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ABSTRACT 

There is a plethora of interesting science and many applications that rely on wrinkling in thin 

sheets. Though wrinkling may not be appreciated in some instances, in many other situations 

wrinkles can help to comprehend various physical phenomena. This work reports on the 

development of materials that can induce surface roughness through the creation of wrinkled 

surfaces. The textured surfaces are engineered through a bilayer system consisting of 

poly(dimethylsiloxane) and a modified surface layer. This research sought to study and understand 

methodologies for the controlled formation of wrinkles on surfaces of structures.  The creation of 

wrinkled surfaces was explored in metal deposited thin films atop PDMS. A series of experiments 

were designed to investigate the significant material parameters that effect low deformation 

wrinkling mechanics. In doing so, the experimental bilayer system successfully validated an 

empirical model. Building upon the understanding of key material parameters that affect low 

deformation wrinkling, oxidized PDMS was used to extend this knowledge in mechanically 

perturbed-induced wrinkling. A model was constructed that describes the wrinkle profile in terms 

of the paramount process parameters of plasma treatment. This feature enables integration of 

micro/nano-wrinkle manufacturing on large-scales. Finally, wrinkle morphology was controlled 

in a series of wrinkle patterning experiments. Transformations of various wrinkle patterns was 

achieved by coordinating the amount/direction of strain exerted on the system and exploiting the 

strain release process, and also by manipulating the geometric properties. The versatility of wrinkle 

patterning techniques demonstrates further advances in surface roughness engineering. The impact 

of this work is aimed at enhancing aerodynamic technologies and capabilities. This study 

demonstrated that by modifying the PDMS surface to create bilayer systems, the wavelength, 

amplitude, and surface roughness of the wrinkled films can be effectively controlled.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Background 

Wrinkling in thin sheets are ubiquitous in form, being observed anywhere from along the 

edge of torn plastic sheets, in clothes and free hanging curtains, in a piece of crumpled paper, and 

cream films floating on warm milk [1]. The surface of paint coatings that looks shriveled or 

wrinkled into many small crests and valleys experiences wrinkling. Although in many cases, 

wrinkling is undesirable, ingenious coating formulators turned the disadvantage into an advantage. 

Wrinkle finishes have been commonly used to enhance both the appearance and performance of 

structures. In some cases, a wrinkle pattern is so fine that to the unaided eye, the film appears to 

have low gloss rather than to look wrinkled. Indeed, under the appropriate magnification, the 

surface can be seen to be glossy but wrinkled. In other instances, wrinkled coatings provide tough 

durable finish that resist rust, corrosion, chipping, and cracking. Common applications here are on 

the surfaces of metal dashboards, valve covers, and shifters [2].  

Beyond commercial surface finishes, the study of wrinkling has been historically 

associated with the use of soft-core sandwich panels in aerospace engineering [3]. The multi-role 

combat aircraft de Havilland, affectionately known as the ‘Mosquito,’ was used throughout the 

Second World War [4]. The bomber aircraft design was nearly too radical for its time. The 

Mosquito featured wings constructed out of sandwich panels; soft balsa wood comprised the core 

and a relatively stiffer plywood was used for the exterior. This provided a high flexural stiffness 

when compared to its mass [5]. However, the sandwich faced an important failure mode by 

succumbing to buckling. Any compressive force exerted on the stiff exterior of the panel, such as 

bending, that exceeds a critical value can potentially cause permanent damage.  

The buckling of sandwich panels in aircraft structures prompted the first studies into 

wrinkle analysis of soft-core panels during the 1930s. In one investigation, Gough and associates 

implored a Winkler-type elastic foundation to study the compliant core material of the sandwich 

panel. The buckling was later treated in the context of elastic stability and incremental elasticity 

[6] [7]. From even then until now, the exploration of the underlying mechanics of wrinkling 

continues to attract rapid interest. 
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1.2 Motivation 

Wrinkling in human skin, which may appear when skin is deformed due to muscle 

contraction or some outside mechanical deformation, is one the many examples of the deformation 

phenomena found in nature [5].  Nonetheless, introducing features, wrinkles, or roughness on 

engineered structural surfaces can be beneficial by forming pathways or increasing surface areas 

over surfaces of structures that may otherwise be difficult to create. This has been used in many 

applications including microfluidic devices and nanoparticle assembly [8], as well as in optical 

applications including polymer photovoltaic devices [9].  

Previously, wrinkling was commonly treated as an undesirable failure on surfaces because 

of its irregularity and uncontrollability. Recently, various methods have been developed to control 

the formation of wrinkles by thermally or mechanically employing a two-layer system – an elastic 

sheet capped with a hard coating [10]. A significant number of published work used 

polydimethylsiloxane (PDMS) as an elastomeric substrate, while a metal film, polymer film, or 

inorganic/organic film used as an upper hard coating. Synthesizing to produce highly ordered 

micro- and nanostructures in designed patterns of micrometer sizes, shapes and uniformity presents 

enormous challenges for application engineers. Self-assembly of highly ordered patterns offers a 

promising engineering application that allows the syntheses of ordered structures without the need 

for high-precision patterning equipment [11]. Various types of self-assembling methods have been 

used, and synthetic chemistry potentially has produced some innovative results [12]. Recently, 

stress engineering has been used to make ordered structures on large scales manufacturing of the 

substrates for potential structural applications [13].  

Certainly, wrinkles present limitless ways to engineer surface roughness for various 

applications. Of particular interest, surface roughness has been reported to have significant impacts 

on aero-optics and aerodynamic predictions. Namely, this effect is on the boundary layer through 

induced transitions and can also scatter any incoming instability waves [14] [15] [16] [17]. Several 

factors, including morphological properties, location, and configuration of roughness dominate the 

tailorable effects. Transition mechanisms due to roughness of “effective” heights occur through 

generated wakes within the boundary layer. Developing modifiable synthesis techniques to create 

textured surfaces capable of producing delayed and/or induced boundary layer transition effects is 

the prime concern.  
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1.3 Objectives 

This proposed activity seeks to study and understand methodologies for the controlled 

formation of wrinkles on surfaces of structures.  This work will focus on understanding 

mechanisms that are sufficient to produce distributed and controllable roughness in-situ.  

Specifically, this research effort will help to (1) understand the fundamental knowledge of 

wrinkling phenomena in hard skin-elastic foundation systems by (2) inducing wrinkle patterns on 

the surface of (i) metal-capped and (ii) plasma oxidized poly(dimethylsiloxane) bilayers. 

Parametric studies were carried out to correlate processing parameters with surface roughness 

through (3) characterization and interpretation of surface morphology.  
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 Introduction 

Wrinkles form when a compressive force acts on a rigid skin that rests on a softer 

foundation. Though in some instances wrinkling may not be desirable, such as that in human skin, 

in other cases wrinkles are beneficial to the comprehension of several complex physical 

phenomena and present a range of possibilities for functionally controlled surface roughness. 

Wrinkling and buckling can reveal an immense deal of interesting and important information about 

the system behavior. Thusly, many researchers have expended great energy studying and 

fabricating micro-wrinkle patterns in accordance with nature or contrived for other useful 

purposes. 

 

2.2 Surface Roughness 

2.2.1 Surface characterization 

 Macro-scale surface roughness is generated by the surface texture. This texture is 

the combination of relatively short wavelength deviations of a surface from the nominal surface. 

Surface texture includes roughness (micro and nano scale), waviness (macroscale), lay, that is, 

pattern direction, and any surface flaws [18].  

The schematic in Figure 2.1 illustrates these concepts. Flaws can be observed on the surface 

of a typical measuring area. The surface also exhibits waviness throughout the profile, which 

encompasses micro- and nanoscale roughness. As the roughness sampling length falls below the 

cut-off wavelength value, peaks and valleys can be observed as inherent surface characteristics. 

Micro- and nanoscale surface roughness are mainly formed by surface fluctuations within short 

wavelengths, which differ from macroscale roughness. Roughness is formed by finer irregularities 

of the surface texture. 
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Figure 2.1 The schematic of surface roughness, waviness, and lay [18] 

Roughness is generally characterized by parameters in two directions: amplitude 

parameters and spatial parameters. Amplitude parameters measure the surface profile variation in 

surface height direction. Common parameters used include Ra, CLA, variance, and root mean 

square (RMS) Rq. In this study, RMS roughness was widely used. The mathematical definition of 

Rq  can be written as: 

 �� = √� ∑ ����=                                                  (2.1) 

 

Where n is the number of total sampling points and z is the surface height. Spatial parameters of 

the surface roughness provide information of the wavelength of the surface such as peak density. 

2.2.2 Roughness via wrinkles 

Surface roughness can be represented as an array of wrinkles, randomly oriented or 

patterned waves on the order of microns or nanometers. There has been growing interest in creating 

surface roughness by way of wrinkling. Takei et al created a tunable grating and hydrophobic 

surface by controlling the surface roughness through wrinkle patterning [19]. In an attempt to alter 

surface properties, other researchers investigated the wrinkling of elastomeric coatings by an 

electric field [20]. The influence of surface roughness on the attachment ability of adult beetles 



6 
 

were studied by Voigt and co-workers through a series of traction experiments. The insects 

performed tethered walks on wrinkled polymer substrates with varying wavelengths [21].  

