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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Project Motivation

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.
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”).! 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.? 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.
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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.® The ridges of fingerprints affect the frictional

adhesion of our grip, changing how humans grasp smooth objects.* 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.? 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.>®
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Figure 1.3: Fingerprint and wrinkle pattern simulation of wrinkling on curved surface.?
Used with permission: J. Theor. Bio. 2005.

1.2 Introduction

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.”® 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



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.

1.3  Wrinkle Formation and Morphology

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.”® 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.*! Uniaxial



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

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

Figure 1.4: Wrinkle morphologies showing hexagonally packed dimples and two long
ridge herringbone morphologies.*®

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.**
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, A of the wrinkles can be calculated by minimizing
the total energy per unit area, U;. 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
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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).
(ait) 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:®

U,  m*t3Esb?
7 == —3/14 ( 1.1 )

where A is the area of the film, t is the film thickness, E; is the plane strain modulus of
the film (Ef = Ef/(l —vf) with v, being the Poisson’s ratio and Ef the Young’s
modulus of the film), b is the wrinkle amplitude, and A is the wrinkle wavelength. The
stretching or deformation energy per unit area is:*

U TEb?
75 = —4; (1.2)

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

deform or displace the substrate surface to conform to the bent or buckled profile of the



film. In the limit of small strains (b <« A1), the compressive strain (¢) can be expressed as
a ratio of the wrinkle amplitude and wavelength where:
b\ 2
e~ (7) (1.3)
Utilizing this substitution, an expression for the total energy per unit area can then be

written as:

(1.4)

Ut_ﬁ_l_ﬁzf(mfs_l_nztﬁf)
A A A 3

A 4T A?
By minimizing this total energy term with respect to the wavenumber (~1/1), a
characteristic or preferred wrinkle wavelength can be calculated that is independent of e.
This characteristic wavelength is proportional to the film thickness and is represented by

the expression now ubiquitous in wrinkling literature:***®*/

_ 1

A =2mt (f—é‘s)B (15)

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

both the system geometry (t) as well as materials properties (Ef, E;). 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
3

U E.(E
Uea _ 3tEs (—I) € (16)
A 4 \3E,

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



== €2 (1.7)

Ute _ tEr
A
By setting U,, = U, and solving for strain, the critical buckling strain (e.) for a

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

2
1 (3Es\3
EC—E(E—f) (1.8)

The prefactors may vary slightly depending on the strain conditions and the analysis
techniques used to develop this calculation.”*®

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
b=t(€ic—1)5 (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.”™ 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.'® 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® and crazes often form as a result
of this orthogonal strain.

An additional technique made popular by the work of Harrison and coworkers,?
takes advantage of Poisson effects to form aligned wrinkles. The SIEBIMM (strain
induced elastic buckling instability modulus measurement)*’ 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



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.’® 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.?*** This method has been utilized to create
wrinkled surfaces for previous wrinkle adhesion studies, which are reviewed in the

following section.?®

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.?® 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.®*? 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.”” Biaxial compressive strains have been applied in a number of

28,29 17,30
l, l,

ways to form wrinkles, the three most common being therma mechanica or

13,23

osmotic (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.?” 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.?’

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.***** Ohzono and coworkers have conducted experiments on thin metal
layers deposited on siloxane substrates.** 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.** 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.*

Two other notable studies on the impact of biaxial compression on wrinkle
patterning were accomplished by the groups of Yang™ and Stafford.* 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.'® 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.*

1.4 Wrinkled Surface Adhesion

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.'” Second, since wrinkles form spontaneously as a result of a
compressive strain, these surface patterns can be considered self-assembling. 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.®* 3 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.*

Johnson has considered low aspect ratio undulations on a surface that change the
adherence force over that of a perfectly flat interface.***” 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?**°

and by
Yang and Jagota.®**! 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 (G¢).”® 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.® 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 . . Oxidized, elastic Oxidized, elastic
Viscoelastic acrylate . .
system siloxane siloxane
Wavelength 300-500 0.8-3.0 30-70
(um)
Amplitude 60-1005 0.05-0.15 0.3-5.0
(Hm) - - - -
Wrinkle Swe_llmg-lnduced UV oxidation, UV_oxm_Iatlon,
Formation wrinkling, UV mechanical strain swelling-induced
crosslinking, molding wrinkling, molding
2 “fﬂ/ 1/} 25 .
15 \‘_&: 20 .
< +++ & 3
Data = ol T .
200 300 }V‘:polom) 500 600 D%O 05 1.0 1-5 ZA()(N:-‘;‘) 30 35 40 45
Adhesion strength vs. | Separation force vs. | Separation force vs.
wavelength strain (amplitude) amplitude
1
Reported 1 1 °~ wavelength
. : P —— P~————
Relationship wavelength amplitude N 1
¢ amplitude

