








were formed within the oxidized area separating the two microchannels. The wrinkle amplitude
and wavelength define an open channel of cross-sectional area ~ AA. Once the wrinkles connect
the two microchannels, ethanol solution began to flow through the wrinkle channels. These
wrinkle channels are opened and closed reversibly in response to the introduction of swelling
solvent. The ability to fabricate reversible structures within microfluidic devices has the
potential to create, control and manipulate various types of fluidic transport for both synthetic

and biological applications.

Figure 4.13 Smart microlens array using solvent-responsive surface. (a) Experimental set-up with
a projection template of the emblem (bottom) for demonstrating optical functionality of
microlens array. Optical microscopy image (upper) of a selectively oxidized PDMS surface using a
stencil mask (scale bar = 100 um). (b) Projected emblem images are observed on every optical
element when microlens structures are formed by ethanol-wetting, demonstrating the
reversible microlens array.
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In addition, the morphology of a wrinkled surface can also be controlled such that the
wrinkle features serve as local focusing lenses, or a microlens array. To demonstrate the utility
of these surfaces as responsive microlens arrays for optical display applications, we controlled
the lateral dimensions by defining the oxidized region of PDMS surface by using stencil masks
[82]. Upon swelling, the finite boundaries led to the generation of microlens structures when
the diameter of oxidized region (D) was smaller than the wrinkle wavelength (1). With 1 hr of
UVO treatment, we prepared a microlens array with a hexagon diameter of 38 um that was
smaller than wavelength of 55 um. Figure 4.13 illustrates the ability to focus on an object over a
hexagonal array of microlenses in response to solvent environment. When the sample was
exposed to ethanol, microlenses were formed spontaneously with ~ 3 um of height, and they
transmitted an image focused at the focal point of the microscope objective. As the ethanol
evaporated and smooth surface was recovered, the image was no longer projected onto the
objective due to the change in focal point. Further, tuning of the focal length of the microlens
can be achieved simply by changing oxidation time and/or the lateral dimensions of the oxidized
region.

Dynamic wrinkle patterns were also used as templates for guided assembly of colloidal
particles. Previously, Lu et al. have used wrinkles as a template to produce the colloidal
assembly with tunable wavelength [39]. Hyun et al. have assembled colloids in a wrinkled film
and transfer to a flat substrate [77]. Although these approaches simplify the fabrication of well-
defined colloidal assembly, a sequential methodology is required for deposition of the colloids
and the complexity of pattern is relatively low due to their mechanical process, in that only
straight lines can be fabricate without confinement-induced wrinkling. Thanks to the sinusoidal
nature of wrinkling, the deposition of fluorescent polystyrene (PS) colloids with the diameter of

500 nm dispersed in ethanol takes place selectively in the troughs of the wrinkle patterns during
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CHAPTER 5

WRINKLING INSTABILITY IN A TRILAYER SYSTEM

5.1 Introduction

Wrinkling occurs across a broad range of length scales for a wide variety of material
systems such as skin being squeezed, paper being stretched, or thin rigid materials trying to
expand while being bound to a compliant substrate [9]. This phenomenon is a type of
mechanical instability that develops in response to the applied compressive stress (thermal,
mechanical, or osmotic), showing unique, periodic surface patterns. When a thin stiff film on a
compliant foundation is compressed, wrinkling occurs to minimize the total energy of the
system. Wrinkling has been exploited recently to create intriguing patterns such as microlens
arrays, to fabricate novel devices such as stretchable electronics, and to measure materials
properties [36, 82-83].

Contrary to mechanical compression on a bilayer, trilayer systems have mostly been
used to obtain wrinkle patterns through thermal and osmotic approaches [84-85].
Metal/polymer/substrate trilayers have recently been reported to exhibit wrinkling when
heated above the T, of the polymer [86-87]. Also, Crosby et al. demonstrated the wrinkling of an
oxidized PDMS surface under a compressive stress induced by absorptive swelling of a liquid
solvent into the different layers [32, 34]. Although there is general agreement that the lateral
stress arises from the strain mismatch of the different layers, the effect of geometry and
material properties in a trilayer system has not been studied systematically.