 

2.3 The Nature of Wrinkling 

Nature lends an abundant source of insightful information into the wrinkling and buckling 

behavior of diverse systems. A few examples are outlined here.   

2.3.1 Human skin 

The wrinkling of human skin is a phenomenon that is familiar to all of us—or will be one 

day. Three distinct layers comprise the body’s largest organμ a thin epidermis that rests on top of 

a thick dermis, which, in turn resides above the hypodermis layer [22]. The third layer is the deeper 

subcutaneous tissue made up of fat and connective tissue. For simplicity, this layer is often ignored 

and will be disregarded in this discussion, as well. The epidermis ranges from 50-100 µm in 

thickness with two main constituents: a dead cell layer termed the stratum corneum, and a living 

layer of keratinizing epithelial cells. The dermis has a thickness of approximately 1-3 mm and is 

composed of collagen and elastin fibers that are surrounded by a viscous environment of 

glycoproteins and water.  

In response to strain, due to muscle contraction or an outside mechanical deformation, the 

skin will wrinkle. Extensive research in past years has established that the ageing process modifies 

both the structural and mechanical properties of skin [23] [24] [25]. The elasticity of skin is 

reduced with ageing meaning that the elastic modulus is increased. The elastic modulus is within 

0.2 – 3 MPa and during ageing, increases by 30% [26]. The soft dermis contracts and places the 

system under a compressive stress. What results is the appearance of folds or wrinkles that are thin 

and numerous in young skin and relatively wider and few in aged skin.  

So the now rather general description of the human skin as a two-layer composite [27] tell 

that it is the mismatch between the elastic properties of epidermis and dermis and their relative 

thicknesses that give us a hint about what parameters may control the formation and physical 

appearance of wrinkles [5]. Wrinkles or folds appear when skin is deformed due to muscle 

contraction or some outside mechanical deformation.  The most widely used material for skin 

replica are silicone polymers [28]. 



7 
 

Genzer and Groenewold [5] demonstrated that wrinkles seen commonly in the human skin 

represent only a minor subset of an intriguing material phenomenon with a rather broad scope. In 

a detailed review, the two scientists provided a substantial summary of the mechanical behavior 

of a thin film resting on top of a soft elastic foundation. Virtually, all studies they outlined utilized 

a two layer system comprising of a thick foundation made of poly(dimethylsiloxane), PDMS, a 

highly elastic material with Young modulus 1 MPa, decorated with a thin rigid layer made of either 

metal or silicon oxide. Genzer et al went on to demonstrate a plethora of interesting science and 

several applications that rely on the sensation of wrinkling. This included optical gratings, marine 

coatings, pressure sensors, and substrates to control the direction of cell growth. 

 

2.3.2 Vegetation 

Given that certain fruits and vegetables exhibit a distinct topology, Yin et al [29] 

demonstrated that various global pattern features can be reproduced by anisotropic stress-driven 

buckles on spheroidal core/shell systems through plants. In this study, the growth in various fruits 

and vegetables were simulated as spheroidal stiff exocarp (shell)/compliant sarcocarp (core) 

systems. Since the growth expansion rate is larger in the shell than that of the core, we see again 

here, this mismatch between the expansion of the stiff thin film and soft thick substrate causing a 

benign growth of compressive stress in the thin surface. The spontaneous growth of buckles was 

mathematically modeled by a ratio between prebuckling and simulated using the finite element 

method. They concluded that relevant mechanical forces provide a template supporting the 

topological conformation in selected fruits and plants. The normalized size, shape factor, modulus 

ratio, and normalized growth stress are the four effective dimensionless parameters that have a 

weighted effect on stress-driven buckling patterns (as well as biochemical processes). Their results 

demonstrated that a distinct topological profile is possible only when the 3 geometrical and 

material parameters fall within a certain range. This study implies that the morphology of 

plants/fruits (and maybe other systems) can be manipulated by the interaction between mechanical 

forces and biological processes.  

Li et al [11] demonstrated highly ordered microstructures could be prepared simultaneously 

across large areas by stress engineering. Inspired by the arrangement of repeated botanical 

elements (florets, petals, seeds), which are positioned in fascinating, highly ordered patterns on 

flower receptacles, both triangular and Fibonacci number patterns were produced by stress-driven 
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assembly on the surface of Ag core/SiO shell microstructures. By inducing cooling, large 

compresses develop in the shell layer due to the sizable mismatch of expansion coefficients 

between the core and shell materials. This results in a distribution of 3D condensates, which are 

spherules that also possess the Ag core/SiO shell structure. These images were captured by SEM. 

Their results indicated a way to control the pattern assembly process and possibility of designing 

an entire family of patterns by stress engineering. 

 

2.4 Wrinkle Formation 

2.4.1 General examples 

The earliest examples of wrinkle textures were with drying oil films, particularly the 

combination of tung oil with cobalt salts.  During the Song Dynasty (960 – 1368 CE), tung oil was 

used for waterproofing on ships [30]. The oil cross-links relatively rapidly when exposed to oxygen 

from air, and cobalt salts are active catalysts for the autoxidation reaction, but are poor through 

driers. These factors favor differential surface cure, which results in wrinkling of the surface layer 

[30].  

To date, wrinkle finishes are sold on a large scale for various applications [31]. Wrinkling 

in this case results when the surface of a film becomes high in viscosity while the bottom of the 

film is still relatively fluid [31]. It can result from rapid solvent loss from the surface, followed by 

later solvent loss from the lower layers. It can also results from more rapid cross-linking at the 

surface of the film than in the lower layers of the film, such as in UV curing of pigmented acrylic 

coatings with free radical photoinitiators. Subsequent solvent loss or cure in the lower layers results 

in shrinkage, which pulls the surface layer into a wrinkled pattern [32]. Wrinkling is more apt to 

occur with thick films than with thin films because the possibility of different reaction rates and 

differential solvent loss within the film increases with thickness. 

2.4.2 Elastic wrinkling 

Wrinkles that have been termed ‘elastic’ are associated with surface wrinkles whose 

morphology remains constant with time at a given temperature [33]. Elastic wrinkling has been 

observed in many polymer composite systems. Both the wavelength and the amplitude remain 
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constant because the modulus and the Poisson’s ratio of both the thin hard film, usually a type of 

metal, and polymer substrate are independent of annealing time and temperature.  

A simple model is invoked to understand the underlying principles leading to the formation 

of elastic wrinkles. This model has been used in the past decade to describe the mechanical 

behavior of a thin film resting on a soft elastic foundation [7] [34] [35]. 

 

 

Figure 2.2 Geometry of wrinkles in a thin skin (thickness h) residing on top of a thick elastic 
foundation, with wrinkle wavelength  and amplitude A. 

In Figure 2.2, a skin having thickness h and width w is adhered securely to an infinitely 

thick elastic foundation. The energy required to form wrinkles with wavelength  and amplitude 

A is the sum of the contribution of the bending energy of the skin and the out-of-plane deformation 

of the foundation. Equation 4 describes the compressive force F acting in the skin if the strain is 

very small (less than ~5%): =  � =  � , +  � ,  

        =  [ �λ ℎ( − � ) + �� �− � �]                                               (2.2) 

where Es, vs, and Ef, vf correspond to the elastic modulus and Poison ratio of the skin and 

foundation, respectively. Wrinkling in the skin occurs only for stresses that exceed a certain critical 

value . By integrating Equation 2.2, the corresponding critical wavelength λ can be determined 

from the following low deformation equation:  

� = �ℎ [ −��( −� ) �] ⁄
                                                          (2.3) 

h skin

foundation

λ A
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Equation 2.3 reveals that the wavelength of the wrinkles is dependent upon the material 

properties of the substrate of interest. Primarily, this is the Poisson ratio and elastic modulus of 

both the skin and foundation. The thickness of the skin is another factor that effects the wavelength. 

These properties are all independent of the applied stress and strain. The lengths of wrinkles are 

minute for small h and / . The lengths increase rapidly with growing h and / �. 

The effect of strain is not represented in the wavelength given by Equation 2.3. For low 

deformations, the amplitude of wrinkling is given by, � = ℎ ��� − /
                                                     (2.4) 

The critical strain εc is the minimum strain needed to induce wrinkling. The amplitude 

increases with strain quadratically. In other words, the prestrain is absorbed by the increase of the 

wrinkling amplitude, while the wavelength remains constant, which is due to the ignorance of the 

large deformation of the substrate in the low deformation model. 