Table 1.1: Summary of results and analysis from previous wrinkle adhesion studies.

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

1.5 Project Aims and Goals

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).** 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.

1.6 Governing Questions and Overarching Approach

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: P.~f(R,c)
2. How do wrinkles impact adhesion?
a. Fabricate wrinkled surfaces

b. Prepare symmetric interface

18



3.

a.

b.

4.

a.

Reduce residual stress in wrinkles

Characterize sample geometry and materials properties

Measure adhesion of wrinkled surfaces

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

geometry: P.~f(A,b,E,G,,c)

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

Fabricate rigid wrinkled surfaces

Characterize sample geometry and materials properties

Measure adhesion of wrinkled surfaces

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

geometry: P.~f(A,b,E")

How can biaxial wrinkles with two discrete wavelengths be formed?

Fabricate uniaxial aligned wrinkles, alter modulus of substrate, apply secondary
strain

Characterize primary and secondary substrate modulus

Observe and quantify resulting structures

Verify surface buckling mechanics relationships
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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
(E ) 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.”

5.5 Conclusions

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 P;"”~c%R% rather than Pccyl~cR% 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 G./E 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 A,/4, = (Es_l/ES_Z)%.

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® 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.’® 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).®** 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.

1 2
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Figure A.1: Proposed reaction scheme for Sylgard 184.2%2 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. ' 1%

1
Yot "

Rl / R3Si-H
/ AC \RLT

—Pt—H

;\ /éu

R3SiCH,CH,R! /
—Pt— CH,CH,R!

R

SR S

Figure A.2: Chalk-Harrod hydrosilylation mechanism.***%® 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 (v = 0.5), and high thermal stability (working temperature between -
55°C and 150°C) are desirable as well %!

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.

101 the stoichiometric

According to the material data sheet provided by Dow Corning,
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,®%°1%

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.
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Figure A.3: PDMS modulus dependence on curing agent concentration and curing
time.'% (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.

109



BIBLIOGRAPHY

[

. Al Bitar L, Voigt D, Zebitz CPW, Gorb SN. Tarsal morphology and attachment ability
of the codling moth Cydia pomonella L. (Lepidoptera, Tortricidae) to smooth
surfaces. Journal of insect physiology. 2009;55(11):1029-38.

2. Haas F, Gorb SN. Evolution of locomotory attachment pads in the Dermaptera
(Insecta). Arthropod structure & development. 2004;33(1):45-66.

w

Kicken M, Newell A. Fingerprint formation. Journal of Theoretical Biology.
2005;235:71-83.

o~

. Warman PH, Ennos a R. Fingerprints are unlikely to increase the friction of primate
fingerpads. The Journal of experimental biology. 2009;212(Pt 13):2016-22.

5. André T, Lefevre P, Thonnard J-L. Fingertip moisture is optimally modulated during
object manipulation. Journal of neurophysiology. 2010;103(1):402-8.

(o2}

. André T, Lévesque V, Hayward V, Lefévre P, Thonnard J-L. Effect of skin hydration
on the dynamics of fingertip gripping contact. Journal of the Royal Society,
Interface. 2011.

\‘

. Genzer J, Groenewold J. Soft matter with hard skin: From skin wrinkles to templating
and material characterization. Soft Matter. 2006;2(4):310-323.

oo

. Huck WTS, Bowden N, Onck P, et al. Ordering of spontaneously formed buckles on
planar surfaces. Langmuir. 2000;16(7):3497-3501.

9. Vandeparre H, Damman P. Wrinkling of stimuloresponsive surfaces: mechanical
instability coupled to diffusion. Physical Review Letters. 2008;101(12):1-4.

