination of Separation Mechanism 2.4

2.4.1 Long Cylinder Separation Mechanism 

The separation mechanism of a cylinder from a flat surface has classically been 

described by contact mechanics work performed by Barquins over the past three 

decades.
45,46,53

 In utilizing the theories of Hertz
43

 and Johnson and coworkers (JKR),
56

 the 

relationships given in equations 2.8 and 2.9 have been presented previously. However in 



 

33 

the regime where the length and radius of the cylinder are on the same order, the validity 

of these relationships has not been proven. 

 

Figure 2.8: Single cylinder adhesion results using the contact mechanics relationships for 

an infinitely long cylinder contacting a flat substrate. 

Equation 2.9 contains the geometric length scales of both independent variables 

(the probe and cylinder radii) on the right hand side of the scaling relationship. Plotting 

the cylinder separation force data as a function of these geometric terms allows for a 

quantitative test of the validity of this scaling relationship. In Figure 2.8, all of the data 

should collapse onto a single line with a constant slope if the long cylinder model is an 

appropriate way to describe the cylinder adhesion geometry of this study. The presence of 

two distinctly different slopes indicates that a better model should be developed to 

describe this data set. 
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2.4.2 Elliptical Contact Separation Mechanism 

The most probable explanation for the deviation of our data from the long 

cylinder separation mechanism is the enhanced influence of cylinder end effects that 

could predominate or significantly impact the separation mechanism of short cylinders. 

As seen in the contact images presented in Figure 2.7b, upon separation the contact area 

decreases not only in the contact width direction but also along the axis of the cylinder. 

Here we present a new scaling theory that accounts for the decrease in contact in both 

directions simultaneously by developing a modified elliptical contact separation 

mechanism. 

 

Figure 2.9: Crossed cylinder experiments of Sitti et al. Left: schematic showing top view 

of elliptical contact area (dark oval) formed from contact of two crossed cylinders 

adapted from Sümer et al.
57

 Right: contact image (small light ellipse) resulting from two 

crossed PDMS cylinders.
57

 Used with permission: J. App. Physics 2010. 

Johnson has explored elliptical contact areas, specifically force, displacement and 

contact radius relationships by considering the contact of two identical crossed 

cylinders.
44

 By varying the angle,  formed between the axes of the two cylinders as 

shown in Figure 2.9, elliptical contact areas of varying eccentricities can be achieved.
57

 

The Hertzian contact relationships for a rigid sphere contacting a flat elastic half-

space in the presence of adhesion can be applied to this crossed cylinder contact scenario 
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by introducing a few simple geometric approximations. An effective contact radius,    

and effective sphere radius of curvature,    are defined as: 

    (  )
 
  ( 2.12 ) 

    (    )
 
  ( 2.13 ) 

where    and    are the relative radii of curvature of the two crossed cylinders. The 

angle formed between the two cylinders affects these relative radii of curvature such that 

   and    can be determined by     (      )⁄  and     (      )⁄  

respectively. When the cylinders are perpendicular to one another,         and the 

classic Hertz contact mechanics relationships are recovered.
43

 

This substitution leads to a slight underestimation of the contact area, resulting in 

an error of slightly less than 10%.
44

 Assuming that this approximation is “good enough”, 

we use the same equivalent contact radius and radii of curvature approximations in 

developing a scaling relationship for the separation force in the presence of adhesion.
44

 

The force required to separate a rigid sphere from an elastic substrate is:
56

 

   
   

 
 

 
     ( 2.14 ) 

Additionally, we know that the contact radius of the resulting circular contact area,   
   

 

at the point of separation is: 

   
   

 (
     

 

  ̅
)

 

 
 ( 2.15 ) 

Solving equation 2.15 for R: 
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 ( 2.16 ) 

By substituting this result into the JKR separation force prediction (equation 2.14), a 

relationship between the separation force of a sphere from a flat substrate in terms of 

materials properties and contact width or radius is obtained: 

   
   

 (     ̅  )
 

  ( 2.17 ) 

For an elliptical contact,     : 

   
    (     ̅)

 

 (  )
 
  ( 2.18 ) 

To get    in terms of Gc,  ̅, c and R, the contact width of the elliptical contact 

must be obtained. Using image analysis software (ImageJ, NIH), the width of the contact 

over the course of each cylinder adhesion test is measured. These contact width values 

tracked fairly well with the contact width predicted by the long cylinder scaling. Thus, 

Barquins’ long cylinder separation width (equation 2.6) is substituted into equation 2.18 

for   resulting in the relationship for the elliptical contact mechanism separation force: 

   
    (    

  ̅  )
 
  

 
  ( 2.19 ) 

Once again, we rearrange this relationship to normalize the separation force by materials 

properties and present   
    as a function of probe and cylinder radii: 

 
  
   

( ̅  
 )

 
 

 (    )
 
  ( 2.20 ) 

Figure 2.10 shows the relationship given in equation 2.20 for both size probes. The slopes 

of the two lines are the same, indicating an elliptical contact separation mechanism is a 

more appropriate model to use for the short cylinders tested here. It is important to note 

that this ellipsoidal separation force scaling relationship has been developed for the 
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parameter space where            . For the two extreme contact geometry cases 

where R is very small or very large relative to c, different contact relationships would be 

expected. For   ⁄   , the separation mechanism would approximate a flat, circular 

punch contacting a flat surface such that: 

    (   ̅   
 )

 
  ( 2.21 ) 

 

Figure 2.10: Single cylinder adhesion results using the contact mechanics relationships 

for an elliptical contact area resulting from contacting an ellipsoid with a flat substrate. 

This relationship for the separation force is independent of the radius of curvature of the 

cylinder and the contact area will be circular in shape and have a radius determined by 

the size of the probe. For   ⁄   , the separation force relationship returns to the 



 

38 

solution found by Barquins and presented in equation 2.8 for a long cylinder contacting a 

flat surface. 

 Conclusions 2.5

The modified elliptical contact separation mechanism scaling derived in equation 

2.20 is a robust, appropriate model that can be applied to cylinder-on-flat contact 

adhesion scenarios where the length of the cylinder is on the order of the radius of 

curvature of the cylinder (   ). Such applications could include rod-like nanoparticle 

assemblies
58

 and the adhesion of bacilli or capsule-shaped bacteria such as E. coli.
51

 In 

Chapter 3, the separation force relationship for a short cylinder separating from a finite 

circular probe presented in equation 2.19 will be used to develop a scaling prediction for 

the force required to separate a flat probe from a surface of aligned wrinkles. 
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CHAPTER 3  

MECHANICS OF WRINKLED SURFACE ADHESION 

 Introduction 3.1

The adhesive properties of wrinkled surfaces are investigated here. We develop a 

surface of aligned wrinkles on a relatively thick elastomeric substrate and then measure 

the normal adhesion properties, specifically the separation force required to remove a flat 

circular punch from the wrinkled surface. The elliptical contact separation mechanism of 

a single short cylindrical contact investigated and described in Chapter 2 is utilized to 

develop a relationship between the wrinkle geometry, materials properties and testing 

geometry and the separation force. 

 Background 3.2

Control of surface properties through patterns is commonly found in nature. 

Arachnids, insects, and several types of reptiles including skinks and geckos use patterns 

on their feet to tune adhesion.
1,59,60

 Plants, such as the Sacred Lotus, use periodic surface 

roughness to control the wetting properties of their leaves.
61

 Inspired by these examples, 

patterns have been used to fine tune the surface properties of various synthetic materials. 

Whether the patterns consist of chemical variations or topographic features, the effects on 

the wetting, friction, and adhesive properties of engineered surfaces have been 

characterized and studied.
62,63

 

In most instances, complex and expensive fabrication techniques ranging from 

lithography to carbon nanotube processes have been used to create these synthetic 

analogs to naturally-occurring surfaces.
64,65

 However, wrinkled surfaces (which are 
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spontaneous or self-forming and attractive for large scale, inexpensive pattern 

production) have recently been explored as an alternative patterning method to these 

more conventional patterning techniques. Wrinkles are caused by a compressive strain on 

a surface. By altering the strain conditions through materials properties, system geometry, 

and processing conditions, researchers have been able to demonstrate great control over 

wrinkle wavelength (), amplitude (b), and orientation over large areas.
7
 

As control over wrinkle morphology has progressed, groups have studied the 

ability to use these structures to control surface properties, such as friction and 

adhesion.
40,66,67

 Lin and coworkers have shown that wrinkle aspect ratios (b/) can be 

used to control the maximum separation force of a rigid sphere on a wrinkled surface.
30

 

Further, Chan and coworkers have shown that decreases in wrinkle wavelength can lead 

to enhanced adhesion of a rigid, flat punch on a wrinkled surface.
23

 More recently, the 

impact of both wavelength and amplitude on the adhesion of a curved surface has been 

reported.
40

 A summary of these studies and their primary findings is presented in Table 

1.1. These works have demonstrated the impact of wrinkle topography on the apparent 

adhesion of a surface; however, there are still many fundamental questions of wrinkle 

adhesion that have yet to be understood. 

In this chapter, we investigate the adhesion of aligned wrinkles consisting of a 

glassy polymer film attached to an elastomeric substrate using a rigid, flat punch under 

normal adhesion conditions. Since surface buckling instabilities are developed by the 

application of a compressive strain to a confined surface, stored energy is inherently 

present in each sample. Taking advantage of the curing kinetics of the elastomeric 

substrate, we utilize wrinkles where the residual stress or stored energy of the system is 
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diminished, allowing the wrinkle geometry effects to be studied independently from the 

impact of residual stress. Furthermore, we choose materials with known elastic moduli 

and interfacial properties to allow us to develop a confirmed scaling relationship between 

the adherence force, materials properties, and wrinkle geometry.
17,68

 

 

Figure 3.1: Aligned wrinkle fabrication. (a) Schematic of wrinkle fabrication technique.
55

 

(b) Optical micrographs of samples created by the wrinkle fabrication technique. Glassy 

films of varying thicknesses (t=25, 130, 235nm) have been applied to the same 

elastomeric substrate. The scale is the same for all three images. (c) Linear relationship of 

measured wrinkle wavelength () as a function of film thickness. (d) Optical profilometry 

surface profile traces of wrinkled samples cast at different velocities on the same 

substrate with the same film (t=50nm). Used with permission: Soft Mat. 2011. 

 Experimental 3.3

3.3.1 Wrinkle Formation 

The process used to form wrinkles on the surface of the smooth elastomeric 

substrates yields uniform, aligned wrinkles with an almost perfectly sinusoidal cross-

sectional profile (Figure 3.1d). This technique has been reported previously by 

Miquelard-Garnier and coworkers.
26

 Figure 3.1a contains a schematic of this process. 

For the study reported here, the glassy thin films are high molecular weight, 

atactic polystyrene (PS) (Mn=1,100kg/mol, PDI = 1.15, Polymer Source, Inc.) spincoated 



 

42 

from toluene (Fisher Scientific) onto ultraviolet/ozone (Jelight 342 UVO system) treated 

silicon wafers (University Wafer). By varying the concentration and spin speed, film 

thicknesses, t, ranging from 20nm to 300nm as measured by white light interferometry 

(Filmetrics) are obtained. The substrates are polydimethyl siloxane (PDMS) (Dow 

Corning Sylgard 184) prepared using an oligomer to curing agent ratio of 10:1 by weight. 

The PDMS mixtures are degassed in a reduced pressure environment for 30 minutes, 

poured into glass molds measuring 30x50mm to form a flat layer approximately 3mm 

thick, and cured at 70°C for 20 minutes (resulting in a tacky, partially cured rubber).
55

 

The modulus of each partially crosslinked substrate is determined independently using 

the custom built contact mechanics device described in Section 3.3.2. 

After wrinkling the PS film on the PDMS, the samples are allowed to finish 

curing either in a 70°C oven for 24 hours or at room temperature (25°C) for 120 hours. 