In the case of larger deformations (ε >5%), the soft foundation becomes nonlinear. Now, 

the large deformations and geometrical nonlinearity are considered. The wrinkling wavelength and 

amplitudes can be written as such, � = �+� +� /                                                              (2.5) 

 � = �+� / +� /                                                             (2.6) 

where � = � +�
 

And, λ0 and A0 are the wavelength and amplitude for the low deformation case as expressed by 

Equation 2.3 and 2.4, respectively. In this bilayer system two criteria must be met in order for the 

top layer to wrinkle; (1) the in-plane compressive stress in the thin film cannot be too small to 

buckle the film and (2) the substrate must be compliant enough to allow out-of-plane deformation 

to accommodate the deformation of the top layer. 

 

2.5 Techniques to Induce Wrinkle Formation 

Several recent experiments relating to the wrinkling of stiff skins attached to elastic 

foundations are presented herein. The skins were created by either depositing a thin layer of metal 
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or by physically densifying the top part of the substrate. Virtually, all the works presented utilized 

poly(dimethylsiloxane) (PDMS) as the foundation. PDMS is a well-known organic polymer. The 

material is a highly elastic with a Young’s modulus of about ~ 1 MPa (depending on operating 

temperature) [36]. 

2.5.1 Inducing wrinkles via thermal expansion 

Several research groups studied the formation of wrinkled surfaces by thermally expanding 

thin metal films on top of thick PDMS substrates.  

 

Figure 2.3 Optical micrographs showing representative patterns of waves that formed when the 
metals were evaporated onto PDMS. (a) Disordered regions covered flat PDMS. (b) Micrograph 
showing the transition from disordered waves to waves ordered by rectangular ridges. (c) A flat, 
waveless region of gold gradually became a system of waves ordered by the rectangular ridges. 
(d), (e), Flat squares and circles with ordered patterns of waves on the recessed regions between 
them. (f), Rectangular ridges aligned waves parallel to the direction of the raised portions of the 
PDMS. The PDMS was coated with 5 nm of titanium or chromium and 50 nm of gold [37]. 

Bowden and coworkers [37] prepared wrinkles by evaporating thin gold layers onto thick 

PDMS slabs at elevated temperatures. Subsequent cooling of the substrate created compressive 

stresses in the samples. These stresses were relieved via the formation of wrinkles having 

periodicity of 20–50 m. The wrinkles generated on flat PDMS sheets were organized randomly 

in plane, however, became oriented in large areas when deposited on PDMS substrates containing 

3D protrusions (see Figure 2.3a – 3f).  
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Ohzono and coworkers [38] showed that directional order of wrinkles was induced by the 

underlying substrate when the periodicity of the substrate pattern matched the intrinsic wavelength 

of the wrinkles. The researchers exhibited this by depositing thin platinum films onto hexagonal 

arrays of holes in PDMS.  

 

Figure 2.4 SEM micrographs of metal-coated PDMS samples. Gold A: 5 fix scale nm. B: 50 nm 
(C: AFM); Platinum: D: 5 nm. E: 50 nm (F: AFM); Tungsten: G: 5 nm. H: 50 nm (I: AFM); 
Chromium: J: 5 nm. K: 50 nm (L: AFM); Carbon: M: 5 nm. N: 50 nm (O: AFM).[39]. 

 

Shao et al [39] examined five different metals sputtered on PDMS; gold, platinum, 

tungsten, chromium, and carbon. They found that wrinkle patterns are encoded by the first 5 nm 

of the coating layer. Though substrates coated with gold did not induce any wave formation, 

platinum and tungsten led to single wavelength patterns, while chromium and carbon gave surface 

with two interestingly different wavelengths (0.5µm to 4µm) (see Figure 2.4). 
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2.5.2 Inducing wrinkles via mechanical strain 

Ozhono and Shimomura studied wrinkle pattern dynamics of platinum sputtered PDMS 

under external mechanical stimulation [40] (see Figures 2.5a – b). Disordered arrays of wrinkles 

were first produced by isotropic residual stress. By applying a small uniaxial stress to the samples, 

the wrinkles aligned perpendicularly to the direction of the stress. Only 7% strain was needed to 

achieve almost perfect wrinkle alignment.  

 

 

Figure 2.5 Stripe rearrangement process. (a) Optical images throughout a compression-relaxation 
cycle. (b) Schematic illustrations of the stripe patterns during the compression process. The arrows 
indicate the stress direction [40]. 

 

The original stripe orientation gradually rearranges upon loading. Upon unloading, the 

original stripe pattern gradually recovers to its original disordered morphology, though with a 

small hysteresis.  

In a subsequent investigation [41], Ozhono et al decomposed the elementary processes of 

stripe rearrangement and hysteretic behavior by applying and unloading lateral compressive strain 

to preordered microwrinkles patterns on PDMS. They showed that the shapes of the rearranged 
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stripe domain depend on the misfit angle, which is the angle between the direction of the 

preordered stripe and that of the strain.  

2.5.3 Inducing wrinkles via plasma oxidation  

Utilizing a third method, Bowden et al [42] also exposed PDMS blocks to oxygen plasma 

for controlled periods of time, after initially expanding the volume of the substrate by heating. 

Upon cooling, the plasma oxidation transformed upper part of the PDMS block into a silica-like 

layer. The researchers found the wavelength and amplitude of the wrinkles formed to increase with 

increasing exposure time. This behavior was attributed to the increased modulus of the silica layer.  

 

 

Figure 2.6 Scanning force microscopy images (20 x 20 µm2) of a PDMS substrate with relief 
patterns prior to and after oxygen plasma modification [43]. 

In another plasma treatment study, Chua et al [43] exposed PDMS substrates with holes to 

oxygen plasma. They were able to tailor the size and complexity of the surface morphologies by 

disrupting the equibiaxial stresses, which are present in planar PDMS samples, during the plasma 

treatment of the PDMS (see Figure 2.6). 

 

2.5.4 Alternative techniques 

In recent studies by other groups, the wrinkling pattern of a small circular area in a large 

elastic sheet were theoretically and experimentally investigated.  

Yan et al [44] were motivated by the commonly observed wrinkling morphology of paper 

wetted by drops of water. In a study, they investigated wrinkles occurring in the center of a thin 

film membrane due to inhomogeneous deformation using finite element simulations. When the 

circular area inside a large thin film undergoes in-plane swelling, owing to the constraint imposed 

by the surrounding material an equibiaxial compression field is developed, and subsequently the 
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system wrinkles. Depending on the three key parameters, the normalized expanding (inner) area 

size r/t, the modulus mismatch Eout/Ein, and the normalized stress σf /σc, ripple, petal, and 

branched patterns may emerge sequentially as the mismatch stress increases. The ripple-like 

pattern is favored at small r/t, Eout/Ein and σf /σc, while the branched pattern is preferred at large 

values of r/t, Eout/Ein and σf /σc; the petal pattern is a transition mode in-between and it may be 

extinct if r/t or Eout/Ein is very high.  

Similar patterns were observed in a study by Vandeparre et al [45]. They report a flexible 

method for generating hierarchical patterns from wrinkling instability. Complex features with 

gradually changing topographies ranging from the nano- to the microscale were generated by using 

the spontaneous wrinkling of a rigid membrane (titanium) on a soft foundation (polystyrene) 

compressed via the diffusion of a solvent. Showing that the morphology of the wrinkled patterns 

is directly related to the rheological properties of the polymer layer and the geometry of the 

diffusion front, the mechanism for the formation of hierarchical wrinkling patterns (evolution of 

wavelength λ) was rationalized by a simple power law for all studied samples. All data closely 

follows λ ∝ y1/3, y being the distance from the diffusion front. 

In contrast, because Watanbe et al utilized the edges of elastic sheets in order to control the 

wrinkling pattern [46], the control mechanism was different from that of the aforementioned 

studies. In this study, PDMS disks were soaked in acid solutions at 80C, immediately followed by 

washing with water at room temperature. The wrinkles that were obtained were formed by the 

swelling of the sample surface that was oxidized by the acid solution. A thickness gradient was 

present near the edge of the disk. Thus, utilizing the thickness gradient of the sample, various 

microstructures, which are more complex than a simple stripe pattern, could be effortlessly created. 
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CHAPTER THREE 

METHODOLOGY 

 

The study of wrinkling in thin sheets has been attempted for the past several decades. 

However, the fundamental understanding of this phenomenon represents a faction of this research 

in which an enormous amount can be done. In this investigation, Poly(dimethylsiloxane) (PDMS) 

experienced two major surface modifications, namely through metal deposition and plasma 

oxidation. This section will outline the proposed experimental plan. 

3.1 Sample Preparation 

PDMS samples were prepared with Sylgard 184 Silicone Elastomer Kit purchased from 

Dow Corning. The pre-polymer and crosslinker were vigorously mixed at a 10:1 ratio by mass in 

a Thinky Mixer at 2200 rpm for 1 min, degassed for 1 min, and poured into a glass Petri dish. The 

mixture was cured at room temperature for 3 days to crosslink into an elastomer. After curing, the 

PDMS was cut into square pieces of 3 mm2 (1 mm × 3 mm). The samples were stored for 

subsequent modification. 