10. Timoshenko S. Theory of Plates and Shells. McGraw-Hill; 1964.

11. Bowden N, Huck WTS, Whitesides GM, Paul KE. The controlled formation of
ordered, sinusoidal structures by plasma oxidation of an elastomeric polymer.
Applied Physics Letters. 2001;75(17):2557-2559.

12. Breid D, Crosby AJ. Effect of stress state on wrinkle morphology. Soft Matter.
2011;7(9):4490.

13. Breid D, Crosby AJ. Surface wrinkling behavior of finite circular plates. Soft Matter.
2009;5(2):425.

14. Allen HG. Analysis and design of structural sandwich panels. Pergamon press
Oxford; 1969.

15. Groenewold J. Wrinkling of plates coupled with soft elastic media. Physica A:
Statistical Mechanics and its Applications. 2001;298(1-2):32-45.

112



45.

46.

47.

48.

49,

50.

o1,

52.

53.

54,

55.

56.

57.

58.

59.

Barquins M. Adherence and rolling kinetics of a rigid cylinder in contact with a
natural-rubber surface. Journal of Adhesion. 1988;26(1):1-12.

Barquins M, Charmet J-C, Robbe-Valloire F. Adhesive contact and kinetics of
adherence between a rigid cylinder and a soft elastomeric solid. Comptes Rendus de
I’Académie des Sciences - Series IV - Physics. 1998;326(2):575-585.

Chaudhury MK, Weaver T, Ito S, Kramer EJ. Adhesive contact of cylindrical lens
and a flat sheet. Journal of Applied Physics. 1996;80(1):30.

She H, Malotky D, Chaudhury MK. Estimation of adhesion hysteresis at
polymer/oxide interfaces wusing rolling contact mechanics. Langmuir.
1998;14(11):3090-3100.

Takahashi Y. Adhesional bonding of fine gold wires to metal substrates. Journal of
Adhesion Science and Technology. 2003;17(3):435-451.

Xie H, Lambert P, Régnier S. Analysis of nanoscale mechanical grasping under
ambient conditions. Journal of Micromechanics and Microengineering.
2011;21(4):045000.

Ong Y-L, Razatos A, Georgiou G, Sharma MM. Adhesion forces between E. coli
bacteria and biomaterial surfaces. Langmuir. 1999;(15):2719-2725.

Shull KR. Contact mechanics and the adhesion of soft solids. Materials Science and
Engineering: R: Reports. 2002;36(1):1-45.

Maugis D, Barquins M. Fracture mechanics and the adherence of viscoelastic bodies.
Journal of Physics D: Applied Physics. 1978;11:1989-2023.

Deruelle M, Léger L, Tirrell M. Adhesion at the solid-elastomer interface: influence
of the interfacial chains. Macromolecules. 1995;28(22):7419-7428.

Davis CS, Crosby AJ. Mechanics of wrinkled surface adhesion. Soft Matter.
2011,7:5373-5381.

Johnson K, Kendall K, Roberts A. Surface energy and the contact of elastic solids.
Proceedings of the Royal Society of London. Series A, Mathematical and Physical
Sciences. 1971;324(1558):301-313.

Stimer B, Onal CD, Aksak B, Sitti M. An experimental analysis of elliptical adhesive
contact. Journal of Applied Physics. 2010;107(11):113512.

Sundaram N, Chandrasekar S. Shape and eccentricity effects in adhesive contacts of
rodlike particles. Langmuir. 2011;27(20):12405-10.

Autumn K, Liang Y a, Hsieh ST, et al. Adhesive force of a single gecko foot-hair.
Nature. 2000;405(6787):681-5.

115



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Arzt E, Gorb SN, Spolenak R. From micro to nano contacts in biological attachment
devices. Proceedings of the National Academy of Sciences. 2003;100(19):10603-
10606.

Barthlott W, Neinhuis C. Purity of the sacred lotus, or escape from contamination in
biological surfaces. Planta. 1997;202(1):1-8.

Reddy S, Arzt E, Campo A del. Bioinspired Surfaces with Switchable Adhesion.
Advanced Materials. 2007;19(22):3833-3837.

Aksak B, Murphy MP, Sitti M. Adhesion of biologically inspired vertical and angled
polymer microfiber arrays. Langmuir. 2007;23(6):3322-32.