Wrinkle wavelength, amplitude, and substrate modulus are monitored over the course of 

the curing process using optical profilometry (Zygo NewView 7300) and contact 

mechanics testing (see Section 3.3.2). While the wrinkle geometry does not change as a 

result of the curing process, the substrate modulus increases as expected until a final, 

consistent modulus value of  ̅          (120 hours at 25°C) or  ̅          (24 

hours at 70°C) is reached as shown in Figure 3.2. Details of the PDMS crosslinking 

process are provided in the Appendix.  

This wrinkle fabrication technique covers large areas (several cm
2
) with well-

aligned wrinkles over the course of a few minutes. Figure 3.1b contains optical 

micrographs of three different samples prepared with films of increasing thickness, 
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showing the wrinkle alignment and giving some sense of the long range order achievable 

with this method. 

 

Figure 3.2: Wavelength, amplitude, and substrate modulus as a function of curing time. 

Created from a substrate with a 10:1 oligomer: curing agent mixture of PDMS and cured 

at room temperature (25°C) and a PS film with t=18nm. 

Wrinkle wavelength and amplitude can be controlled independently through 

materials properties, sample geometry, and process parameters. The wavelength of each 

wrinkled surface is determined by the elastic modulus mismatch between the stiff film 

and soft substrate ( ̅   ̅ ) and the thickness of the film (t) according to:
14,16,17

 

      (
 ̅ 

  ̅ 
)

 
 
 ( 3.1 ) 

In the present study, the glassy film and elastic substrate are held constant and the 

wavelength is tuned by controlling the film thickness. The modulus of the film is constant 
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for all samples ( ̅         ). Figure 3.1c shows the linear wavelength dependence on 

film thickness, with the slope of the line representing the modulus mismatch and yielding 

a plane strain modulus value of  ̅          for the partially-cured PDMS substrate. 

This modulus value is in good agreement with the results of the contact mechanics 

measurements performed on this partially-cured elastomeric sample. 

While the wrinkle wavelength is controlled through materials properties and film 

geometry, the wrinkle amplitude is determined by the processing parameters, specifically 

the processing velocity utilized during wrinkle formation. Details on the effect of velocity 

on the amplitude have been published previously
26

 and are shown in Figure 3.1d. 

Essentially, the slower the processing velocity, the larger the strain (ϵ) applied to the 

substrate during the formation of the wrinkles, resulting in higher wrinkle amplitudes 

through the relationship: 

 
 

 
 √  ( 3.2 ) 

Additional parameters that impact the applied strain are the surface tension (), 

and the adhesion energy between the glassy film and soft substrate. In Figure 3.1d, it can 

be seen that changing the processing velocity by an order of magnitude results in a 

marked change in the amplitude of the wrinkled structures with minimal effects on the 

wavelength. 

By applying the film prior to final curing of the substrate, the wrinkled surfaces 

have lower residual stress states than surfaces with films applied to fully crosslinked 

substrates. A more practical advantage of the two step curing process is that after 

crosslinking the substrate, the film can be removed by dissolving it away with an 

appropriate solvent, allowing the wrinkled substrate to be characterized with or without 
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the capping layer. Removal of the film from the wrinkled substrates processed in two 

thermal curing steps does not have any impact on the aspect ratio of the surface patterns; 

the wrinkles remain the same size and shape. For wrinkles created on fully crosslinked 

substrates, removal of the flat films results in relaxation of the surface and disappearance 

of the wrinkles. 

3.3.2 Adhesion Characterization 

The normal adhesion of each wrinkled surface is measured with a custom-built contact 

mechanics testing device.
23

 A PS-coated rigid flat punch with a circular face is used as 

the probe. This probe is mounted on a load cell which is subsequently attached to a piezo-

controlled linear actuator (Burleigh Inchworm Nanopositioner) over the objective of an 

inverted microscope (Zeiss Axiovert 200M) equipped with a CCD camera (Pixelfly). The 

sample is then placed between the testing equipment and the microscope. All three 

components of the test are controlled simultaneously using a custom computer program 

(National Instruments Labview 8.5). Figure 3.3a is a schematic of the experimental setup. 

This testing method allows for the simultaneous measurement of the vertical 

displacement () of the probe, the normal force (P), and the area (A) of the interface over 

the course of a test. 

An adhesion test consists of the probe being brought into contact with the sample, 

compressed at a fixed displacement rate until a specified, arbitrary maximum 

compressive force is achieved, and then the displacement is reversed until separation 

occurs. The contact area and force exerted on the probe are recorded throughout the test. 

In this study, tests have been performed at crosshead velocities ranging from 0.1 to 

1.0m/s and maximum compressive force values of Pm=-10mN to Pm=-50mN. However, 
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Figure 3.3:  Adhesion testing procedure and initial results.
55

 (a) Schematic of the contact 

adhesion measurement setup. (b) Force (P) as a function of time with significant points 

labeled corresponding to: Po, before the probe contacts the sample surface; Pi, initial 

contact; Pm, maximum compression; and Pc, separation. (c) Typical force versus 

displacement (d) plots where P<0 is compression and P>0 is tension. (d) Optical 

micrographs of the contact areas for wrinkled samples of various wavelengths throughout 

an adhesion test. Insets are 100x100m. All results presented here are for wrinkles with 

an aspect ratio of b/~0.07 and approach and retract velocities are 1.0m/s. Used with 

permission: Soft Mat. 2011. 

within these ranges, little variation was observed in the value of maximum separation 

force, or adherence force, Pc (Figure 3.4). Therefore, all wrinkle adhesion data reported 

here are for Pm=-10mN and V=1.0m/s. Each data point represents an average of three 

tests. 

For all tests, unless otherwise stated, a cylindrical probe with a radius (c) of 

500m is used. The flat, circular face of this probe is coated with a 250nm PS film and 
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annealed at 160°C for 5 minutes to ensure conformal contact and prevent delamination 

between the cylindrical probe surface and the film during testing. The PS coated probe 

 

Figure 3.4: Wrinkle adhesion force versus displacement. Adhesion tests performed at (a) 

various maximum compressive force (Pm) values on the same wrinkled substrate 

(=22.0m, b=2.92m,  ̅         ) and (b) various displacement rates on the same 

wrinkled substrate (=21.9m, b=1.53m,  ̅         ).
55

 Used with permission: Soft 

Mat. 2011. 

has an RMS surface roughness of approximately 15nm over a lateral distance of 1mm, 

measured using optical profilometry over the entire face of the probe. Optical positioning 

equipment (Newport) is employed to ensure good parallel alignment between the face of 

the probe and the sample surface prior to each test. 

The same polystyrene film is used to coat both the surface of the wrinkled 

samples and the probe used for adhesion testing. Since both surfaces have identical 

chemistry, the work of adhesion, wadh=2 where  is the surface energy of each contacting 

surface.
53

 At equilibrium, wadh=Gc, the critical strain energy release rate, as modeled 

using linear elastic fracture mechanics.
69

 

Though crack propagation velocity can impact Gc, the tests presented here are 

performed relatively slowly and Gc is taken as a constant.
54

 This assumption is supported 
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by the relative testing rate independence of Pc measured here (Figure 3.4b). By 

performing contact adhesion tests on smooth, unpatterned PS films attached to a PDMS 

substrate with the PS-coated cylindrical probe, Gc has been measured and is found to be 

48 mN/m for the PS-PS interface. This value for the critical strain energy release rate is 

in good agreement with values from literature.
70

  

 

Figure 3.5: Representative force versus displacement plots for smooth-smooth contact. 

Flat probe contacted a smooth PS film supported on a PDMS substrate for two different 

film thicknesses. 

In order to measure the Gc of the PS-PS interface, we employed the relationship 

of Pf,  ̅, and c to Gc:
44
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   ̅  
 ( 3.3 ) 

This equation assumes that at the point of separation, the interface is at thermodynamic 

equilibrium (implying that the entire interface separates instantaneously at Pf) so that 

G=Gc. The two tests shown in Figure 3.5 yield values of Gc=49mN/m and Gc=44mN/m, 

respectively. 

The plane strain modulus ( ̅ ) for each substrate is determined independently 

through contact adhesion measurements on a flat, non-wrinkled portion of the PDMS 

substrate. In these experiments,  ̅  is calculated from the stiffness (K=dP/d) of the 

elastomer according to classical contact mechanics:
44

 

  ̅  (
 

  
)

  

  
 ( 3.4 ) 

where  ̅ is the plane strain modulus, related to the Young’s modulus, E, and Poisson’s 

ratio, , by  ̅    (    ). 

 Wrinkle Adhesion Results 3.4

The normal adhesion is characterized for a library of wrinkle samples. Figure 3.3 

shows the effect of wavelength on the force versus displacement history for typical 

contact adhesion measurements of wrinkled surfaces.
55

 Here, the aspect ratio is held fixed 

while wrinkle wavelengths are changed, allowing a direct comparison of wrinkles which 

are geometrically similar. From these tests, specific information about the sample 

stiffness, Gc, and Pc can be determined. In this study, the principle metric employed is the 

separation force. For the tests in Figure 3.3, all samples are created using the same 

processing velocity (V) to yield wrinkles that have the same aspect ratio with various 

wavelengths. 
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Figure 3.6a shows the adhesive behavior of samples created with the same film on 

the same PDMS substrate but cast at different velocities. Thus, all three samples have the 

same wavelength but varied amplitudes. The lowest amplitude wrinkles have the highest 

separation force. The contact images captured for each of the samples can be seen in 

Figure 3.6b and provide some insight into the changes. As the amplitude increases, the 

contact and separation mechanism of the wrinkles changes. For the low amplitude 

wrinkles, the crests of each wrinkle come into contact and many of the troughs also 

contact the probe surface. Upon separation, these lower aspect ratio wrinkles separate in a 

more concerted way from the probe resulting in an overall greater Pc value. However, for 

the two higher amplitude wrinkles, the contact with the probe is formed only with the top 

of each wrinkle and the width of each individual contact line (2a) grows and decreases in 

a less coupled manner. The higher magnification images in Figure 3.6b for the higher 

amplitude samples show these narrower contact lines. 

In general, the separation force, Pc, decreases with increasing wrinkle wavelength 

for a set aspect ratio (b/) (Figure 3.7a). Pc also scales inversely with wrinkle amplitude 

for a given wavelength (Figure 3.7b). Changes in both b and  are shown to have a 

significant impact on the measured adherence force; however, the controlling balance 

between wrinkle geometry and materials properties is not evident. 
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Figure 3.6: Wrinkle adhesion amplitude effects. Varied amplitudes (b) at a constant 

wavelength (~29m).
55

 (a) Typical force versus displacement curves for various 

amplitude wrinkled surfaces during adhesion testing where P<0 is compression. (b) 

Optical micrograph contact images over the course of a test for various amplitude 

wrinkled surfaces. The circle in each low magnification image is the cylindrical probe 

face (radius c=0.50mm) and the black circle outline in the P=Pi image for b=0.69m is 

added as a guide to the eye. Higher magnification images are 125x125m. For 

amplitudes of 1.92m and 3.16m only the darkest lines in the insets are areas in contact 

with the probe. The intermediate gray regions are a result of optical effects of imaging the 

sides of each wrinkle. Used with permission: Soft Mat. 2011. 



 

52 

 

Figure 3.7: Wrinkle adhesion wavelength effects.
55

 (a) Separation force as a function of 

wrinkle wavelength where  ̅          (●) and  ̅          (○) for a constant 

aspect ratio of b/~0.07.
55

 (b) Separation force as a function of wrinkle amplitude for a 

fixed wavelength of ~29m. The lines represent the separation forces for a flat substrate 

with a modulus of  ̅          (solid line) and  ̅          (dashed line). Used 

with permission: Soft Mat. 2011. 
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3.4.1 Stiffness Effects 

The thickness of the glassy thin film could lead to changes in the effective 

stiffness (K) of these bilayer systems, possibly changing the separation force for the flat 

probe contact adhesion experiments. To address this possibility, the stiffness of each 

surface is determined experimentally. Using the force versus displacement results 

obtained from each adhesion test, the slope of the compressive region is used to measure 

the stiffness: K=dP/d. Figure 3.8a shows the relationship between the film thickness and 

the measured stiffness. Over the range of thin film thicknesses used in our adhesion 

measurements, the stiffness is independent of film thickness. Additionally, in Figure 3.8b 

it can be seen that there is no discernible trend between the stiffness and wavelength of 

the wrinkled surfaces for a constant wrinkle aspect ratio (b/~0.07) meaning that the 

geometric features are not impacting the measured system stiffness. 