3.2 Surface Modification 

3.2.1 Metal deposition 

In this experiment, 2 main factors were investigated to assess the effect on PDMS wrinkle 

wavelength, amplitude, and surface roughness and to verify the empirical model in Equation 2.3. 

The experimental design is described in the table below. 

 

Table 3.1 Design parameters for metal-capped PDMS experiments  

Factor Levels Responses 

Skin thickness h (nm) 

5 nm 
8 nm 

10 nm 
15 nm 

Wrinkle wavelength, λ 
Surface roughness, Rq 

Skin 
Gold 

Platinum 
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The wrinkle model of Equation 2.3 suggests a relationship between wavelength λ and skin 

thickness h. To determine this significance experimentally, h was varied from 30 nm to 100 nm. 

In addition, gaining appreciation for the effect of the difference in modulus E and Poisson ratio v 

between the skin and foundation provide insights as to other parameters that control wrinkling. In 

order to do so, the materials used for the specimen were also varied. Table 3.2 displays the two 

metals to be used (Platinum and Gold) as well as their relevant material properties.  

 

Table 3.2 Material properties of the experimental skins 

Skin 

CTE 

(x 10-6 °C) 

Young’s Modulus 

(GPa) Poisson’s ratio 

Thermal 

Conductivity 

(W*m-1*K-1) 

Platinum, Pt 8.8 168 0.38 72 

Gold, Au 14.2 82 0.44 320 

 

A magnetron sputtering chamber prepared thin metal films on the PDMS surface using a 

sputtering target of the desired metal. The resulting skin thickness was estimated by the expression 

below:  = � ∗ � ∗                                                                   (3.1) 

where D is the film thickness (A), K is the material constant for the metal, I is the sputtering current 

(mA) and t is the sputtering time (s).    

 

Figure 3.1 A schematic of the surface wrinkling process under thermal expansion; (1) the PDMS 
slab is prepared and heated at 110 °C for up to 1 hr. (2) Immediately, a metal is sputtered on the 
sample surface to create a stiff skin layer, and (3) subsequent cooling generates wrinkle formation. 
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Wrinkles were generated through a thermal expansion process. A description of the 

experimental methodology and procedure for creating wrinkle surfaces on a PDMS substrate 

through heat-induced-strain is given below and illustrated in Figure 3.1. The schema depicts the 

thermal expansion process. Prior to the metal film deposition, samples were placed on a metal 

plate and heated at 110 °C. Thermal activation lasted up to 1 hr. The samples were immediately 

placed in the sputter chamber and film deposition ensued instantly. The metal ions were sputtered 

onto the PDMS surface for the desired length of time at a constant current of 5 mA. Once metal 

deposition was completed, the sputter chamber was vented to air and the samples were allowed to 

cool for a few minutes. Surface characterization of the sample was conducted shortly after (see 

Section 3.3).  

 

3.2.2 Plasma oxidation 

The final wrinkle generation method involved plasma treatment to PDMS. Herein, 

energized  charged  particles generated from  a  plasma  source are  bombarded  to  a surface,  

thereby  altering  the  properties  of  a  surface without  radical changes on the bulk properties. The 

experimental bilayer was created by treating the PDMS, ‒OSi(CH3)2‒, with oxygen plasma. This 

process destroys the methyl groups, SiCH3, and forms a thin silica layer, SiOx or Si‒OH. An 

illustration is given in Figure 3.2 

 

Figure 3.2 Schematic of oxygen plasma treatment on PDMS. PDMS surface is converted to a 
silica-like layer post surface modification.  
 

PDMS PDMSOxygen 

plasma
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A series of experimental studies evaluated the influence of several plasma process 

parameters on the PDMS wrinkle profile. The design for this experiment is displayed below. 

Table 3.3 Design parameters for plasma oxidized PDMS experiments  

Factor  Levels Responses 

Exposure time t (s) 

240 

420 

600 

Wrinkle wavelength, λ 

Wrinkle Amplitude, A 

Surface roughness, Rq 

Power P (W) 

40 

70 

100 

O2 flowrate (sccm) 

5 

40 

75 

 

 

 The samples were treated using a Plasma Cleaning System (Model Cute-MP, FEMTO). 

The effect of the amount of prestrain was evaluated initially under constant conditions the results 

of that study set the strain basis for subsequent experimentation.  

 

Figure 3.3 Plasma oxidation method. (1) An unmodified slab of PDMS is stretched uniaxially to 

a desired prestrain εprestrain; (2) PDMS surface is exposed to oxygen plasma under applied strain; 
(3) Release of the stress onsets the generation of mirco/nano-wrinkle patterns that are defined by 
wavelength λ and amplitude A.  

 

O2 plasma

Unmodified  PDMS specimen pre-

stretched to desired strain εprestrain
1

Plasma oxidation applied 

under strain 2
Strain removal creates sinusoidal wrinkles 

with characteristic profile λ and A
3

εprestrain

Aλ
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In addition, three plasma process parameters were considered, namely these were: plasma 

duration, plasma power, and oxygen flowrate. Figure 3.3 illustrates the experimental setup for the 

main stretching experiments. Prior to plasma exposure, the desired tensile strain εprestrain was 

applied manually to the specimen. Two ends of the prestretched sample were clamped to a glass 

slide using metal clips. The value of εprestrain was calculated using, �� ��% = − ×                                            (3.2) 

where L0 and L are the effective the lengths of PDMS before and after stretching. The magnitude 

of the strain was controlled by using a digital caliper with resolution 0.01 mm. The plasma chamber 

was evacuated to a pressure of 50 mTorr before admitting the oxygen gas until the desired pressure 

and flowrate f was reached and stabilized. The plasma was then ignited at the desired power P, and 

the PDMS sample was exposed for a set time t. This created a stiff skin on the polymer, which was 

almost stress-free and had a chemical composition resembling amorphous silica [47] [48]. After 

oxidation, the sample was vented into the air, immediately released from the strain and wrinkle 

formation ensued. The characterization of sample surfaces was conducted shortly after (see Section 

3.3). 

 

 

Figure 3.4 Alternative plasma oxidation method. (1) An unmodified slab of PDMS is compressed 
uniaxially to a desired prestrain εprestrain; (2) PDMS surface is exposed to oxygen plasma under 
applied compressive strain; (3) Release of the stress onsets the generation of mirco/nano-wrinkle 
patterns that are defined by wavelength λ and amplitude A. 
 
 

An alternative compressive deformation process was also used for some samples (see 

Figure 3.4). The experimental process followed the same methodology of the previously 

mentioned stretching experiments. 

F F

Unmodified  PDMS specimen 

compressed using small vise
Plasma oxidation applied 

under compressive strain 

Strain removal creates sinusoidal 

wrinkles with characteristic 

profile λ and A

1 32

O2 plasma
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3.3 Morphological Characterization 

3.3.1 AFM analysis 

Atomic Force Microscopy (AFM) images were captured using Bruker MultiMode 8 probe, 

in soft tapping mode. This scanning probe instrument works by measuring the force between a 

probe and the sample to extract intrinsic parameters from roughness estimators. The AFM 

provided direct nanoscopic and microscopic measurements of the root mean square (RMS) 

roughness for each of the samples. The AFM measured the RMS roughness as the standard 

deviation of the z values as given in Equation 2.1. The experimental wavelength and amplitude 

measurements were also analyzed using this microscopy. 

The effects of surface skin wrinkles on air flow characteristics is an ongoing work that 

should be further investigated using wind tunnel tests.  
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CHAPTER FOUR 

EXPERIMENTAL ANALYSIS OF METAL-CAPPED PDMS BILAYERS 

 

4.1 AFM Analysis 

4.1.1 Morphological characterization  

4.1.1.1 Platinum coated samples 

The surface of platinum coated PDMS specimen was populated by regularly spaced, but 

randomly oriented wrinkle patterns. As described previously, a thin platinum layer deposited on 

the substrate at elevated temperatures wrinkles upon cooling to minimize the compressive surface 

forces that evolve, since PDMS has a relatively larger CTE (830 x 10-6 °C) than the platinum layer 

(8.8 x 10-6 °C) [49]. The coefficient of thermal expansion of PDMS is 10 times larger in magnitude 

than that of platinum. When the expanded PDMS supporting the platinum film contracts, platinum 

is placed under compressive stress. The randomness of the waves can be attributed to redistribution 

by buckling of these equi-biaxial compressive stresses that develop in the surface of the substrate 

upon cooling. The film can relax in both the x and y directions in response to its strain and the 

wrinkles form without any directional preference.  

A relationship between the coating thickness and surface wrinkle morphology was 

established. Figures 4.1 – 4.3 present a summary of some experimental findings. 

 

 

Figure 4.1. AFM micrographs of platinum-coated PDMS samples with coating thickness of 5 nm 
at A) 15 µm and B) 50 µm.  
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For a film with thickness of 5 nm, disordered and random wrinkle patterns were observed 

under the microscopy (see Figure 4.1). The measured wavelength were about 925 nm.  