In this Chapter, we present methods to create osmotically- or thermally-induced wrinkle
patterns in a trilayer system. We observe a transition from wrinkling to cracking as the thickness

or modulus of compliant layer sandwiched between a rigid substrate and the thin stiff surface
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Figure 5.1 Schematic of sample preparation and experiment set-up for solvent vapor-induced

Thermally-induced wrinkling: Trilayers of gold (Au) film (top layer) on PDMS (middle
layer) supported by Si wafer (bottom layer) were prepared in two steps. Crosslinked PDMS films
were prepared by mixing Dow Corning Sylgard 184 base thoroughly with its crosslinking agent
(40:1, 50:1, 60:1 by weight) and then degassing for 1 hour. The degassed mixture was spun-
coated onto a silicon wafer and cured at 70°C for at least 4 hours with thickness ranging from 10
pm to 500 um. A thin gold (Au) film with thickness between 2 to 10 nm was deposited onto the

PDMS surface by Cressington 108 sputter coater for varying times, by which sputtering was
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achieved with an efficient DC magnetron, offering fine-grain coatings and negligible sample
heating. Stencil masks were placed on the samples to selectively deposit the thin Au film.
Thickness of the PDMS and the Au layers were measured by Filmetrics optical Interferometer.
For the wrinkle formation, the whole samples were heated to 300 °C at 5 °C/min using a hot
stage and then examined using a Zeiss optical microscopy and an optical profilometer (Zygo New

View 7300) to obtain the amplitude and wavelength of wrinkle patterns.

5.3 Results and Discussion

5.3.1 Swelling-induced Surface Instability

To prepare osmotically-induced wrinkling, UVO-treated PDMS on a silicon wafer was
used as shown in the Chapter 4. To induce wrinkling, we exposed prepared samples to solvent
vapor. Upon exposure to the solvent vapor, solvent molecules diffuse into the oxidized layer
toward the PDMS layer. The swelling ratio of PDMS layer is inversely related to the solubility
parameter of the solvent [88]. Solvents such as ether, THF, and chloroform swell the PDMS to a
large extent, while acetone, pyridine, and alcohol swell it to a small extent (Table 5.1). The
oxidized layer is a hydrophilic material, so a high affinity for polar solvents such as THF, acetone,
and alcohol is expected. To qualitatively characterize the swelling mismatch of UVO-treated
PDMS by solvent vapors, we conducted simple beam bending experiments, where UVO-treated
PDMS films were placed on, but not adhered to, metal posts with a diameter of 1 cm. Upon
swelling, the beam curled due to the differential strain induced by differences in the swelling
extent of the oxidized layer and the non-modified PDMS layer. For example, the UVO-treated
PDMS bent downward after ethanol or acetone vapor exposure, indicating that ethanol swelled

the top oxidized layer to a greater extent as compared to the underlying PDMS (Figure 5.2a). On
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the other hand, toluene, hexane, THF, and ether swelled the PDMS layer more than the oxidized

layer and caused the beam to bend upward (Figure 5.2b).

Table 5.1 Beam bending test and surface morphology with solvent exposure of UVO-treated
PDMS (20:1 PDMS, PDMS thickness ~ 30 um, UVO time = 30 min). The swelling degree (S) that
was measured experimentally for 10:1 PDMS: S = D/D,, where D is the length of PDMS in the
solvent and D, is the length of the dry PDMS.