 

Figure 3.8: Stiffness effects. The stiffness (K) values obtained experimentally through 

adhesion testing for various wrinkled substrates. Stiffness as a function of (a) thickness 

(t) and (b) wavelength () for wrinkles with a constant aspect ratio of b/~0.07. 
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The independence of K with the film thickness can be explained by contact 

mechanics arguments of bilayer or composite systems.
71–73

 It has been shown that a stiff, 

thin layer on top of a soft substrate does not impact the effective modulus of the system if 

the contact area or probe dimensions are much larger than the stiff layer thickness. Forthe 

systems tested here, 10
-5

<t/c<10
-4

 for all PS films. Therefore, the expected stiffness 

independence with thickness is verified. 

 Discussion 3.5

To predict the separation force (Pc) of a wrinkled surface as a function of wrinkle 

geometry (b and ) and materials properties ( ̅  and Gc), the surface is considered as an 

array of aligned cylinders acting simultaneously but independently on the probe face. 

This total separation force can be modeled as a summation of the individual separation 

forces per unit length ( ̅ ) exerted by each wrinkle: 

    ∑  ̅   
 
    ( 3.5 ) 

where li is the length of an individual wrinkle. To determine the appropriate scaling for 

 ̅ , two possible contact separation mechanisms were considered. 

First, the contact of a long cylinder with a flat surface is considered in the context 

of scaling for  ̅ . As Barquins proposed
45

 and Chaudhury has confirmed experimentally,
47

 

the separation force per unit length for a long cylinder ( ̅ 
   

) is: 

  ̅ 
   

  (
  ̅  

  

  
)

 
 
 ( 3.6 ) 

where R is the radius of curvature of the cylinder. For this geometry, the contact persists 

along the entire length of the cylinder while the contact width decreases as separation 
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occurs. Equation 3.6 is appropriate when applied to “infinitely” long cylinders contacting 

“infinitely” laterally extensive probes, where end effects are neglected. 

For finite cylinders, end effects play an important role, leading to contact areas 

that are predominantly elliptical as shown in Chapter 2. Johnson developed a model to 

describe the separation force of an elliptical contact area through the modification of the 

well-known relationship for a sphere contacting a flat surface:
44,56
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where the contact area of an ellipse at separation is Ac=acc. In our wrinkle system, the 

contact width (2a) of each wrinkle is consistent with the contact width of a cylinder 

predicted by Barquins. Therefore, the half contact width of each wrinkle at the point of 

separation is:
45
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Combining equations 3.7 and 3.8 with the contact area of an ellipsoid at the point of 

separation (Ac) results in the prediction of the maximum separation force for a finite 

cylinder: 

   
    (   ̅  

   )
 
   

 
  ( 3.9 ) 

To help determine whether the relationships presented as equations 3.6 or 3.9 are 

more appropriate in the context of a flat circular probe separating from an “infinitely 

long” cylinder, macro-scale, single cylinder adhesion experiments are conducted. Chapter 

2 describes these single short cylinder adhesion experimental results in detail. It is shown 

that the scaling given in equation 3.9 is consistent with the presented results. 
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Therefore, utilizing equation 3.9, the separation force of a wrinkled surface can be 

modeled by considering the surface as an array of independent elliptical contacts acting 

on the probe. Using the geometry of the wrinkles and testing setup, the Pc for a wrinkled 

surface can be determined for n wrinkles contacting the probe: 

      
  
   

  
      ( 3.10 ) 

The value of n is determined by c and : 

   
  

 
 ( 3.11 ) 

To account for the variations in length of the wrinkles resulting from the circular face of 

the flat probe, Pc
ell

 is normalized by the probe diameter and multiplied by the average 

length of the wrinkles (lavg) contacting the probe: 

      
   

  
 

  

 
 ( 3.12 ) 

Additionally, the radius of curvature (R) of each wrinkle can be estimated from 

the measured wavelength () and amplitude (b) of each array of wrinkles, such that: 

   
  

    
 ( 3.13 ) 

for small strain surface instabilities (ϵ ≤ 0.10). The relationship between R, b and  has 

been published previously
30

 and confirmed for the wrinkles characterized here by 

measuring the radius of curvature of several wrinkles using optical profilometry. 

Application of these geometric corrections to the scaling presented in equation 

3.10 leads to a prediction for the separation force of a wrinkled surface:
55
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 ( 3.14 ) 

From this relationship it can be seen that Pc is a function of materials properties (Gc and 

 ̅), wrinkle geometry (b and ), and probe size (c). Equation 3.14 is presented in two 

ways, recalling the relationship between  and b through the strain given in equation 3.2. 

A summary of the wrinkle adhesion separation force results is presented in Figure 

3.9a. The linear fit applied to the data demonstrates that the prediction for Pc shown in 

equation 3.14 is a good descriptor of the separation force for the wrinkled surfaces tested. 

The slope of this line yields a Gc value for a PS-PS interface of 131 mN/m, which is close 

to the reported and measured value of 45 mN/m considering the approximations used to 

develop the scaling relationship.
70

 

Wrinkles or patterns are used to modify the adhesion behavior of a surface 

compared with a “flat” surface; therefore, it is informative to normalize the wrinkle 

separation force (Pc) by the separation force of a flat probe on a flat sample (Pf). The 

separation force relationship for a flat-on-flat contact geometry is:
74
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Combining this relationship with equation 3.14: 
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 ( 3.16 ) 

The application of this relatively simple scaling to the wrinkled systems measured here 

can be seen in Figure 3.9b. When plotted in this manner, the data falls onto a line, 

indicating good agreement between the measured values and our scaling relationship. It 

can also be seen that achieving enhancement of adhesion (       ) is dependent on the 

probe size relative to the wrinkle dimensions as well as the materials-defined length scale  
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Figure 3.9: Wrinkle adhesion scaling relationships. (a) Separation force as a function of 

materials properties and geometry.
55

 The line is a linear fit to the data. (b) Relationship of 

normalized adhesion force with the scaling relationship for various probe radii (c). The 

line is added to the figure only as a guide to the eye and is not meant to represent a 

mathematical fit. For both plots, the open symbols represent substrates with  ̅  
        while solid symbols are for  ̅         . Used with permission: Soft Mat. 

2011. 
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given by     ̅. Additionally, a similar dependence on materials properties and amplitude 

has recently been shown to work for randomly oriented wrinkles tested with a spherical 

indenter. The only differences in this case arise from the testing geometry.
40

 

 Conclusions 3.6

In this chapter, we demonstrate that both the wavelength and amplitude of a 

wrinkled surface impact the adhesive properties, specifically the separation force. To 

investigate the two parameters independently, a novel sample preparation technique is 

employed. This same technique allows for the removal of residual stress stored in the 

elastically buckled surfaces of our samples by crosslinking the substrate after wrinkle 

formation. Furthermore, materials with well-characterized surface and bulk properties are 

used to create model examples for understanding the contact adhesion of interfaces 

between flat surfaces and surfaces with aligned wrinkles. 

The single cylinder tests with finite flat probes presented in Chapter 2 and the 

resulting model for the adhesion of finite length cylinders have been utilized in the 

development of the separation force equation 3.14 in this chapter. The significance of the 

work presented in this chapter lies in the development of a model wrinkle system that 

allows contact mechanics and adhesion theory to be applied to a wrinkled surface. By 

understanding the impact of wrinkle geometry on the separation mechanisms, new 

material systems can be engineered with specifically-tuned adhesive properties. The 

relationships developed here for a model system will be applied to a much more realistic 

system in Chapter 4. Wrinkle adhesion effects on confined viscoelastic films will be 

explored. Additionally, the analysis presented here could enable natural adhesive systems 

to be more easily studied and compared.  
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CHAPTER 4  

WRINKLE ADHESION IN ELASTIC AND VISCOELASTIC FILMS 

 Abstract 4.1

The adhesive properties of a surface can be greatly affected simply by wrinkling 

its surface. Here, we show the importance of selecting the wrinkle geometry length scales 

(amplitude and wavelength) that complement the materials-determined length scale 

related to the adhesion energy and modulus (    ). A rigid cylindrical probe patterned 

with aligned wrinkles ranging in amplitude from 0.5 to 5.0m with a fixed aspect ratio of 

0.1 is used to characterize the adhesion of soft films of varying crosslink densities 

fabricated from smooth polydimethyl siloxane (PDMS). The soft films have an average 

thickness of 240m while the average probe radius is 1mm, making finite size effects 

significant for our contact geometry. The crosslinker concentration used to form the 

PDMS layers is varied to determine the impact of viscoelastic character on wrinkled 

surface adhesion. Separation strength and work of adhesion are presented for each 

crosslinker concentration with testing rates ranging over three orders of magnitude. A 

scaling relationship derived from contact mechanics theory is a fairly good fit to our 

wrinkle adhesion results for well crosslinked films. However, there is no discernible 

impact of wrinkled surface topography on the adhesion of more viscoelastic films. 

 Introduction 4.2

In the adhesion of tapes and reusable adhesives, surface roughness plays an 

important role in dictating the force and energy required to separate an interface bound by 

intermolecular forces.
75–78

 To develop materials with reusable, reliable adhesive 
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properties, wrinkles offer an attractive option for producing well-defined surface 

roughness. This concept has been demonstrated for wrinkled elastic surfaces, allowing 

the role of periodic surface roughness to be determined. However, the role of 

viscoelasticity on the adhesion of a thin, soft layer to a rigid surface in the presence of 

wrinkle topography has yet to be determined and must be further investigated. 

Reversible adhesives function by two distinct separation phenomena: (1) 

intermolecular forces acting between the two contacting surfaces (i.e. Van der Waals) and 

(2) viscous dissipation
79

 that takes advantage of geometric confinement. A surface’s 

overall adhesive strength or force required to separate an interface is closely related to the 

strength of intermolecular interactions
80

 while the work of adhesion or energy required 

for separation generally scales with the viscoelastic character of the two contacting 

materials.
81,82

 The balance and optimization of these two parameters will be further 

investigated here to determine contact scenarios which allow for an increase in both of 

these critical adhesion metrics. 

Wrinkles, a spontaneously forming periodic surface roughness, are a facile way to 

control both separation force and energy. This control is attributed to the ability to dictate 

 and b. The mechanics governing the formation of wrinkles is well understood.
11,22

 

Several wrinkling techniques allow independently tuned wavelengths and aspect ratios as 

well as the ability to rapidly pattern large areas.
19,23

 Taking advantage of this elastic 

surface buckling instability, surface topography can easily be applied to various materials 

through wrinkling techniques and subsequent molding steps. 

Surface topography alters the separation mechanism of an interface by 

introducing defects from which cracks initiate.
35

 By altering the number and shapes of 
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these crack nucleation sites, the amount of energy required to separate the interface can 

be affected.
83

 The contributions of viscoelasticity and surface roughness acting in concert 

to impact adhesion are investigated. Topography may control local separation rates, thus 

altering the energy of adhesion by changing the viscoelastic response of the soft material 

near the crack tip. The degree to which surface topography affects adhesion (whether 

increasing or decreasing separation strength and adhesion energy relative to those of 

smooth analogs) is a function of materials properties as well as the size of the surface 

features.
52,84

 

In this chapter, the objective is to understand the impact on adhesion of surface 

roughness of various elastic and viscoelastic materials in confined geometries. The 

viscoelastic properties and surface roughness length scales that contribute to enhanced 

and decreased adhesion of a rigid, wrinkled surface contacting a soft adhesive layer are 

identified. 