 
 

 

Figure 4.2. AFM micrographs of platinum-coated PDMS samples with coating thickness of 8 nm 
at A) 15 µm and B) 50 µm. 

 

 

 

Figure 4.3. AFM micrographs of platinum-coated PDMS samples with coating thickness of 10 
nm at A) 15 µm and B) 50 µm. 
 
 

The wrinkles retained definition and disorientation with thicker skins (see Figures 4.2 and 

4.3). At 8 nm and 10 nm coating thicknesses, the wrinkle wavelengths were up to 1.3 and 1.9 µm, 
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respectively. The results obtained were still in accordance with the conceptualization of Equation 

1, confirming that surface wavelengths correlate directly with coating thickness. Indeed, higher 

wavelengths were observed at thicker coatings. 

However, as the platinum coating thickness increased, the wavelength only slightly 

increased. The combination of higher surface temperature when the metal is placed on the PDMS, 

the greater difference in coefficients of thermal expansion, and the larger differences in modulus 

result in an induction of buckling. The initial 5 nm layer predetermines surface patterns with 

thicker coatings in platinum [39]. Once about 5 nm of coating of platinum was present, efficient 

thermal heat dissipation prevents further induction of stress in the skin-foundation interface. As a 

result, wavelengths do not experience further significant changes. 

 
 

 

Figure 4.4. AFM micrographs of platinum-coated PDMS samples with coating thickness of 15 
nm at A) 15 µm and B) 50 µm. 
 
 

The samples with the thickest skins experienced microcracking on the polymer substrate 

along with surface wrinkling (see Figure 4.4). The cracking redistributes the stress in the 

compressed film on the substrate because of the stress that builds up between two materials of 

different modulus and coefficients of thermal expansion [50]. The occurrence may also indicate a 

maximum skin depth threshold.  
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4.1.1.2 Gold coated samples 

 As with the platinum coated specimens, clear and well-defined patterns from the AFM 

micrographs were observed on the gold-coated samples (see Figure 4.5a and b). For a skin 

thickness of 10 nm, wrinkles with wavelengths of 1.64 µm formed on the PDMS surface. 

 

 

 

 

Figure 4.5. AFM micrographs of gold-coated PDMS samples with coating thickness of 10 nm at 
A) 15 µm and B) 30 µm and coating thickness of 25 nm at C) 15 µm and D) 30 µm. 

 
 

A significant increase in wavelength occurred with 25 nm of gold coating (see Figure 4.5 

c, and d). Here, the wrinkles exhibited wavelengths of up to about 3.5 µm.  
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4.1.2 Wrinkle profile 

The wrinkle profile discussed in this section describes the measured wrinkle wavelengths 

λ and RMS surface roughness Rq for all specimen tested. The following sections present the results 

of the wrinkle profiles based on the experimental design in Table 3.1 

4.1.2.1 Effect of skin thickness  

The methodology of this section was in accordance with the methods described in Chapter 

3. Gold films were deposited on thermally expanded PDMS. The thickness of the skins varied 

from 5 nm to 25 nm. The results of these experiments are displayed in Figure 4.6. 

 
 

  

Figure 4.6 Experimental wrinkle wavelength λ as a function of skin thickness h for Au-PDMS 

 
 

The experimental wrinkle wavelength increases linearly with skin thickness. The result is 

not unexpected as indicated in the empirical model (Equation 2.3). This will also be discussed 

further in a later section. 

The RMS roughness Rq is a general measure of surface roughness. The surface roughness 

of Au-PDMS also increased with rising skin depth (Figure 4.7). The result can be attributed to 

the increase in wrinkle amplitude with wrinkle wavelength. This may also be rationalized by the 

AFM images presented earlier. Surfaces with shorter wavelengths result in a denser packing of 
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wrinkles, whereas surfaces with longer wavelengths were less dense with wrinkles. Accordingly, 

the spatial parameters of the surface decrease with wrinkle density and this reduces the Rq values. 

 
 

 

Figure 4.7 Effect of varying skin thickness h on surface roughness Rq for Au-PDMS 

 
 
Surface roughness analysis reveals the formation of a metal layer due to ion sputtering, so 

the increase in the wavelength was probably due to an increase in the actual thickness and 

Young’s modulus of the skin. A typical PDMS surface has a mean roughness of 2.43 nm, while 

the mean roughness of 5 nm of Au-deposited PDMS surface is 8.8 nm. The surface of Au-PDMS 

is nearly 4 times rougher than unmodified PDMS. The magnitude is even greater as the gold film 

thickens. High energy and high temperature metal particles increase the surface roughness of 

PDMS during the sputtering process and improve physical bonding between the metal skin and 

elastomer interface.  

4.1.2.2 Effect of skin type  

The methodology of this section follows that of Chapter 3. Two different metal films, 

namely gold and platinum, were deposited on thermally expanded PDMS. The skin thickness also 

varied from 5 nm to 15 nm. The results of this comparative study are shown in Figure 4.8. 
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Figure 4.8 Experimental wrinkle wavelength λ as a function of skin thickness h for different metal 
skins. 
 
 

Pt-PDMS exhibited higher wrinkle wavelengths than Au-PDMS. Of the metals tested, gold 

has the lowest modulus that best matches the flexible PDMS elastomer (refer to Table 3.2), which 

should result in lesser wavelengths than that exhibited by the platinum systems based on Equation 

2.3. In other words, � / � << � / � . The prediction is verified in Figure 4.8.  

The PDMS samples topped with the gold films are the most distinct from the data 

presented. Some difficulty arose in the metal deposition process. At times, no wrinkling could be 

observed atop the gold films. This behavior can be attributed to the comparatively unusual features 

of gold. When removed from the heated target and placed on the hot substrate, gold exhibits a high 

coefficient of thermal expansion, which indeed best matches the elastic foundation. However, gold 

cools the fastest of those materials that were sputtered due to its thermal conductivity. Special care 

had to be taken to ensure samples were sputtered immediately after heat activation.  

The mean surface roughness values of the two system bilayers are compared in Figure 4.9. 
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Figure 4.9. Effect of skin thickness h on the surface roughness Rq of PDMS for different metal 
skins 
 
 

Roughness ranged roughly from 8 to 60 nm in gold-capped PDMS for skin thickness 

variations from 5 to 15 nm. More roughness, in the range of 10 to 115 nm, was achieved in 

platinum-capped PDMS. In all cases, the roughness increased with an increase in skin thickness, 

which identifies a strong control mechanism for tailorable roughness effects (see Figure 4.9). This 

can again be attributed to the deterministic features of the chaotic wrinkle pattern captured by Rq 

– namely both wavelength and amplitude. As a result, greater roughness was observed in the 

system with longer wavelengths. On the other hand, a previous study found that RMS roughness 

under an equi-biaxial stress saturates at a plateau slightly higher than the equilibrium value under 

a uniaxial stress of the same magnitude [51]. This equilibrium, however, was not attained in our 

system.  

 

4.2 Modeling Wrinkling in Metal-capped PDMS Bilayer 

The wrinkle wavelength can be effectively modeled using the low deformation equation. 

Recall that that wrinkle wavelength is defined as, 
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� = �ℎ [ − � �( − � ) �] ⁄
                                                             (2.3) 

 

Using the material properties of PDMS, platinum and gold,  was predicted against varying 

skin thickness h. The experimental results agreed closely with Equation 2.3 within measurement 

uncertainty (Figure 4.10). 

 
 

 

Figure 4.10 Model results of wrinkle wavelength  for metal-capped PDMS bilayers plotted as a 
function of skin thickness h. The theoretical predictions are represented as dashed lines. 
 
 

The wrinkle wavelength of both metal bilayers grew linearly with thickness as expected. 

The discrepancies between the predicted and observed  may be explained by the under estimations 

of the material properties of both of the skin and foundation. Experimentally determined modulus 

and Poisson’s ratio of PDMS and specified metals may yield more accurate predictions. 

Discrepancies may also come from the simplification of the theoretical model and disregarding the 

change of the surface elastic modulus of the PDMS substrate due to heating during modification 

[37].  
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Figure 4.11. Buckle period (λ) as a function of the skin thickness (h) and the ratio of the skin and 
foundation moduli /  evaluated using Equation 1. For simplicity, the Poisson ratios of the 
skin and the foundation are assumed to be equal. [4]. 