Aksak B, Sitti M, Cassell A, et al. Friction of partially embedded vertically aligned
carbon nanofibers inside elastomers. Applied Physics Letters. 2007;91(6):061906.

Qu L, Dai L. Gecko-foot-mimetic aligned single-walled carbon nanotube dry
adhesives with unique electrical and thermal properties. Advanced Materials.
2007;19(22):3844-3849.

Jeong HE, Kwak MK, Suh K-Y. Stretchable, adhesion-tunable dry adhesive by
surface wrinkling. Langmuir. 2010;26(4):2223-6.

Rand CJ, Crosby AJ. Friction of soft elastomeric wrinkled surfaces. Journal of
Applied Physics. 2009;106(6):064913.

Tirrell M. Measurement of interfacial energy at solid polymer surfaces. Langmuir.
1996;12(19):4548-4551.

Maugis D. Contact, Adhesion and Rupture of Elastic Solids. Berlin: Springer-Verlag;
2000.

Mangipudi VS, Huang E, Tirrell M. Measurement of interfacial adhesion between
glassy polymers using the JKR method. Macromolecular Symposia. 1996;102:131-
143.

McGuiggan PM, Wallace JS, Smith DT, et al. Contact mechanics of layered elastic
materials: experiment and theory. Journal of Physics D: Applied Physics.
2007;40(19):5984-5994.

Perriot A, Barthel E. Elastic contact to a coated half-space-Effective elastic modulus
and real penetration. Journal of Materials Research. 2004;19:600-608.

Johnson K, Sridhar I. Adhesion between a spherical indenter and an elastic solid with
a compliant elastic coating. Journal of Physics D: Applied Physics. 2001;34:683-
689.

116



74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

87.

Crosby AJ, Shull KR, Lakrout H, Creton C. Deformation and failure modes of
adhesively bonded elastic layers. Journal of Applied Physics. 2000;88(5):2956.

Briggs G, Briscoe B. Effect of surface roughness on rolling friction and adhesion
between elastic solids. Nature. 1976;260:313-315.

Fuller KNG, Tabor D. The effect of surface roughness on the adhesion of elastic
solids. Proceedings of the Royal Society of London. Series A, Mathematical and
Physical Sciences. 1975;345(1642):327-342.

Persson BNJ, Tosatti E. The effect of surface roughness on the adhesion of elastic
solids. The Journal of Chemical Physics. 2001;115(12):5597.

Hui C-Y, Lin YY, Baney J. The mechanics of tack: Viscoelastic contact on a rough
surface. Journal of Polymer Science Part B: Polymer Physics. 2000;38(11):1485-
1495,

Lakrout H, Sergot P, Creton C. Direct observation of cavitation and fibrillation in a
probe tack experiment on model acrylic pressure-sensitive-adhesives. Journal of
Adhesion. 1999;69:307-359.

Bartlett MD, Croll AB, King DR, et al. Looking beyond fibrillar features to scale
Gecko-like adhesion. Advanced Materials. 2012.

Hui C-Y, Baney J, Kramer EJ. Contact mechanics and adhesion of viscoelastic
spheres. Langmuir. 1998;14(22):6570-6578.

Nase J, Creton C, Ramos O, et al. Measurement of the receding contact angle at the
interface between a viscoelastic material and a rigid surface. Soft Matter.
2010;6(12):2685.

Crosby AJ, Hageman M, Duncan AJ. Controlling polymer adhesion with “Pancakes.”
Langmuir. 2005;21(25):11738-11743.

Chan EP, Arzt E, Greiner C, Crosby AJ. Designing model systems for enhanced
adhesion. MRS Bulletin. 2007;32:496-503.

Souza EJ De, Gao L, McCarthy TJ, Arzt E, Crosby AJ. Effect of contact angle
hysteresis on the measurement of capillary forces. Langmuir. 2008;24(4):1391-6.

Nase J. Debonding of viscoelastic materials : from a viscous liquid to a soft elastic
solid. Dissertation. 20009.

Chiche A, Pareige P, Creton C. Role of surface roughness in controlling the adhesion

of a soft adhesive on a hard surface. Comptes Rendus de I’Académie des Sciences -
Series IV - Physics. 2000;1(9):1197-1204.