 Experimental Approach 4.3

We investigate the impact of wrinkle feature size and viscoelasticity on the 

adhesion of a compliant layer to a rigid material. Specifically, the adhesive impact of 

rigid surface wrinkles with amplitudes ranging from 0.5 to 5.0m and a constant aspect 

ratio of approximately 0.1 contacting a smooth, thin adhesive layer is measured. The 

modulus and viscoelastic properties of the thin adhesive substrate are varied by changing 

the degree of crosslinking through different crosslinker to prepolymer ratios (2 to 

10wt%). Controlling the crosslinker percentage adjusts the film modulus from 0.02 to 

2.00 MPa and impacts the viscoelastic nature of the film. For all adhesion tests the force, 
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displacement and contact area are recorded simultaneously as the surfaces are brought 

into contact and subsequently separated. 

4.3.1 Fabrication of Probes 

Master wrinkle surfaces are formed utilizing previously reported methods that 

allow the wavelength to be tuned independently of the wrinkle aspect ratio.
26,55

 To 

eliminate concerns of residual stresses stored in the buckled surfaces affecting the 

mechanics of separation, master wrinkle surfaces are replicated with a rigid epoxy. This 

molding step also allows multiple rigid probes to be fabricated with identical surface 

features. The topography of these wrinkled surfaces is measured using an optical 

profilometer (Zygo NewView 7300 and Veeco Wyko NT3300). 

Rigid cylindrical probes with a wrinkled surface on one end are formed utilizing a 

novel capillary bridge technique that allows the height and radius of each probe to be 

controlled. Probes are fabricated from a UV-curable adhesive (Norland Optical Adhesive, 

NOA). 

 

Figure 4.1: Schematic of rigid wrinkled probe fabrication process. 

Figure 4.1 contains a schematic of the process used to fabricate rigid cylindrical 

probes. An uncured drop of liquid NOA with an approximate volume of 0.3 mL is placed 

on a 1cm
2
 glass slide and suspended dropside-down over the master wrinkle surface to be 

replicated. Using a custom-built vice, the drop is lowered towards the master until contact 
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between the drop and the surface occurs and a cylindrical capillary bridge of liquid NOA 

is formed.
85

 The height of the glass slide is adjusted until the desired probe radius is 

achieved (c~1mm). 

The NOA is then exposed to ultraviolet (UV) light (Jelight, 30mW/mm
2
) for 4 

minutes to crosslink the epoxy. The interface between the crosslinked NOA probe and the 

wrinkled master is separated at a velocity of approximately 1mm/s at a 30° peel angle and  

 

Figure 4.2: Representative NOA wrinkled probe characterized with optical profilometry. 

(a) Three dimensional plot of probe surface. (b) Two dimensional representation of same 

probe as in (a). Dark blue regions are imaging artifacts rather than true defects on probe 

surface. Lateral dimensions of both scans are 1.7x2.3mm and the z-scale is -9.8 to 2.5m. 

(c) Surface profiles of wrinkles corresponding to colored lines marked in (b). illustrating 

uniformity of wrinkles over entire probe face. 
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the probe is exposed to UV for an additional 2-4 minutes to ensure completion of the 

epoxy crosslinking process. This amount of UV exposure far exceeds the exposure time 

suggested by the manufacturer but is necessary to ensure perfect replication of the micron 

and submicron surface features and eliminate small scale surface roughness. The fidelity 

of the replicated rigid wrinkle probes to the wrinkled master is verified with optical 

profilometry (Veeco Wyko NT3300) and the profile of the wrinkles measured directly as 

shown in Figures 4.2 and 4.3c. 

 

Figure 4.3: Wrinkle pattern topography. (a-b) Optical micrographs of rigid wrinkle 

surfaces for b=0.5m (a) and b=5.0m (b). Scale bar refers to a. and b. (c) Optical 

profilometer scan of surface from a. illustrating the aspect ratio (b/~0.1) of the wrinkles. 

The lateral dimensions are 53 x 71m and the peak to trough amplitude is 0.48m. 
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4.3.2 Fabrication of PDMS Films 

The viscoelasticity of the soft, “adhesive” layer is controlled by varying the 

concentration of crosslinker added to a two part rubber system. By changing the amount 

of crosslinking agent available during the curing of the rubber, the molecular weight 

between crosslinks is altered, affecting the viscoelasticity and modulus of each film. 

Previous works have thoroughly characterized the rheological properties
86

 of the 

elastomers used in these adhesion experiments as shown in Figure 4.4. 

 

Figure 4.4: Rheological response of Dow Sylgard PDMS with various concentrations of 

crosslinker. Storage, G’, loss, G”, moduli , and tan  with angular frequency, for 2 and 

4% data is gathered with a cone and plate rheometer while 10% data is measured using 

dynamic mechanical analysis (DMA) techniques.
86

 Reproduced with permission: J. Nase, 

Ph.D. Dissertation, UPMC, 2009. 

Smooth, soft films of polydimethyl siloxane (PDMS) (Dow Corning Sylgard 184) 

are formed on glass slides and contacted with rigid wrinkled probes. Three compositions 

of PDMS (2, 4, and 10wt% crosslinker in prepolymer) are mixed and degassed in a 

reduced pressure environment for 15 minutes. Films are cast by applying the uncured 

PDMS to a clean glass slide using a doctor blade and a 400m spacer to ensure uniform 
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film thickness. Cast films are immediately placed in an oven under vacuum for 5 hours at 

70°C. 

Upon removal from the oven, the films cool for several hours before the film 

thickness is characterized with a pneumatic thickness measurement device. The final 

cured films range in thickness from 170 to 357m with an average thickness of 240m. 

To provide a smooth, clean surface for adhesion experiments, the PDMS films are 

removed from the slide on which they are cast and inverted onto a freshly cleaned glass 

slide just prior to testing. 

4.3.3 Adhesion Experiments 

The normal adhesion of rigid wrinkled surfaces in contact with soft, smooth 

adhesive films is characterized using a custom-built contact adhesion testing 

apparatus.
74,87

 A schematic of the experimental setup is shown in Figure 4.5. 

 

Figure.4.5: Contact adhesion setup at ESPCI used for experiments described here. (a) 

Image of actual adhesion testing device (Image courtesy David Martina). (b) Schematic 

of adhesion testing device.  
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Over the course of a test, a rigid cylindrical probe is brought into contact with a 

soft film at a fixed displacement rate, V (central motor displacement) until full contact of 

wrinkle peaks and troughs is achieved with the flat film. This maximum compressive 

force is held for a 1 second dwell time. The displacement direction is then reversed until 

full separation occurs (coordinated motion of outer motors). A fiber optic displacement 

sensor monitors the vertical displacement of the probe while a load cell attached to the 

probe records normal forces applied to the interface. Throughout the test, the contact area 

is imaged by an optical microscope (Zeiss Axio Vario). For our experiments, the wrinkle 

feature size, adhesive layer crosslinker concentration, and displacement rate are varied 

systematically. 

The compliance (displacement per unit force,       ⁄ ) of the experimental 

setup impacts normal contact adhesion experimental results.
88

 Therefore, prior to each set 

of experiments, control tests are conducted to correct for instrument compliance. A 

smooth rigid probe (c~1.0mm) is brought into contact with a clean glass slide and the 

force and displacement are measured. On average, for the experimental setup C=0.8 

m/N, which is extremely low relative to the compliance values observed for our 

material system. Though low, this machine compliance is accounted for in the analysis of 

the data obtained for each adhesion test using a custom macro (Igor Pro 5.0). 

An additional set of calibration tests is performed by measuring the adhesion of 

the same smooth, rigid probe in contact with each smooth PDMS film (2, 4, and 10wt% 

crosslinker) to establish the adhesive properties of a smooth interface for each film. The 

values measured on the smooth probes are used to analyze the wrinkle adhesion results 

and determine whether or not the wrinkled topography of the rigid surface has an effect 
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on adhesion. The separation stress,    and work of adhesion,      of these smooth, 

adhesive interfaces are provided in Figure 4.6 for 4% and 10% crosslinker films as a 

function of displacement rate. 

 

Figure 4.6: Separation stress and work of adhesion as a function of testing rate for smooth 

interface. Tests performed with rigid probes on smooth adhesive films for 4 and 10wt% 

PDMS. 

A summary of the experimental parameters and their ranges is provided in Table 4.1:  
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Characteristic Minimum Maximum 

Wavelength (, m) 5.0 48.0 

Amplitude (b, m) 0.47 4.20 

Aspect ratio (b/) 0.08 0.13 

Probe radius (c, mm) 0.96 1.18 

Substrate thickness (h, m) 170 357 

Substrate modulus ( ̅, MPa) 0.02 2.20 

Crosslinker percentages (x, %) 2 10 

Testing velocity (V, m/s) 0.1 100.0 

 

Table 4.1: Range of experimental variables. 

4.3.3.1 Plane Strain Modulus Determination 

Contact mechanics is a method which can be used to measure the materials 

properties of soft polymers. The plane strain modulus ( ̅) for thick materials can be 

determined directly through contact adhesion measurements.  ̅ is calculated from the 

stiffness (K=dP/d) of the elastomer according to classical contact mechanics: 

  ̅  (
 

  
)

  

  
 ( 4.1 ) 

where  ̅ is related to the Young’s modulus,  , and Poisson’s ratio,  , by  ̅    (  

  ). Practically, the slope of the compressive portion of the force versus displacement 

curve obtained during an adhesion test yields this stiffness. 

Equation 4.1 is an effective way to measure the modulus of thick samples. 

However, as the thickness of the soft layer (h) decreases so that   ⁄     , the stiffness 

of the rigid substrate supporting the soft film must be considered. These “finite size 

corrections” have been determined,
74,89

 allowing the moduli of thin films to be calculated. 

The   ⁄  ratio for the adhesion experiments presented here range from 3.10 to 5.94, well 
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within the regime where finite size effects are significant. Compliance, C, is the inverse 

of stiffness, and can be related to the modulus, E, by the bulk compliance of the adhesive 

layer, Co, which can be determined by:
52

 

     (  [
    

(  ⁄  (  ⁄ )
 
)
 

   (    )

 
 ⁄

]

  

) ( 4.2 ) 

where C is the measured compliance. 

 Adhesion Results 4.4

Normal contact adhesion experiments are conducted with rigid, aligned wrinkles as 

seen in Figure 4.6 on soft films of varying viscoelasticity. These normal forces as a 

function of vertical displacement are illustrated in Figure 4.7a for three different wrinkle 

amplitudes. Negative force values are compressive, while positive force values are tensile 

or adhesive. The same data is provided in Figure 4.7c with the compressive portion of the 

curve omitted to magnify the region of interest, specifically the adhesive regime of each 

test, so that the stark contrast in the adhesive response of the two extreme wrinkle 

amplitudes can be more easily observed. The peak separation force, Pc, for the smaller 

amplitude sample is much greater than that of the larger wrinkle feature size. 

Similarly, Figure 4.7b shows the relationship between the normal force and 

displacement measured on adhesive films with varying crosslinker concentrations. All 

three of these tests are conducted at a fixed displacement rate of V=1m/s using the same 

rigid wrinkled probe (b=0.5m). For the most highly crosslinked adhesive layer (10%), 

the peak separation force is higher than for the two more lightly crosslinked materials (2 

and 4%). 
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Figure 4.8 contains a comprehensive summary of the results obtained in this 

study. As a function of testing displacement rate (V), Figures 4.8a-c show the impact of 

wrinkle amplitude on the separation strength (        ⁄ ) for the three crosslinker 

 

Figure 4.7: Viscoelastic wrinkle adhesion results. (a) Representative force versus 

displacement curves for three wrinkle amplitudes (b=0.5m). Tests are 

conducted on a 10wt% crosslinker PDMS film with a controlled displacement rate of 

1m/s. (b) Force versus displacement curves for the three crosslinker concentrations 

studied. Tests are conducted on the same wrinkled surface (b=0.5m) at a controlled 

displacement rate of 1m/s. (c-d) Tensile portions from curves a. and b. showing the 

adhesive response of various wrinkle amplitudes (c) and various crosslinker ratios (d). 

compositions tested. Wrinkle amplitude does not affect the adhesion of the two 

viscoelastic layers (2% and 4%) but has a dramatic impact on the separation strength of 
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the most highly crosslinked materials. As shown in previous wrinkle adhesion 

studies,
30,40,41,55

 for the 10% films, wrinkles with small amplitudes require more force to 

separate the interface than larger amplitude wrinkles. 