 
 
In efforts to gain appreciation for the magnitude of wrinkle wavelength, in Figure 4.11, 

Genzer et al plotted wavelength for various combinations of skin thickness and /  [5]. The 

wrinkle or buckle period is very minor for small h and / . Under small h, the wavelength 

remains relatively small with a greater / . However, it increases rapidly with the increase of 

both h and / . The work done by Genzer et al gives credence to the system of small h and large /  observed in this study.  
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CHAPTER FIVE 

EXPERIMENTAL ANALYSIS OF OXIDIZED PDMS BILAYERS 

 

5.1 AFM Analysis 

5.1.1 Morphological characterization  

Figure 5.1 shows the typical three-dimensional AFM images of PDMS before and after 

surface modification by oxygen plasma. As observed, no distinct topographical features are 

observed on neat PDMS (Figure 5.1A). This result confirms the observations of the XPS 

measurements. A compressive stress within the surface-modified layer was induced by oxidizing 

PDMS through oxygen plasma while stretching it under a fixed tensile strain. Immediately after 

plasma exposure and release of the applied strain, sinusoidal wrinkle deformations were observed 

perpendicular to the direction of the original applied strain (Figure 5.1B). This behavior indicates 

that relaxation of the applied strain induces a compressive stress within the surface layer. The 

observed topography can be described as an array of 1D ripple patterns.  

 

Figure 5.1 AFM images of PDMS A) prior to oxygen plasma exposure and B) after plasma 
exposure. PDMS was prestretched to 20% and oxidation lasted for 5 min. The inset is the 3D 
image of the PDMS surface.  
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It is important to address the issue of temperature, which is known to increase during 

plasma exposure, and its possible effect on surface on wrinkling. As it was previously determined, 

surface expansion upon heating and contraction after cooling results in spontaneous wrinkle 

formation. Considering the thermal expansion coefficient of PDMS, the maximum thermal strain 

has been estimated to expand the PDMS by less than 1 %. By comparison, the uniaxial prestrain 

used in the experiments described in this chapter are 10% and greater. To confirm the expectation 

that thermal effects do not contribute to the wrinkle morphologies reported, PDMS was exposed 

to oxygen plasma in absence of strain (Figure 5.2b).  

 
 

 
Figure 5.2 AFM images of a) neat PDMS and b) PDMS exposed to oxygen plasma at 100 W for 
5 min without any prestrain. 
 
 

The AFM image in Figure 5.2b is identical within surface roughness Rq measurement 

uncertainty to neat PDMS in Figure 5.2a. This confirms that no thermally-induced wrinkling 

occurred. 

 

5.1.2 Results of screening experiments 

This section describes the screening experiments that were conducted to identify the main 

factor effects of plasma-induced wrinkling. The results of these tests were used to setup the basis 

for the design experiments which will follow. 

a) b)
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5.1.2.1 Effect of strain 

In the low deformation limit experiments reported previously, the wrinkle profile, defined 

by λ and A, was separately tuned by directly varying the film thickness h (refer to Equations 2.3 

and 2.4). However, beyond the limit of low deformation, for cases when ε exceeds the critical 

strain (� ≫ � ), now both the wrinkle wavelength and amplitude are contingent upon the strain ε. 

Recall that the wavelength and amplitude are described respectfully as, � = �+� +� /                                                              (2.5) 

 � = �+� / +� /                                                             (2.6) 

where � = � +�
 

A series of mechanical perturbation experiments were conducted at modest deformations 

to assess the effect of strain on the wrinkle profile. PDMS specimen were pre-stretched to the 

desired extent in accordance with the methodology in Chapter 3. Strains ranged from 10% up to 

50%, while the plasma power P and exposure time t remained constant. For fixed plasma dose D ≡ � × , it is practical to assume that the extent of oxidation is unchanged and hence the formed 

SiOx thin film remains the same for each specimen.   

Figure 5.3a plots wrinkle wavelength as a function of εprestrain at a fixed dose. Wavelength 

reduced linearly with strain level, revealing that a denser packing of wrinkles was needed to 

accommodate a larger strain.  

 
Figure 5.3 Dependence of the experimental wrinkle  wavelength on the level of prestrain 
εprestrain applied prior to oxygen plasma exposure at a constant dose of 180 kJ. 
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Conversely, wave amplitude increased with the prestrain increase as indicated in Figure 

5.3b.  The amplitude and the wrinkle wavelength tend to be opposite one another. This is attributed 

to lateral deformation caused by the Poisson effect exceeding the fracture stress of a rigid SiOx top 

layer. Figure 5.3 illustrates that at relatively moderate deformations, Equation 2.5 and 2.6 hold true 

and the wrinkling profile is strongly dependent on εprestrain.  

In order to determine the influence of different plasma exposure conditions, a constant 

prestrain level of εprestrain ≈ 20% was selected for the subsequent experiments. This strain value 

exceeded εc under all experiments conducted, while still remaining low enough to ensure relatively 

low strains. With this, wrinkle patterns were sinusoidal and Equations 2.5 and 2.6 should remain 

valid.  

 

5.1.2.2 Effect of time, power, and flowrate 

The effects of plasma processing parameters on the wrinkle profile were screened using a 

design of experiment (DOE) approach. Table 5.1 displays the setup of the 23 factorial design.   

 

Table 5.1 23 Factorial design of plasma processing conditions on wrinkling  

 

Factor Coded Levels Actual Levels Responses 

Exposure time t (s) 
-1 
0 
1 

240 
420 
600 

Wrinkle wavelength, λ 
Wrinkle Amplitude, A 
Surface roughness, Rq 

Power P (W) 
-1 
0 
1 

40 
70 

100 

O2 flowrate (sccm) 
-1 
0 
1 

5 
40 
75 

 

 

The results of the experimental design from Table 5.1 are shown below in the Analysis of 

Variance (ANOVA) tables (Tables 5.2-5.4). The models’ p-value fell below the normal 0.05 

threshold which indicates that each model was significant. In addition, curvature was significant 

in this model, so the linear regression model may not completely model the plasma parameter 

effects.   
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Table 5.2 ANOVA table of significant factors to wrinkle wavelength 

 

 

 

Table 5.3 ANOVA table of significant factors to wrinkle amplitude 

 

 

 

Table 5.4 ANOVA table of significant factors to surface roughness 

 

 

 Sum of 

Squares 

 Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Source df  

Model 2.78 3 0.93 131.61 < 0.0001 significant 

A-Exposure time 0.18 1 0.18 25.58 0.0015  

B-Power 0.33 1 0.33 47.43 0.0002  

C-Flowrate 2.26 1 2.26 321.80 < 0.0001  

Curvature 0.58 1 0.58 82.30 < 0.0001  

Residual 0.049 7 .007036    

Total 3.41 11     

 

 Sum of 

Squares 

 Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Source df  

Model 156300 3 52116.66 32.56 0.0002 significant 

A-Exposure time 5335.44 1 5335.44 3.33 0.1106  

B-Power 13464.40 1 13464.40 8.41 0.0230  

C-Flowrate 1.37600 1 1.37600 85.95 < 0.0001  

Curvature 26254.93 1 26254.93 16.41 0.0049  

Residual 11202.74 7 1600.39    

Total 193800 11     

 

 Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Source  

Model 50371.44 3 16790.48 40.76 < 0.0001 significant 

A-Exposure time 3088.98 1 3088.98 7.50 0.0290  

B-Power 8026.44 1 8026.44 19.49 0.0031  

C-Flowrate 39256.02 1 39256.02 95.31 < 0.0001  

Curvature 13197.66 1 13197.66 32.04 0.0008  

Residual 2883.21 7 411.89    

Total 66452.31 11     
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The oxygen gas flowrate had a dominating effect on the wrinkle profile as indicated in the 

Percent Contribution plots (Figure 5.4a-c). In the case for all response variables, the oxygen 

flowrate contributed to at least 60% of variability in the models and up to 70%.  

 
 

 

Figure 5.4 Plasma process parameter percent contribution on a) wrinkle wavelength, b) wrinkle 
amplitude, and c) surface roughness.   
 
 

In order to better account for the effects of plasma duration and power on the wrinkle 

profile, a new design model was implemented. Table 5.5 presents this factorial design in which 

the oxygen gas flowrate is now a blocking variable. In this way, the effects of plasma exposure 

time and plasma power can now be more accurately accounted for without the overwhelming 

effects of oxygen flow rate. 
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Table 5.5 Alternate 22 Factorial design of plasma processing conditions on wrinkling  

 

Factor Coded Levels Actual Levels Responses 

Exposure time t (s) 
-1 
0 
1 

240 
420 
600 

Wrinkle wavelength, λ 
Wrinkle Amplitude, A 
Surface roughness, Rq Power P (W) 

-1 
0 
1 

40 
70 

100 

O2 flowrate (sccm) [Block] 
-1 
1 

5 
75 

 

 

 

Figure 5.5 displays the parameter contribution plots to the models. In the case of each 

model, plasma power is the dominant contributor followed by plasma exposure time and the 

interaction between plasma power and time.  