117



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Shull KR, Creton C. Deformation behavior of thin, compliant layers under tensile
loading conditions. Journal of Polymer Science Part B: Polymer Physics.
2004;42:4023- 4043.

Crosby AJ, Shull KR, Lin YY. Rheological properties and adhesive failure of thin
viscoelastic layers. Journal of Rheology. 2002:273-294.

Fabbroni EF, Shull KR, Hersam MC. Adhesive and mechanical properties of soft
nanocomposites: Model studies with blended latex films. Journal of Polymer
Science Part B: Polymer Physics. 2001;39(24):3090-3102.

YinJ, Cao Z, Li C, Sheinman I, Chen X. Stress-driven buckling patterns in spheroidal
core/shell structures. Proceedings of the National Academy of Sciences.
2008;105(49):19132-5.

Kim HS, Crosby AJ. Solvent-responsive surface via wrinkling instability. Advanced
Materials. 2011;23:4188-4192.

Uchida N, Ohzono T. Orientational ordering of buckling-induced microwrinkles on
soft substrates. Soft Matter. 2010;6(22):5729.

Bechert DW, Bruse M, Hage W. Experiments with three-dimensional riblets as an
idealized model of shark skin. Experiments in Fluids. 2000;28(5):403-412.

Cheng Y, Rodak D, Wong C, Hayden C. Effects of micro-and nano-structures on the
self-cleaning behaviour of lotus leaves. Nanotechnology. 2006;17:1359-1362.

Ko D-H, Tumbleston JR, Henderson KJ, et al. Biomimetic microlens array with
antireflective “moth-eye” surface. Soft Matter. 2011:10-13.

Pocivavsek L, Dellsy R, Kern A, et al. Stress and fold localization in thin elastic
membranes. Science. 2008;320(5878):912-916.

Singamaneni S, Mcconney ME, Tsukruk VV. Spontaneous self-folding in confined
ultrathin polymer gels. Advanced Materials. 2010;22:1263-1268.

Efimenko K, Finlay J, Callow ME, Callow JA, Genzer J. Development and testing of
hierarchically wrinkled coatings for marine antifouling. Applied Materials &
Interfaces. 2009;1(5):1031-1040.

100. Whitesides GM. The origins and the future of microfluidics. Nature.

2006;442(7101):368-73.

101. Corning D. Information about high technology silicone materials. Dow Corning

Corporation. 1991.

118



102

103.

104

105.

106

107.

108

109

. Campbell DJ, Beckman KJ, Calderon CE, et al. Replication and compression of bulk

and surface structures with polydimethylsiloxane elastomer. Journal of Chemical
Education. 1999;75(4):537-541.

Sakaki S, Mizoe N, Sugimoto M. Theoretical study of Platinum(0)-catalyzed
hydrosilylation of ethylene: Chalk-Harrod mechanism or modified Chalk-Harrod
mechanism. Organometallics. 1998;17:2510-2523.

. Antic VV, Antic MP, Govedarica MN, Dvornic PR. Kinetics and mechanism of the

formation of poly [(1,1,3,3-tetramethyldisiloxanyl)ethylene] and
poly(methyldecylsiloxane ) by hydrosilylation. Journal of Polymer Science Part A:
Polymer Chemistry. 2007;45:2246-2258.

Chalk AJ, Harrod JF. Homogeneous catalysis. Il. The mechanism of the
hydrosilation of olefins catalyzed by group V111 metal complexes. Journal of the
American Chemical Society. 1965;87(1):16-21.

. Eddington DT, Crone WC, Beebe DJ. Development of process protocols to fine tune

polydimethylsiloxane material properties. In: 7th International Conference on
Miniaturized Chemical and Biochemical Analysis Systems, Squaw Valley,
California, USA.; 2003:1089-1092.

Kroner E, Maboudian R, Arzt E. Effect of repeated contact on adhesion
measurements involving polydimethylsiloxane structural material. IOP Conference
Series: Materials Science and Engineering. 2009;5:012004.

. Rand CJ, Crosby AJ. Friction of soft elastomeric surfaces with a defect. Applied

Physics Letters. 2007;91(26):261909.

. Rand CJ, Crosby AJ. Insight into the periodicity of Schallamach waves in soft

material friction. Applied Physics Letters. 2006;89(26):261907.

119