 

Figure 4.8: Adhesion results as a function of testing velocity. Separation stress, s (a-c) 

and work of adhesion, wadh (d-f) as a function of velocity for three wrinkle amplitudes 

(see legend in (a)) for amplitude values). The green and red outlines contain the results 

for the two more viscoelastic (2 and 4%) adhesives. For these two more lightly 

crosslinked materials, there is no significant difference in the adhesion metrics for the 

different wrinkle sizes. The blue outline encompasses the plots for the films with the 

highest crosslinker concentration (10%) showing a significant difference in the separation 

stress and work of adhesion for the smallest wrinkles and the two larger size wrinkles. 

Through integration of the area under the tensile portion of the force versus 

displacement curves, a measure of the energy required to separate the interface; the 

energy of adhesion, Uadh is obtained: 
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      ∫  
 

 
   ( 4.3 ) 

While the separation force is higher for the most highly crosslinked adhesive film (10%), 

the more viscoelastic films are more dissipative and require more energy to separate the 

interface though less force is required as shown in Figures 4.8d-f as a function of normal 

displacement rate where             ⁄ . Both the separation force and adhesion 

energy descriptors are normalized by the projected area of the probe to account for small 

variations in the size of the rigid probes due to the probe fabrication method described in 

Section 4.3.1. 

As for the separation strength data, wadh is independent of the size of the wrinkled 

surface features for the two most viscoelastic films. For the more highly crosslinked 

PDMS film, the work of adhesion is dependent on wrinkle amplitude and is greater for 

the smallest wrinkles. wadh increases dramatically with increasing testing rate, especially 

for the more lightly crosslinked layers. However, this phenomenon is independent of 

surface roughness and due to the viscoelastic response of the material.
34,82

  

 Discussion 4.5

The two main findings of this work are that (1) wrinkles or surface roughness on 

the length scales tested here do not significantly impact the adhesive properties for the 2 

and 4% crosslinker compositions and (2) for more highly crosslinked systems (10% 

crosslinker), small wrinkles enhance adhesion while larger wrinkles decrease adhesion as 

previously reported.
40,55

 

4.5.1 Materials Length Scale Relationships 

A materials-defined length scale incorporating both the critical strain energy 

release rate,    and modulus,   can be used to describe the distance over which adhesive 
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forces act between two contacting surfaces.
52

 Table 4.2 contains a summary of these 

materials properties and the length scale,      for the three PDMS crosslinker ratios 

tested in this study. This ratio or length scale can be considered the critical displacement 

needed to separate an interface. 

Crosslinker (wt%) Gc (N/m) G' (Pa) Gc/G' (m) 

2 0.195 16156 12.07 

4 0.815 96852 8.41 

10 0.142 1000000 0.14 

 

Table 4.2: Gc/   values indicating the materials length scale over which adhesion 

dominates. The various PDMS crosslinker compositions are given with their respective 

shear storage modulus, G’ values (obtained from rheological experiments).
86

 

The    values are determined by averaging the results of three adhesion tests 

performed by contacting a flat, rigid cylindrical punch with a soft, smooth film. These 

tests are performed at     ⁄          to approximate thermodynamic equilibrium at 

which         . The most appropriate modulus value to consider for this work is the 

storage modulus at a testing frequency similar to the normal adhesion testing velocities 

employed. Thus, the shear storage modulus,    is obtained from previously reported cone 

and plate rheology (2 and 4%) and dynamic mechanical testing experiments (10%).
86

 To 

determine the angular frequency,   which corresponds to the contact adhesion testing 

velocities employed in this study, the relationship between frequency and strain rate,  ̇ is 

used:
90

 

    ̇  
  

  ⁄

  
 ( 4.4 ) 

where    is the original length over which the strain is applied. In our case, we have used 

a vertical displacement in the compressive regime of our test which averaged         
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for most tests.    values corresponding to an angular frequency of        are used 

which correspond to an adhesion testing rate of     ⁄         . 

4.5.2 Lightly Crosslinked Film Adhesion 

For the lightly crosslinked films, the critical displacement required to separate the 

film from the rigid probe is greater than the amplitudes of the wrinkles tested here. Thus 

the wrinkles are too small to have a significant impact on the separation mechanism since 

the damage zone surrounding the crack tip (considering the separation of the interface as 

a fracture event) is much larger than the wrinkle feature size.  

Once the appropriate materials length scale is determined for each crosslinker 

percentage, a qualitative explanation of the impact of wrinkle topography on adhesion 

can be developed. It can be seen from Table 4.2 that for the more lightly crosslinked (2% 

and 4%) PDMS films,       is larger than the wrinkle topography (       ). For these 

two materials, adhesive forces act over long distances, leading to a large viscoelastic 

displacement of the material and masking the effects of the small wrinkle features. The 

wrinkle topography at the interface is effectively “smoothed out” so that the separation is 

similar to that of a smooth interface. The entire surface is brought into contact with very 

little elastic penalty so that topography does not play a role in the separation mechanism. 

Wrinkles (more specifically, wrinkles over the range of amplitudes tested here) 

have no effect on the adhesive properties of the two most viscoelastic materials tested as 

shown in Figure 4.8. The separation strength and work of adhesion of these lightly 

crosslinked wrinkled films is commensurate to that of smooth films. Figure 4.9 illustrates 

this independence of separation strength on wrinkle amplitude for lightly crosslinked 

films. This plot shows effective separation strengths ( ̅     ̅⁄ ) for large and small 
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wrinkles normalized by the effective separation strength of a smooth probe contacting the 

same smooth film with respect to testing rate. Regardless of testing velocity or feature 

size, the normalized adhesion values do not deviate substantially from unity for the 4% 

PDMS films, indicating that there is no change in adhesive properties due to the wrinkle 

topography. 

 

Figure 4.9: Normalized separation stress as a function of testing velocity. The separation 

stress is normalized by the separation stress of a smooth, non-patterned interface and the 

effective modulus. The solid black line is drawn at y=1. Values above this line represent 

adhesion scenarios where the separation stress of the wrinkled interface is greater than 

that of a smooth interface while values falling below unity indicate a decrease in adhesion 

relative to smooth. The error bars represent 10% of an average value taken over 5 tests. 

The separation mechanism of the lightly crosslinked films is independent of the 

wrinkled surface roughness. To get a better understanding of the separation process, 

observations of the contact area over the course of each test are utilized. Figure 4.10 

provides contact images that correspond to the maximum separation force. The separation  
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Figure 4.10: Contact images at Pc for 4wt% PDMS films on various rigid probe 

topographies. Films tested with rigid probes with (a) smooth, (b) b=0.5m wrinkles, and 

(c) b=5.0m wrinkles. All tests are performed at V=1m/s and the lightest areas in the 

center of each image correspond to the portion of the probe in contact with the film 

surface. The scale bar in (a) applies to all three images. 
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mechanisms are all qualitatively similar for the 4% crosslinker PDMS for smooth (4.10a), 

small wrinkles (4.10b), and large wrinkles (4.10c). It should be noted that the contact line 

or perimeter of the contact on the large wrinkles appears jagged, indicating the interface 

is conforming to the peaks and troughs of the wrinkles. However, this effective increase 

in the length of the contact line is negligible relative to the bulk separation mechanism of 

the interface. 

4.5.3 Fully Crosslinked Films Adhesion 

For the most highly crosslinked (10%) PDMS film,        . Thus, adhesion is 

not screened or “smoothed out” as for the more lightly crosslinked interfaces and 

topography alters the separation of the interface. Our results, most clearly seen in Figure 

4.13b, lend credence to this assertion and illustrate the inverse dependence of separation 

strength on wrinkle amplitude. 

In direct contrast to the wrinkle-independent adhesive response of lightly 

crosslinked films shown in Section 4.5.2, the adhesion of the most highly crosslinked 

film is greatly affected by wrinkled surface topography as shown in Figure 4.9. The 

normalized separation strength varies as a function of testing displacement rate and 

wrinkle amplitude. The effect of wrinkle amplitude is more pronounced at very slow 

displacement rates. The more quickly the interface is separated, the closer the separation 

stress is to that of a smooth interface. 

For the largest wrinkles tested (b=5.0m), the separation stress is reduced relative 

to a smooth surface. Alternatively, the smallest wrinkles (b=0.5m) showed a marked 

increase in the separation stress relative to that of the smooth interface. More insight into 

these wrinkle amplitude effects can be obtained by examining the contact images  
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Figure 4.11: Image sequence of contact images for large wrinkles (b=5.0m). Images 

obtained by adhesion testing on 10wt% PDMS film run at a displacement rate of 1m/s. 

(a-g) show full probe while (h-n) contain magnified views of contact areas (white 

rectangle in (g) indicates location of insets). Lighter areas show interfacial contact. Time 

sequence: (a) surfaces are out of contact, (b) interface is forming along wrinkle peaks, (c) 

maximum compression, (d) wrinkle troughs begin to separate, (e) separation continues in 

wrinkle troughs with cracks propagating along troughs parallel to aligned wrinkles, (f) 

peak separation force, (g) surfaces are out of contact. Scale bar in (a) applies to images 

(a-g) and is 500m while scale bar in (h) applies to images (h-n) and is 100m. 

captured during adhesion testing. A time sequence of the contact images for the high 

amplitude wrinkles (Figure 4.11) illustrates a unique separation mechanism. After the 

application of the full compressive load, the entire wrinkled surface of the probe is in 

contact with the soft film. The displacement is then reversed and while still in 

macroscopic compression (P<0), the troughs of the large wrinkles separate from the film.  
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Figure 4.12: Image sequence of contact images for small wrinkles (b=0.5m). Images 

obtained by adhesion testing on 10wt% PDMS film run at a displacement rate of 1m/s. 

Top row of images show full probe while bottom row contains magnified view of contact 

areas (white rectangle in f indicates location of insets). Lighter areas (in (c-f) and (j-m)) 

show interfacial contact. Time sequence: (a) surfaces are out of contact, (b) interface is 

forming along wrinkle peaks (thin black line illustrates contact line front which is moving 

radially inward (center of probe is not in contact)), (c) maximum compression, (d) 

initiation of cracks along wrinkle troughs as surfaces begin to separate, (e) cracks 

continue to nucleate and propagate, (f) peak separation force, (g) surfaces are out of 

contact. Scale bar in (a) applies to images (a-g) and is 500m while scale bar in (h) 

applies to images (h-n) and is 100m. 

Subsequently, as the surfaces are pulled further apart, the peaks of the wrinkles 

separate from the film. Only the peaks of the wrinkles exert a tensile or adhesive force on 

the interface, greatly reducing the adhesion of the rough surface relative to the smooth 
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separation stress. This two-step separation mechanism is the driving force dictating the 

reduced adhesive properties of large wrinkles on elastic materials. 

The separation mechanism for the fully crosslinked films from rigid probes 

patterned with small wrinkle features (b=0.5m) is significantly different relative to the 

larger wrinkles separating from the same smooth film. Figure 4.12 is a time sequence of 

the contact images for small wrinkles. The separation of these interfaces occurs in two 

steps as with the large amplitude, elastic interfaces. However, for small wrinkles, 

multiple small cracks occur at the interface along small portions of the wrinkle troughs 

across the entire probe face. These small crack openings require significantly more 

energy to form, leading to higher adhesion energy measurements. Once a critical portion 

of the interface separates along the troughs, full interfacial failure occurs in a manner 

similar to the separation of a smooth interface. Namely, the entire interface fails in a 

single, unstable crack propagating from the probe edges radially inward toward the center 

of the probe, independent of wrinkle troughs and peaks. 