 

 

Figure 5.5 Plasma process parameter percent contribution on a) wrinkle wavelength, b) wrinkle 
amplitude, and c) surface roughness based on alternate model.   
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Table 5.6 ANOVA table of significant factors to wrinkle wavelength 

 

 

 

Table 5.7 ANOVA table of significant factors to wrinkle amplitude 

 

 

 

Table 5.8 ANOVA table of significant factors to surface roughness 

 

 

 
 

 Sum of 

Squares 

 Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Source df  

Block 3.42 1 3.42    

Model 0.52 3 0.17 14.90 0.0020 significant 

A-Exposure time 0.18 1 0.18 15.44 0.0057  

B-Power 0.33 1 0.33 28.64 0.0011  

AB 7.080E-003 1 7.080E-003 0.61 0.4613  

Residual 0.082 7 0.012    

Total 4.02 11     

 

 Sum of 

Squares 

 Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Source df  

Block 2.329E+005 1 2.329E+005    

Model 22104.69 3 7368.23 3.89 0.0633 not significant 

A-Exposure time 5335.44 1 5335.44 2.82 0.1373  

B-Power 13464.40 1 13464.40 7.10 0.0322  

AB 3304.85 1 3304.85 1.74 0.2282  

Residual 13267.41 7 1895.34    

Total 2.682E+005 11     

 Sum of 

Squares 

 Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Source df  

Block 88562.90 1 88562.90    

Model 12791.63 3 4263.88 2.05 0.1954 not significant 

A-Exposure time 3088.98 1 3088.98 1.49 0.2623  

B-Power 8026.44 1 8026.44 3.86 0.0901  

AB 1676.21 1 1676.21 0.81 0.3990  

Residual 14550.70 7 2078.67    

Total 1.159E+005 11     
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The ANOVA tables summarizes the results of the experimental design in Table 5.5. The 

p-value fell below the normal 0.05 threshold in the wrinkle wavelength model. However, the 

models for wrinkle amplitude and surface roughness (p-value of 0.06 and 0.195, respectively) were 

not significant (Table 5.7 and 5.8).  

Based on the foregoing analysis, the model equation for wrinkle wavelength is given in 

Equation 5.1. � % = . + . + . � + . × �                                   (5.1) 

 

Table 5.9 Error estimates of wrinkle profile prediction models 

 

  λ20% [ m] 

t [s] P [W] Predicted Experimental % Error 

600 100 52.8 1.17 -97.8 

500 50 24.9 0.85 -96.5 

   Average -97.2 

 

 
Table 5.10 Design parameters for plasma oxidized PDMS experiments 

 

Factor  Levels Responses 

Exposure time t (s) 

30 

60 

180 

300 

Wrinkle wavelength, λ 

Wrinkle Amplitude, A 

Surface roughness, Rq 

Power P (W) 

20 

50 

70 

100 

O2 flowrate (sccm) 

5 

10 

30 

50 

100 
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 The R-squared value was 0.8646. The linear model was not an accurate predictions of the 

wrinkle wavelength (see Table 5.9). The model of wrinkle amplitude and surface roughness was 

also deemed insignificant. The effect of curvature should not be ignored. In efforts to reveal the 

effect of curvature and better assess the plasma parameter variabilities, the following table 

describes the design experiments that will be implemented. 

 

5.1.3 Wrinkle profile 

The wrinkle profile discussed in this section describes the measured wrinkle wavelengths 

λ, wrinkle amplitudes A, and RMS surface roughness Rq for all specimen tested. The following 

sections present the results of the wrinkle profiles based on the experimental design experiments 

in Table 5.10. 

5.1.3.1 Effect of time and power 

The methodology followed in this section was in accordance with the plasma treatment 

discussed in Chapter 3. The effect of oxygen plasma duration on the wrinkle profile of PDMS was 

studied at εprestrain ≈ 20% and various exposure times t and plasma frequencies P. The chamber 

pressure and gas flowrate remained constant at 50 mTorr and 10 sccm, respectively. The results of 

this experiment are shown in Figure 5.6.  

 
Figure 5.6 Wrinkle profile for PDMS samples treated with oxygen plasma at various lengths of 
time. The plots indicate a) wrinkle wavelength and b) wrinkle amplitude each as function of the 
plasma exposure time t. The value of εprestrain = 20%.  The lines are logarithmic fits. 
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The experimental data exhibits a nonlinear proportionality between wrinkle wavelength  

(and consequentially, skin thickness h) and t (Figure 5.6a). The results were fit to a logarithmic 

curve, which described the data well. The observed formation of the periodic wavy patterns was 

induced largely by the buckling of a thin brittle silica-like layer which was formed during the 

oxygen plasma surface treatment as described previously. The increase of wrinkle wavelength with 

exposure time is attributed to the thickening of the silica-like layer at the surface. This in turn 

increases its stiffness (Young modulus), making the oxide layer harder to bend. Correspondingly, 

the wrinkle wavelength increases.  

Increasing plasma power yields longer wrinkle periodicities as also evidenced by Figure 

5.4a. Since both the ion bombardment energy and the oxygen concentration increase with plasma 

power, the result was expected. The oxidation of the PDMS was enhanced, which relates to the 

increased decomposition of the PDMS surface by oxygen for the formation of the silicon oxide in 

the top layer. The resultant thickening h absorbs more of the compressive force in the film leading 

to longer wavelengths as observed in the experimental data.   

Wrinkle amplitude also increased with plasma exposure and power (Figure 5.6b).  

 

 
Figure 5.7 Wrinkle profile for PDMS samples treated with oxygen plasma. The plots indicate a) 
wrinkle wavelength and b) wrinkle amplitude each as function of the plasma dose. All the data in 
Figure 6.3 collapse into single master curves. The value of εprestrain = 20%.  The lines are 
logarithmic fits. 
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time and power onto a single master curve. Plasma induced wrinkling can now be tuned 

conveniently with dosage. 

 

 
  

Figure 5.8 Dependence of plasma dose on surface roughness Rq. The value of εprestrain = 20%.   
 

 

Figure 5.8 plots the surface roughness against plasma dose. Looking at the graph, it is 

evident that surface roughness generally increases with plasma dose, however, there are significant 

anomalies. Plasma dose seems to take on a range of roughness values. It may be observed as an 

array of rougher topographies achieved with higher dosage. This may infer Rq scales with dose, 

(thus also implicitly with and λ and A) and a threshold of maximum roughness can achieved by 

plasma dose. This is subject to future work.  

 

5.1.3.2 Effect of flowrate 

Figure 5.9a shows the wrinkle wavelength measured as a function of O2 gas flow rate. 

Again, PDMS was prestretched to a strain of 20% for all samples. A plasma dose of 30 kJ was 

kept constant. As illustrated in the figure, when the oxygen flow rate was increased from 5 sccm 

to 100 sccm, the wavelength of wrinkles decreased from 1.4 µm to 0.44 µm. This observation was 

verified in prior screening experiments reported earlier. To rationalize the results, the relationship 
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between  and h in Equation 2.3 is used to determine that an increase in gas flow rate slows down 

the kinetics of the formation of the silica layer.  The observation is not unexpected.  

 
 

 
Figure 5.9 Effect of gas flowrate on the wrinkle a) wavelength and b) amplitude. The value of 
εprestrain = 20%.  Plasma dose was kept constant at 30 kJ. 
 
 

The gas temperature of plasma decreases with increasing gas flow rate [52]. Accordingly, 

the oxygen pressure at 5 sccm is greater than the oxygen pressure at 100 sccm. The molecular 

collision rate in the plasma increases with pressure causing a reduction in its mean free path, which 

compromises the ionization process. Since the plasma oxidation reaction proceeds with a radical 

mechanism, a decrease in the ionization rate at higher pressures should consequently slow the 

process down and as a result produce thinner films and shorter wavelengths [53].  

In addition, the wrinkle amplitude decreased with higher flowrates as shown in Figure 5.9b. 

This again may be explained by observing the relationship between  and h in Equation 2.3. 

Increasing flowrate yields thinner films which compromises the size of the wrinkle amplitude.  

Surface roughness measurements agreed with the trends in decreasing wavelength and 

amplitude (Figure 5.10). Significant increase in roughness was achieved by lowering the gas 

flowrate from 10 to 5 sccm. Here, the surface roughness ~doubled. The result is in accordance 

with the considerably higher  and A achieved at a gas flow of 5 sccm.  
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Figure 5.10 Effect of flowrate on surface roughness Rq. The value of εprestrain = 20%.  Plasma dose 
was kept constant at 30 kJ. 
 
 

5.2 Modeling Plasma-induced Wrinkle Formation 

 Plasma-induced wrinkling is modeled in this section. For ease of reference, the wrinkle 

wavelength  and amplitude A at modest strain were previously defined by Equation 2.5 and 2.6: 

  � = �+� +� /                                                              (2.5) � = �+� / +� /                                                             (2.6) 

 

Recall that low deformation wrinkling 0 and amplitude A0 were expressed by Equations 2.3 and 

2.4, where 

� = �ℎ [ − � �( − � ) �] ⁄                                                          (2.3) 

� = ℎ ��� − /
                                                     (2.4) 

In order to model the experimental wavelength and amplitude, the glassy film thickness h 

must be known in addition to its material properties and amount of strain. Methods to estimate h 

have been attempted but may not always be the most accurate. Thus, for the purposes of this study 
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it is important to redefine the wrinkle profile in terms of the experimental parameters t (plasma 

exposure time) and p (plasma power). The logarithmic dependence of  and A on the plasma dose 

D ≡ � ×  (Figure 5.5a) was transformed by plotting the response variables vs. ln(D) as seen in 

Figure 5.9.  