4.5.4 Wrinkle Scaling Relationships 

The differences in adhesion observed for various size wrinkles contacting the 

most fully crosslinked film can be understood using previously reported wrinkle adhesion 

scaling relationships.
55

 The separation force for an array of aligned wrinkles (Pc) has 

been calculated based on Johnson’s contact mechanics relationship for an ellipsoid 

separating from a flat surface:
44
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where  ̅ is the plane strain modulus and Gc is the critical strain energy release rate. The 

fabrication technique used to form the rigid probes leads to a slight variation in probe 

radius. Thus, the separation strength (s) rather than the separation force is used here: 
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To determine whether adhesion increases or decreases relative to that of a smooth 

surface, we consider the separation strength of a flat punch from a flat surface, smooth:
44,52
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Finally, a normalization of the separation strength of a wrinkled surface by smooth 

provides a relationship which allows comparison of the adhesive strength of wrinkles 

with that of unpatterned surfaces. 
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For the most crosslinked films tested here, the relationship of separation strength 

given by equation 4.5 describes our adhesion results fairly well. Figure 4.13b plots the 

separation strength as a function of the amplitude, illustrating the relationship between 

these two factors. This scaling relationship is appropriate for the highly crosslinked films 

(10%) but does not explain the adhesive response of wrinkled viscoelastic (2 and 4%) 

interfaces (Figure 4.13a). 
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Figure 4.13: Separation stress as a function of the wrinkle amplitude. (a) 2 and 4% 

crosslinker and (b) 10% crosslinker concentrations. The lines are a guide to the eye and 

do not represent a numerical fit. The error bars represent 10% of the value. 

4.5.5 Soft Wrinkles on Rigid Smooth Surfaces 

Due to the unique sample fabrication techniques employed here, soft and rigid 

surfaces patterned with identical wrinkle topography can easily be formed. This facile 

molding technique (described in Figure 4.14) allows a direct comparison of surface 

roughness effects on adhesion with respect to the modulus of the underlying material. For 

purely elastic materials, the separation mechanisms are expected to be identical whether 

the surface topography is present on the rigid probe surface or the soft film surface. 

However, questions arise regarding the effects of modulus asymmetry of the interface on 

the adhesive properties of more viscoelastic materials.  

To test the importance of soft wrinkles versus rigid wrinkles, wrinkled PDMS 

films of varying crosslinker concentrations are prepared by sequential molding steps as 

shown in Figure 4.14. This potential difference in the separation mechanisms of soft 

versus rigid wrinkles was the initial motivating question of the study described here.  
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Figure 4.14: Schematic illustrating fabrication process for soft wrinkled films. A 

wrinkled PDMS master is utilized as a mold for NOA cast on a glass slide and exposed to 

UV radiation through the wrinkled master. Uncured, degassed PDMS of the desired 

crosslinker concentration is then cast onto the wrinkled NOA mold using a custom shim 

to ensure a uniform thickness is achieved. After thermal crosslinking of the film, the 

wrinkled PDMS is carefully removed from the NOA mold and applied (wrinkled surface 

up) on a clean glass slide and the normal adhesion tested with a smooth, cylindrical NOA 

probe (c~1.0mm). 

 

Figure 4.15: Soft versus hard wrinkle adhesion. Data shown for small wrinkles 

(b=0.5m) on 4 and 10wt% PDMS. 
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Rigid wrinkles show a slightly larger adhesion force and work of adhesion than 

the equivalent wrinkle topography molded on a soft PDMS film contacting a flat rigid 

surface (Figure 4.15). This difference is small but statistically significant regardless of 

testing rate, crosslinker ratio, and wrinkle feature size for the soft and hard wrinkle 

interfaces. As a result of this small response, the analysis provided above has focused on 

the adhesion of rigid wrinkles contacting soft, smooth films. 

 Conclusions 4.6

The impact of rigid wrinkles on the adhesion of soft, smooth PDMS films with 

varying crosslinker ratios is presented here. For lightly crosslinked materials, adhesive 

forces dominate the behavior of the interface over length scales larger than the wrinkle 

amplitudes tested and wrinkles are subsequently shown to have little to no effect on 

adhesion. For highly crosslinked materials, adhesive forces affect distances shorter than 

the wrinkle amplitudes, thus wrinkles greatly impact the adhesion behavior of these 

surfaces. Large wrinkles decrease the separation strength and adhesion energy relative to 

smooth surfaces while small wrinkles increase these adhesion metrics nearly 200% over 

smooth surface adhesion values.  
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CHAPTER 5  

WRINKLE MORPHOLOGIES WITH TWO DISTINCT 

WAVELENGTHS 

 Introduction 5.1

Wrinkling is a phenomenon which results when a bilayer system of a stiff film 

supported on a soft substrate is compressed beyond a critical limit.
16

 Examples of 

wrinkling can be seen ubiquitously in nature such as in the skin of a dried piece of fruit
91

 

or on our fingerprints.
3
 For the scientific community, wrinkled surface patterns offer 

many unique attributes that cannot be achieved using conventional techniques (i.e. 

lithography, etching). Wrinkles form spontaneously,
8,25

 cover large surface areas,
15

 and 

they can be reversibly removed due to the elastic nature of the instability.
13,92

 

The orientation or patterns of wrinkles can also be affected by the magnitude and 

direction of the applied strain.
12

 For instance, if a uniaxial strain is applied to a laterally 

extensive sample, aligned wrinkles will form perpendicular to the principle compression 

direction.
17,19,22

 With the application of biaxial compression, more complex patterns can 

be obtained.
16

 Under equibiaxial strain conditions, patterns such as dimples, 

checkerboards, herringbones, and labyrinthine wrinkles have been observed 

experimentally
12

 and predicted through numerical simulations.
27

 

While dimples and herringbone patterns are considered equilibrium equibiaxial 

structures and are predicted theoretically, they are often difficult to achieve 

experimentally. In many experimental cases, the kinetics of strain application are too 

rapid for equilibrium structures to evolve, leading to patterns such as the commonly 
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observed labyrinth. Alternatively, different kinetic paths can lead to more complex 

patterns.
19,31

 Ohzono and coworkers have studied substrates patterned with aligned 

wrinkles that were then compressed uniaxially at various angles relative to the primary 

compressive strain.
33,93

 These studies reported the reversible rearrangement of the aligned 

wrinkles, and depending on the angle between the first and second compressive stress 

directions, the wrinkles were shown to form herringbones or align perpendicular to the 

second compressive stress direction. 

This sequential application of strain provided beautiful access to a large array of 

unique patterns; however, for these experiments, only one lateral dimension or 

wavelength was observed. This characteristic wavelength is dependent upon the stiffness 

of the film and substrate components of the compressed bilayer system.
16

 In this work, 

we report unique wrinkle morphologies comprised of two distinct wavelengths. Taking 

advantage of the curing kinetics of an elastomeric substrate, we alter the modulus of the 

substrate between strain applications, yielding a simple, robust fabrication technique for 

complex, yet systematic long range pattern formation. We observe the formation of 

several unique two wavelength morphologies, including ellipsoidal surface features 

which have not been presented through surface buckling or wrinkling to date to the 

authors’ knowledge. Such surfaces may offer potential applications such as drag 

reduction,
94

 self-cleaning,
95

 and anti-reflective coatings.
96

 

5.1.1 Wrinkling Mechanics 

Here, we consider the surface buckling of a bilayer material system, typically, a 

thin, rigid film bound to a thick, soft substrate, under a lateral compressive strain. The 

mechanics of wrinkle formation are well understood and have been described 
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previously.
10,14

 The elastic buckling instabilities of layered composite systems under 

lateral compression was investigated by Allen
14

 and later investigated in the context of 

wrinkled surfaces by Bowden and coworkers in addition to many others.
7,11,15,16

 For 

buckling to occur, a critical buckling strain,   , must be exceeded. The critical strain is 

independent of material geometry and determined only by the modulus mismatch (ratio 

between film and substrate modulus): 
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For the polymer and metal systems most commonly reported in wrinkling experiments, 

this critical strain is on the order of               and can be easily reached through 

swelling,
25

 thermal expansion or contraction,
8,11,16

 and mechanical compression 

techniques.
17

 Beyond the critical strain, a periodic out-of-plane surface deformation, or 

wrinkle, is observed. Two length scales, wavelength and amplitude, can be used to 

describe these deformations. Importantly, these length scales are defined independently 

by materials properties/testing geometry and strain respectively. 

The thin film has a low bending energy,   , relative to its stretching energy,   , 

predisposing it to buckle out-of-plane rather than stretch or compress in-plane when 

strained laterally. The thick substrate, on the other hand, has       so that simple in-

plane deformation is favored over buckling when subjected to a lateral compressive 

strain. The resulting deformation is a compromise between these two competing 

deformation modes: periodic surface buckling or wrinkling. The distance between two 

adjacent buckles is defined as the wavelength, , which is dependent on the thickness of 

the film, t, and plane strain modulus of the film,  ̅ , and substrate,  ̅ , such that:
14,16
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where the plane strain modulus of each material is defined as  ̅    (    
 )⁄ . 

Assuming the top film is inextensible, the amplitude, b, of wrinkles is dependent on the 

amount of compressive strain applied to the system:
14,16
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 Experimental Approach 5.2

5.2.1 Overview of Methods 

We form biaxially wrinkled surfaces through a two-step application of 

sequentially-applied uniaxial strains. By controlling the extent of crosslinking of the 

elastic substrate at each strain application, wrinkle morphologies with two distinct, 

tunable orthogonal wavelengths on a single surface are observed. Briefly, our biaxial 

wrinkle surfaces are achieved by 1) forming aligned wrinkles on a partially crosslinked 

soft substrate, 2) completing the crosslinking reaction of the substrate, and 3) applying a 

uniaxial strain orthogonal to the initial uniaxial strain direction. The modulus and 

thickness of the thin film remain constant throughout our process while the modulus of 

the substrate is varied by more than an order of magnitude between the first and second 

strain applications.  

5.2.2 Materials 

For experiments reported here, the thin film is high molecular weight, atactic 

polystyrene (PS, Mn=1,100kg/mol, PDI=1.15, Polymer Source, Inc.). The film is formed 

by spincoating from toluene (Fisher Scientific) on ultraviolet/ozone (UVO Jelight 342) 

treated silicon wafers (University Wafer). Variations in polymer concentration allow the 
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film thickness to be controlled, and films ranging from t=70 to t=200nm (measured with 

white light interferometry (Filmetrics)) are produced. 

For the elastic substrate, polydimethyl siloxane (PDMS) (Dow Corning Sylgard 

184) is prepared, controlling the oligomer to curing agent ratio by weight. The PDMS 

mixtures are degassed in a reduced pressure environment for 30 minutes, poured into 

glass molds measuring 2cm x 2cm x 4mm and placed in an oven while the curing time is 

varied, allowing the crosslinking reaction to proceed to varying degrees of completion as 

described previously.
55

 Substrates are partially-cured at either T=25°C or T=70°C for 20-

120 minutes to vary the primary substrate modulus ( ̅   ). Two oligomer to curing agent 

ratios (10:1 and 30:1 by weight) are used to control the secondary substrate modulus 

( ̅   ). Upon completion of the first curing process, substrates are removed from their 

glass molds and transferred onto glass slides coated with poly(acrylic acid) (PAA, 

Mn=1.8kg/mol, Fisher Scientific). The PAA will be used as a lubricating layer to reduce 

friction between the glass surface and the elastic substrate when the sample is placed in a 

uniaxial compression state. We take advantage of the hydrophilic nature of the PAA, 

swelling it with a few drops of water prior to the mechanical strain application. 

5.2.3 Characterization of Substrate Modulus 

The moduli of the PDMS substrates (partially and fully cured) are characterized 

using contact mechanics measurement techniques. A custom-built contact adhesion 

testing device that has been thoroughly described in prior work is utilized.
23,55,83

 A rigid 

silica spherical indenter is pressed into each substrate at a fixed displacement rate while 

the normal force and contact area between the PDMS elastomer and the indenter are 

monitored. The modulus is determined by fitting a curve to the experimental force versus 
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displacement data. Utilizing the theory of Johnson, Kendall, and Roberts (JKR),
56

 the 

experimental data is fitted to determine  ̅   .
52

 

5.2.4 Application of Mechanical Compressive Strain 

After formation of the primary set of wrinkles, secondary wrinkles are achieved 

through the application of a uniaxial compressive strain applied to each sample 

(orthogonal to the primary wrinkle direction). A custom-built mechanical strain stage 

(Newport) is mounted under the objective of an optical microscope (Zeiss Axiotech 

Vario) or optical profilometer (Zygo NewView 7300), allowing the morphology of the 

wrinkles to be monitored while strain is applied. Compressive strain is applied manually 

in small increments (        ). After each strain application, a period of 5 minutes 

elapsed before image capture. To ensure full-slip boundary conditions along the bottoms 

and compressed sides of each sample and to maintain uniformity of applied strains, the 

PAA between the substrate and the supporting glass slide is swollen with water and the 

side walls of the strain stage are coated with a silicone release layer. 

 Results 5.3

5.3.1 Primary Wrinkle Morphology 

The primary surface wrinkles are formed on a partially-cured substrate utilizing a 

previously reported technique.
26,55

 Taking advantage of the instability formed due to local 

strain at the three point contact line between a glassy film floating on water and an elastic 

substrate, aligned wrinkles are produced one at a time, resulting in surfaces of parallel 

wrinkles with very few defects. Figure 5.1a illustrates the wrinkling process 

schematically. 
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Figure 5.1: Schematic of sequentially-strained biaxial wrinkle fabrication technique. (a1-

a3) Contact line wrinkling process to develop uniaxially aligned wrinkles adapted from 

Miquelard-Garnier et al.
26

 Glassy thin film is floated off of a rigid substrate onto the 

surface of a water bath. (a2) Elastomeric substrate is partially submerged in the water 

bath at an angle and one edge of the film is attached to the substrate at the solid-liquid-

vapor contact line. The elastomer is then moved into the water bath at a controlled 

velocity (V) and wrinkles form one at a time at the contact line resulting in a surface of 

aligned wrinkles (a3). (b) schematic of aligned wrinkle cross-section prior to secondary 

strain application. (c) Topview illustrating direction of secondary compressive strain 

applied orthogonal to casting direction utilized for initial wrinkle formation. Dark and 

light stripes represent peaks and troughs of initial wrinkles. (d) Upon secondary 

compression, biaxial wrinkled structures with two distinct wavelengths (1 and 2) are 

formed. 

In brief, to form the initial aligned wrinkles the PS film (A=1cm
2
) is floated onto 

the surface of a water bath, and the partially-cured PDMS substrate is partly submerged 

in the water bath with an edge of the film attached to the substrate. The substrate is driven 
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deeper into the water bath at a fixed velocity (V=100m/s) using a linear actuator 

(Burleigh Inchworm Nanopositioner). As the substrate is moved into the water bath, 

adhesion between the film and substrate combined with surface tension on the film 

deforms the surface of the substrate locally at the contact line, causing wrinkles to form 

one at a time. Adhesion forces attach the two layers permanently, leading to stable 

wrinkles that do not relax over time. This method of wrinkling leads to parallel wrinkles 

with very few defects. For more details on this wrinkling process, the reader is referred to 

Miquelard-Garnier and coworkers work on contact line wrinkle formation.
26

 

 

Figure 5.2: Primary wrinkle geometry as a function of sample geometry and processing 

conditions. (a) Normalized wavelength (utilizing characteristic wavelength equation 

(Equation 5.2) as a function of film thickness. Data represent several partially cured 

substrate moduli. Only wrinkles produced at a substrate velocity of V=10m/s are 

included. (b) Primary wrinkle calculated strain (  (  ⁄ ) ) as a function of substrate 

velocity during processing for two primary substrate moduli. 

After wrinkles are formed on the partially-cured substrate, the samples are 

returned to the oven (T=25°C or T=70°C) for an additional 24 hours. Both of these curing 

temperatures are below the glass transition temperature, Tg, of PS (Tg~105°C)
28

 so the 

film is assumed to remain rigid during the substrate curing process. The wrinkled film 
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acts as an in situ mold, holding the surface of the rubber in the strained, wrinkled shape 

until crosslinking is completed. Figure 5.3c presents the wavelengths and amplitudes of 

two wrinkled samples before and after the second curing step. 

 

Figure 5.3: Effects of secondary curing. (a-b) Optical micrographs of wrinkles after 

secondary curing demonstrating well aligned wrinkle morphology. Scale bar = 50m. (c) 

Wavelength and amplitudes of two wrinkle samples before and after the secondary 

curing. Both PS films were cast on the same PDMS substrate (t1=110nm, t2=230nm). 

5.3.2 Secondary Wrinkle Morphology 

After the primary set of aligned wrinkles are formed and the second curing step is 

completed, a uniaxial, mechanical compressive strain is applied to the wrinkled substrates 

orthogonal to the wrinkle direction, as shown in Figure 5.1c. The primary and secondary 

wavelengths (1 and 2) of the resulting wrinkles are measured from optical micrographs. 

ImageJ (NIH) is used for image analysis. In brief, a Fast Fourier Transform (FFT) is 

applied to each image and the distance between adjacent intensity peaks is used to obtain 

an average value of 1 and 2 for each sample. The primary wavelength is quantified in 
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this manner before and after the application of the secondary strain and does not vary as a 

result of this wrinkling step as shown in Figure 5.3c. 

The amplitudes of the primary and secondary wrinkles (b1 and b2) are measured 

using optical profilometry. Analysis of scans show that the wrinkles have sinusoidal 

profiles, further supporting the statement that primary and secondary wrinkles, rather 

than folds,
97,98

 are observed (Figure 5.4d). 

 

Figure 5.4: Unique biaxial wrinkle morphologies. (a-b) Optical profilometry surface 

scans illustrating topography and long range order of sequentially-strained biaxial 

wrinkles. Scale bar= 25m. (c) 3D topography map corresponding to (b) (lateral 

dimensions 118x83m). Note that the aspect ratio of the features is greatly exaggerated 

in the 3D plot. Z-axis scale (right of (b)) is -0.18 to 0.18m for (a-c). (d) Surface profiles 

of primary wrinkles ((b and d) black line) and secondary wrinkles measured along both 

the peaks ((b and d) blue line) and the troughs ((b and d) white/green dotted line) of the 

primary wrinkles.  

Utilizing this two-step sequential strain technique to develop biaxially wrinkled 

surfaces, unique arrays of elliptical lenses are formed on the surface of the PS/PDMS 
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bilayers as seen in Figure 5.4. Large (=10.0 – 21m) wrinkles are formed through 

wrinkle dipcasting on low modulus, partially-cured substrates. After formation of this 

primary set of wrinkles, the substrates are completely crosslinked, causing up to a 15 fold 

increase in the substrate modulus. Mechanical strain is then applied orthogonal to the 

substrate direction to induce the formation of a second set of smaller (=5.7 – 19.2m) 

wrinkles superimposed on top of the primary wrinkles. Optical profilometry allows the 

wavelength and amplitudes of both the primary (1, b1) and secondary (2, b2) wrinkles to 

be monitored while mechanical strain is applied to the system. Profile traces drawn 

parallel to the primary and secondary strain directions (see Figure 5.4b and 5.4d) show 

the sinusoidal profile of both the first and second sets of wrinkles on a sequentially-

strained surface. From these wrinkle profiles, it is clearly seen that 1 and 2 are 

quantitatively different. The second set of wrinkles (those resulting from the mechanical 

strain after fully crosslinking the substrate) has a smaller wavelength and amplitude 

which can be seen along the peaks and the troughs of the primary wrinkles. 

 Discussion 5.4

As seen in Figure 5.5a, the mismatch between the moduli of the partially-cured 

and fully-cured PDMS substrates can be used to control the ratio of 1 and 2. This ratio 

can be easily understood using equation 1.5 to obtain: 
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Figure 5.5a plots this relationship for data obtained at low mechanical strains for 

PS/PDMS samples representing several film thicknesses (1 and 2), oligomer : curing 

agent ratios ( ̅   ), and degree of partial crosslinking prior to primary wrinkle formation 
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( ̅    ̅   ⁄ ). The black solid line is     and describes the data well, demonstrating that 

the modulus mismatch achieved through the two step substrate crosslinking process 

allows control of the mismatch between the primary and secondary wavelengths. 

 

Figure 5.5: Wavelength as a function of modulus mismatch. (a) Relationship between 

substrate modulus and wavelength mismatch. The solid line represents y=x and the error 

bars represent 10% error. The circled data points on the plot correspond to images (b-d) 

with the pairings illustrated with line dashes and color. (b-d) Optical micrographs of 

biaxially wrinkled surfaces with primary wrinkles aligned vertically and secondary 

compressive strain applied orthogonal to initial strain (vertically). Scale bars=25m. 

When  ̅    ̅   ⁄   , a host of unique morphologies are observed upon the 

application of a secondary strain. As seen in the optical profilometry results of Figure 5.4 

as well as Figure 5.5b-c, secondary wrinkles oriented roughly perpendicular to the 

wrinkling direction of the primary wrinkles develop when strained. This secondary 

wrinkling process is fairly tolerant to off-angle strain applications; it was observed at 

angles of up to ±10° away from perpendicular. At large modulus mismatch values, the 
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secondary wrinkles appeared as small zigzags along the ridges of the large, primary 

aligned wrinkles. 

For intermediate modulus mismatches, “corn-on-the-cob” morphologies were 

observed. A secondary wrinkle formed on the peak of a primary wrinkle and another 

secondary wrinkle formed next to it on the adjacent primary peak. Thus the secondary 

wrinkle morphology appears to be strongly affected by the orientation of the primary 

wrinkles. Figure 5.5c illustrates the well-ordered array of tightly packed elliptical bumps 

or lenses formed upon secondary compression of the sample. When the secondary strain 

is applied exactly orthogonal to the primary wrinkle direction, these elliptical bumps are 

arranged or packed so that they form the “egg crate” morphology, shown in Figure 5.4. 

Qualitative observations of the optical micrographs (Figure 5.5b-d) corresponding to 

points on the graph highlight the morphological changes associated with various values 

of  ̅    ̅   ⁄ . 

For  ̅    ̅   ⁄   , the primary and secondary wrinkles are formed with strains 

applied to substrates with equal moduli. Here, the secondary strain does not lead to the 

formation of secondary wrinkles as for a modulus mismatch less than unity. Rather, the 

application of a mechanical compressive strain orthogonal to the primary wrinkles leads 

to rearrangement of the wrinkles so that they form herringbone morphologies as predicted 

by Chen et al.
18

 and observed previously by Ohzono et al.
33

 

The above wrinkling morphologies are all observed at low secondary strains 

(           ). With the application of additional strain after the onset of secondary 

buckling, strain localizations are observed (      ). Figure 5.5b is an optical 

micrograph which was captured at the onset of buckling. The secondary ridge 
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morphology forms simultaneously over the entire surface of the PS film. Then, 

localizations propagate in a hopping fashion as more strain is applied. While these 

localizations lead to large amplitude buckled features, they are nearly reversible, as 

observed in Figure 5.6f. It is interesting to note that these localizations recover the 

herringbone morphology predicted for an equibiaxially strained, wrinkled surface and 

observed in other sequential strain wrinkling studies. 