 

 

Figure 5.11 Wrinkle (a) wavelength  and (b) amplitude A as a function of the natural log of the 
plasma dose ln(D) 

 
 
The slope and intercept of the graph yields the model parameters a and b (Table 5.11). The 

assumptions of the model are that εprestrain = 20%, the oxygen flow rate is set to 10 sccm, and the 

pressure remains constant at 50 mTorr. The model describes the effective tuning of wrinkle 

wavelength and amplitude with only the plasma exposure time and power.  

 

Table 5.11 Model parameters of � % and � %with dose D 
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In order to verify the accuracy of the models, trials experiments were conducted at plasma 

doses that were not tested previously. Table 5.12 compares the results of experimental and 

predicted response values based on the derived wrinkle model equations.  

 

Table 5.12 Error estimates of wrinkle profile prediction models 

 

 λ20% [ m] A20% [nm] 

D [J] Predicted Experimental % Error Predicted Experimental % Error 

25000 0.815 0.85 4.3 95.3 107 12.2 

60000 0.970 1.17 20.7 121.1 127 4.9 

  Average 12.5  Average 8.6 

 

 

The model wrinkle equation predicted the experimental wrinkle wavelengths relatively 

well. The average percent error of the two trial runs was 12.5%, demonstrating a significant 

enhancement of the original wrinkle wavelength model described earlier (see Equation 5.1). The 

prediction model of wrinkle amplitude was also fairly accurate with a mean error of 8.6%. The 

significance and relative precision of the models allow for the wrinkle profile to be tuned directly 

from plasma process parameters. The benefits of these models span to manufacturing feasibility 

of large-scale micro/nano-wrinkling. 

 

5.3 Wrinkle Patterning 

Up until now, plasma induced wrinkling was achieved through uniaxial stretching of 

PDMS resulting in ripple patterns. In this section, new wrinkle patterns are described by effectively 

tuning the strain direction, type, and release and substrate shape. A series of in-situ studies was 

conducted to investigate the pattern formation and transition during sequential and equal release. 

The methodology in this section was in accordance with Chapter 3.   

 
Uniaxial strain 

Micro/nano-structured wrinkle patterns were produced by compressing the hard thin film 

which was formed by plasma oxidation. The compressing direction is opposite to the direction of 
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the strain stretching. Stretching in only one direction allows for the elastic PDMS to recoil and 

mechanically produce symmetrical surface patterns with nano-scale height. Figure 5.12a displays 

the 1D ripple wrinkles that were reported previously. The highly ordered ripples were produced 

by the sequential release of the uniaxial strains. However, different patterns were obtained with 

simultaneous strain release (Figure 5.12b). The topography was characteristic of ripple patterns 

with kinks and is thus categorized as semi-ripples.  

 

 

Figure 5.12 Ripple wrinkle patterns produced by uniaxial stretching with a) sequential release 
and b) simultaneous release of each strain. The εprestrain was 20% in both directions. Oxygen 
plasma dose was 30 kJ. The insets are the AFM 3D surface images. 
 
 
Biaxial strain 

The PDMS was prestrained to 20% in the x and y directions according to the methodology 

described in Chapter 3. Upon sequential strain release, highly ordered zigzag patterns were 

obtained from the two equal compressive forces on the hard layer in perpendicular directions as 

seen in Figure 5.13a. The observed structures are widely known as herringbone patterns [54]. The 

realization of the herringbone pattern can be attributed to the gradual buckling of the ripple column 

during the second release process. As displayed in the AFM images, the edges of zigzags are 

parallel to each other and the geometrical parameters (namely the lengths, widths and height) of 

zigzags are uniform with only minor deviations.  

a) b)b)
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Figure 5.13 Herringbone wrinkle patterns produced by biaxial stretching with a) sequential release 
and b) simultaneous release of each strain. The εprestrain was 20% in both directions. Oxygen plasma 
dose was 30 kJ. The insets are the AFM 3D surface images. 
 
 

The simultaneous release process in both planar directions with equal strain resulted in 

disordered zig-zag herringbone patterns (see Figure 5.13b). This observation occurred in the heat-

induced strain wrinkle patterns reported in Chapter 5. However, in this case the randomization is 

caused as the strains are released simultaneously with equal strain level, thereby, competing for 

energy minimization in all three spatial directions (x, y, and z).  

 

Multiaxial strain 

 The effect of multiple strain directions and strain type were also investigated to generate 

new patterns. The results are illustrated in the AFM images of Figure 5.14. Highly ordered wrinkle 

patterns were not as pronounced when using a 3-directional strain (Figure 5.14a). The triangular-

shaped specimen allowed for equal strain in three directions, which yielded semi-herringbone 

patterns. 

The circular PDMS samples subjected to lateral compression during the oxidation process 

resulted in chopped rippled patterns as illustrated in the AFM image of Figure 5.14b. The 

topography is similar to stretched PDMS.  

 

a) b)
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Figure 5.14 Wrinkle patterns produced by varying the strain directions on PDMS with εprestrain = 
20%.  Semi-herringbone patterns created by a) 3-directional strains and chopped ripple patterns 
created by b) uniaxial lateral compressive strain with sequential release of each strain. Oxygen 
plasma dose was 30 kJ. The insets are the AFM 3D surface images. 
  

Roughness 

The roughest topographies were achieved with the highly ordered herringbone patterns 

with an Rq of 105 nm. This was a result of prestraining the PDMS in the x and y directions. The 

randomly generated wrinkle patterns yielded the least surface roughness with only 35.2 nm. Table 

5.13 displays the surface roughness summary of the created patterns. 

 

Table 5.13 Effect of wrinkle pattern on surface roughness  

 

Wrinkle Pattern 
RMS Surface Roughness Rq 

[nm] 

Ripple 81 

Semi-ripple 43.4 

Chopped Ripple 60.7 

Herringbone 105 

Semi-herringbone 65.4 

Disordered-herringbone 35.2 

a) b)
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The highly ordered wrinkle patterns exhibited the most surface roughness in comparison 

to their deviations. For example, PDMS surfaces with distinct ripples achieved higher roughness 

than the semi- and chopped versions.  
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CHAPTER SIX 

CONCLUSIONS 

 

6.1 Contributions to the Body of Knowledge 

This work focused on the engineering of micro/nano-structured wrinkling on modified 

PDMS bilayer systems. By altering the polymer surface and taking advantage of material and 

fabrication process constraints, key parameters that effectively influence the formation of wrinkled 

features were identified. The findings presented in this study not only further develop the 

fundamental understanding of wrinkling mechanics, but also allow for surface roughness 

engineering to be successfully tuned for a wide array of present and future applications. 

The creation of wrinkled surfaces was explored in metal deposited thin films atop PDMS. 

A series of experiments were designed to investigate the significant material parameters that affect 

of low deformation wrinkling mechanics. In doing so, the experimental bilayer system successfully 

validated an empirical model.  

Building upon the understanding of key material parameters that affect low deformation 

wrinkling, oxidized PDMS was used to extend this knowledge in mechanically perturbed-induced 

wrinkling. A model was constructed that describes the wrinkle profile in terms of the paramount 

process parameters of plasma treatment. This feature enables integration of micro/nano-wrinkle 

manufacturing on large-scales. 

Finally, wrinkle morphology was controlled in a series of wrinkle patterning experiments. 

Transformations of various wrinkle patterns was achieved by coordinating the amount/direction 

of strain exerted on the system and exploiting the strain release process, and also by manipulating 

the geometric properties. The versatility of wrinkle patterning techniques demonstrates further 

advances in surface roughness engineering. 

Overall, the results and analysis provided in this work progresses the fundamental 

understanding of wrinkling in hard skin-soft substrate bilayer systems. Engineering surface 

roughness through the fabrication of micro/nano-wrinkling offers new pathways to utilize this 

phenomenon for robust technological applications. 
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6.2 Military Initiatives 

Achieving high pointing accuracy with vibrating apertures and dense, unsteady flow-fields 

and accounting for other aero-optic constraints remains a significant challenge for airborne weapon 

systems. Understanding sensor pointing accuracy and blurring errors through the high speed 

boundary layer is vital for aerodynamics predictions [55].  Manipulation of surface roughness 

control mechanisms using material science properties is also necessary for controlling high-speed 

boundary layer transitions.  

In the future, wind tunnel tests should be employed to study the actual effects of the induced 

distributed roughness on aircraft structures. The fundamental understanding of the roughness 

formation and their effects on boundary layer transitions can be used to develop tailorable flow 

control mechanisms for aerodynamics, particularly in high speed boundary and shock layer 

transitions.   
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