 

Figure 5.6: Optical micrographs capturing strain sequence as uniaxial compressive strain 

is applied and released orthogonal to primary wrinkle direction. Scale bar applies to all 

images. 

The wrinkling process described here is fairly robust, allowing some off-angle 

mechanical compression but still resulting in the smaller orthogonal wrinkles 

superimposed on the large primary wrinkles. Application of the mechanical strain in the 
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same direction as the primary strain initially leads to a slight increase in the amplitude of 

the wrinkles but for the majority of the samples tested here, the final substrate modulus 

( ̅   ) is too high to allow further wrinkling and delamination occurs at higher strains. 

Hierarchical wrinkles comprised of two superimposed parallel wrinkle arrays like those 

reported by Efimenko and coworkers are not observed for this technique.
99

 

 Conclusions 5.5

Wrinkles with two distinct wavelengths formed sequentially on the same surface 

are investigated here. A series of aligned wrinkles formed through local strain application 

at the three-phase contact line during wrinkle dipcasting are patterned onto a partially 

crosslinked elastomer. After the formation of these primary wrinkles, the elastomer is 

fully crosslinked and a mechanical compressive strain is applied to the sample orthogonal 

to the primary wrinkles. This mechanical strain results in smaller secondary wrinkles, 

which are superimposed on the larger primary aligned wrinkles in morphologies that 

suggest the primary pattern directs the formation of the smaller wrinkles. 

We show that the ratio between the moduli of the substrate at the times of primary 

and secondary wrinkle formation respectively dictates the ratio of the two observed 

wavelengths. This relationship is in agreement with the characteristic wavelength 

equation frequently employed in wrinkling mechanics experiments. Unique biaxial 

wrinkle morphologies are reported here. Depending on the mismatch between the 

primary and secondary substrate moduli, a library of new morphologies ranging from 

zigzag ridges to ellipsoidal bumps or corn-on-the-cob structures to the classic 

herringbone are demonstrated. The sequential strain wrinkling process introduced in this 
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work has the potential to be used on an industrial scale for the facile formation of surface 

topography with two discrete, tunable lateral dimensions over large surface areas.  
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CHAPTER 6  

CONCLUSIONS 

Wrinkled surfaces form spontaneously as a result of an imposed compressive 

stress on a bilayer system. The method in which the compressive stress is delivered and 

the materials used to comprise the bilayer composite can be varied significantly. Further, 

due to their spontaneous formation, wrinkles can cover large areas and by tuning 

materials geometry and the amount of strain applied, wrinkle wavelength and amplitude 

can be controlled easily. In the work presented here, we focus on utilizing wrinkles to 

control adhesion. By developing a more comprehensive understanding of the key 

parameters impacting wrinkled surface adhesion, the ability to engineer wrinkled surfaces 

to obtain desired adhesive properties can be achieved.  

A series of experiments has been carefully designed to allow wrinkle adhesion 

and identification of key variables and parameters to be explored. We first examine the 

contact of a single wrinkle or cylinder with a finite flat probe. An elliptical separation 

mechanism rather than a long cylinder relationship is employed to model the separation 

force of these finite contact areas on cylinders. As a result, it is discovered that the 

separation force of a short cylinder scales as   
     

 
  

 
   rather than   

   
   

 
  as 

predicted for a long cylinder. While these two relationships appear similar, the 

differences in the exponential scaling with probe radius and cylinder radius propagate 

significantly when applied to an array of wrinkles. The identification and understanding 

of the appropriate separation mechanism for a short cylinder represents a significant 

advance in experimental contact mechanics. 
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Building upon knowledge gained through these single cylinder adhesion 

experiments, the separation force of a model system of aligned wrinkles is explored and 

the significant parameters governing the adhesion are identified. Several keys strategies 

are employed in the preparation of the wrinkle surfaces to ensure the adhesion results are 

as close to theoretical values as possible. A fabrication technique that forms well aligned 

wrinkles with very few defects, carefully controlled surface chemistry, and a two-step 

substrate curing process are employed to ensure a “model” wrinkled surface is achieved. 

By systematically varying the wrinkle wavelength and amplitude, probe radius, and 

substrate modulus, a comprehensive scaling relationship is tested and verified against our 

experimental results. These experiments demonstrate and explain the decrease in 

separation force as a function of these parameters. 

After developing a relationship for the adhesion of well-controlled, “model” 

wrinkles, additional complexity in the form of viscoelasticity and geometric confinement 

was introduced to the wrinkle adhesion study. Elastomeric substrate crosslinker 

concentration and wrinkle amplitude were varied systematically here. The materials 

defined length scale     ̅ dictated the parameter space in which wrinkled surface 

features impact adhesion. Ultimately, the wrinkles used in this study were too small to 

alter the adhesion of the two most lightly crosslinked films while for the highly 

crosslinked films, significant changes in adhesive properties were observed. Large 

amplitude wrinkles dramatically reduced the adhesion energy and separation force 

relative to a smooth interface while small wrinkles increased adhesion relative to smooth 

surfaces two-fold. 
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Finally, having formed a fairly complete knowledge of the wrinkle geometry 

parameters that govern adhesion, the development of more complex wrinkle patterns 

allowing the adhesive response of a surface to be engineered seems a logical next step. 

Capitalizing on the knowledge gained by fabrication of wrinkled surfaces in a host of 

different materials and utilizing multiple processing techniques, a process was devised to 

develop wrinkled surfaces patterned with two distinct lateral dimensions. Aligned 

wrinkles were initially formed on partially cured substrates, the crosslinking reaction was 

allowed to run to completion, and then a mechanical compressive strain was applied 

orthogonal to the primary wrinkle direction. The resulting wrinkled surfaces were 

characterized by two distinct wavelengths measured orthogonal to one another. These 

novel wrinkle morphology have not been observed previously and the ratio between the 

primary and secondary wavelengths is explained as a ratio of the characteristic 

wavelength equation or more simply     ⁄  ( ̅    ̅   ⁄ )
 
 . 

Overall, this work yields a more complete understanding of many parameters that 

can impact wrinkle adhesion. A working knowledge of the influence of materials 

properties, wrinkle geometry, sample and testing geometry and experimental testing 

conditions has been obtained and presented here. Utilizing the methods and relationships 

presented in this work, wrinkled surfaces with precisely controlled adhesive properties 

can be engineered. 

As with all scientific research, open questions still remain. The impact of biaxially 

compressed wrinkles on normal adhesion still has yet to be addressed in a careful, model 

study as the aligned wrinkle surfaces were treated here. Not only should the adhesion of 

simple biaxial wrinkle morphologies such as the labyrinth or herringbone be investigated 
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but also the adhesion of the more complex, dual wavelength wrinkles developed here. In 

these biaxial wrinkle adhesion studies, the influence of the persistence length or average 

length over which a wrinkle is ordered or aligned
20

 is expected to play a significant role 

in the scaling of the separation force. Additionally, adhesion testing geometries not 

explored in this work such as shear adhesion or peel testing will yield valuable insight 

into the adhesion of wrinkled surfaces.  

The results and conclusions presented in this thesis are technologically 

significant. We can now control surface adhesion and engineer specific separation 

stresses and adhesion energies onto a surface by tuning one of the many parameters now 

at our disposal.  
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APPENDIX 

POLYDIMETHYL SILOXANE PROPERTIES AND CHEMISTRY 

Polydimethyl siloxane or PDMS is a polymer which is frequently employed in 

microfluidics device development as well as fundamental and practical contact mechanics 

experiments.
100

 The most commonly utilized PDMS is Sylgard 184, available from Dow 

Corning as a two part kit. This kit contains a base (a viscous liquid comprised of 

polydisperse, vinyl-terminated oligomers and long chain polymers of PDMS, silica filler, 

platinum based catalyst) and a curing agent (a low viscosity fluid containing PDMS 

oligomers and Si-H functionalized crosslinking molecules).
86,101

 The exact formulation of 

Sylgard is unknown since it is a commercial product. However, the most popularly 

accepted reaction mechanism is presented in Figure A.1. 

 

Figure A.1: Proposed reaction scheme for Sylgard 184.
102

 Used with permission J. Chem. 

Edu. 1999. 
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The platinum catalyst facilitates crosslinking between the vinyl groups of the 

multifunctional crosslinker or ends of the PDMS oligomers and polymers and the Si-H 

groups on the main -Si-O- chains. While the details of the PDMS crosslinking reaction 

are still debated, a likely mechanism for the formation of crosslinks is the Chalk-Harrod 

hydrosilylation mechanism presented below.
103–105

 

 

Figure A.2: Chalk-Harrod hydrosilylation mechanism.
104,105

 Used with permission: J. 

Poly. Sci. A. 2007. 

PDMS is a material commonly used in engineering and fundamental material 

science explorations due to several beneficial properties. Its transparency enables 

microscopic experiments and facilitates microfabrication techniques. As a stable 

dielectric with high reversion resistance, PDMS is an ideal choice in microelectronic and 

microfluidic devices. Additionally, the low toxicity and reparability (ability to be healed 

with the application of a small amount of uncured PDMS) add to its appeal. In the field of 

materials science, the material properties of PDMS such as high tensile elongation, nearly 
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perfect elasticity (     ), and high thermal stability (working temperature between -

55°C and 150°C) are desirable as well.
101

 

The modulus and viscoelastic properties of PDMS can be tuned by varying the 

amount of crosslinker or curing agent added to the base prior to thermal curing. 

According to the material data sheet provided by Dow Corning,
101

 the stoichiometric 

formulation that results in a fully crosslinked elastomer is 10 parts base to 1 part (10:1) 

curing agent by weight. Reducing the amount of curing agent in the mixture, as shown in 

Chapter 4 as well as by several others,
82,86,106

 results in a higher molecular weight 

between crosslinks and the presence of unreacted chains of oligomeric and polymeric 

PDMS. The more lightly crosslinked material has lower elastic and shear storage moduli 

than the 10:1 formulation and a more viscoelastic response to deformation due to the free 

chains and relatively long distance between crosslinks. 

 

Figure A.3: PDMS modulus dependence on curing agent concentration and curing 

time.
106

 (a) E of PDMS cured at 85°C for 100 minutes measured by tensile testing. X-axis 

units reflect 9:1 – 16:1 base to curing agent ratios by weight. (b) E of PDMS as a function 

of curing time for two different base to curing agent ratios. Samples were held at 100°C 

for the number of days indicated. 
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Alternatively, adding more curing agent to the base in the Sylgard kit results in a 

stiffer network, as seen in Figure A.3. The presence of more crosslinker molecules in the 

PDMS formulation during curing leads to a lower molecular weight between crosslinks 

and an overall higher Young’s modulus. Additionally, tuning the curing temperature 

impacts the final modulus (lower curing temperatures lead to lower moduli). While Dow 

Corning indicates that PDMS cures quickly (minutes to hours, depending on curing 

temperature), the crosslinking reaction is a kinetic process which slows but continues for 

a number of days (Figure A.3). The final modulus can be nearly twice that of the soft-

cured material, leading to varying performance and properties if the same material is used 

experimentally over the course of several days. 

Finally, it is important to note the limitations of the Dow Sylgard 184 system. 

While ubiquitous in materials science experiments, Sylgard is a commercial product 

produced at the industrial scale. Debris and other artifacts inherent to the production of 

the base and curing agent can always be present. Another result of being a commercial 

product is that the exact nature of the chemistry is proprietary and therefore unknown. 

Also, as with most crosslinking reactions, the mobility of chain ends decreases as 

crosslinking increases, resulting in free chains that are not chemically connected to the 

PDMS network.
107

 These unreacted free chains are mobile within the network and have 

been shown to “bloom” or migrate to the surface of the elastomer, which can 

significantly impact surface property studies of friction and adhesion.
67,108,109

 Extractions 

of the crosslinked network through swelling in a good solvent can remove much of these 

oils or free chains. Sylgard has also been reported to contain a large quantity of silica 
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particles.
42

 The size, shape, and surface properties of these particles are unknown but 

their presence should be noted.  
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