Beam bending Swelling degree

Solvent test Surface morphology of PDMS (.) [88]
Ethanol 5> S wrinkle 1.04
Acetone 5> S wrinkle 1.06
Toluene 5¢<Ss flat 131
Hexane 5¢< S flat 1.35

THF S¢<Ss wrinkle and/or crack 1.38

Ether 5¢<Ss wrinkle and/or crack 1.38

For SiO,/PDMS/Si trilayer with the thin PDMS layer (thickness ~ 12 um), the rigid
substrate resists the swelling-induced stress, putting the oxidized layer into a compressive stress
state. When this compressive stress exceeds the critical stress value, wrinkles appear over large
areas. Figure 5.2 shows representative results for the wrinkling of a UVO-treated PDMS
supported by Si substrates with ethanol and THF. With equibiaxial stress, the resulting wrinkles
exhibited no regular order. We could control the wrinkle wavelength and amplitude by changing
the thickness of PDMS layer, the ratio of PDMS and crosslinker, and the UVO time (see details in
the Chapter 4). While only wrinkle patterns were obtained from ethanol vapor regardless of the
PDMS thickness, cracking was observed prior to wrinkling for thick PDMS (thickness ~ 100 um)
exposed to THF vapor. For the very thick PDMS (thickness ~ 5 mm), no wrinkles, only cracks,

were observed for samples exposed to THF vapor.
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Figure 5.2 Wrinkling and cracking in a trilayer induced by swelling. (a-b) Images of beam bending
and surface morphologies of UVO-treated PDMS after exposure to (a) ethanol and (b) THF
vapor (t,,, = 40 min, h; ~ 12 um). (c) Surface instability of UVO-treated PDMS (t,,, = 40 min h, ~
100 um) after THF vapor exposure. Cracking occurs prior to the formation of wrinkles.
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This observation implies that the stress exerted in the oxidized layer changes with the
thickness of PDMS, which can be qualitatively rationalized as follows. The swelling mismatch
between the oxidized layer and the PDMS layer from THF vapor in the absence of Si substrate
causes a tensile stress to the oxide layer. The attachment of UVO-treated PDMS to Si substrate
constrains, or limits, the bending deformations caused by differential swelling. Hence, a
compressive-stress is applied to the UVO-treated PDMS bilayer. For thin films of PDMS, this
compressive stress is large and dominates swelling-induced tensile stresses near the SiO,/PDMS
interface, leading to wrinkle formation upon exceeding a critical strain. For PDMS layers with
increasing thickness, the substrate constraint decreases, leading to tensile stresses dominating
the SiO,/PDMS interface. If the strain energy release rate associated with the applied tensile
stress is greater than the critical strain energy release rate, cracking will ensue in the oxidized
layer. As the tensile stress in the top oxidized layer is relieved by the process of cracking,
compressive stresses imposed by the substrate constraint may lead to observed wrinkling

patterns for PDMS films with intermediate thickness.

5.3.2 Thermally-induced Surface Instability

We used Au/PDMS/Si trilayers to study similar deformation mechanism transitions
described in the above section. This system, which can be wrinkled by thermally induced strains,
has advantages relative to SiO,/PDMS/Si tirlayers in terms of control for the top layer thickness
and knowledge of the differential mismatch strains, which can be directly determined by the
coefficient of thermal expansion (CTE) of each material layer. The wavelength (A1) of wrinkles can

be described when PDMS thickness is larger than wrinkle wavelength at small strains.

E 1
A =2rh, (ﬂ)s

Eroms (5.1)
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where h¢is the film thickness, E=E/(1- v,-z) is the plane-strain elastic moduli for material i. E is
Young’s modulus and vis the Poisson’s ratio for material i. This equation predicts that the
wavelength depends only on the film thickness and the film/substrate modulus ratio, and not on
the strain. The wavelength of the wrinkle increased linearly with hy, Au film thickness, as shown

in Figure 5.3. A measurement of wavelength and thickness of Au film allows a determination of
the modulus ratio (E ¢ / Es ) based on equation (5.1). We obtain E; / Es~5.59 x 10°, 1.26 x

10°, and 1.82 x 10’ for 40:1, 50:1, and 60:1 PDMS from the slope of the fit line in Figure 5.3,
respectively. These values are of the same order of magnitude as calculated values based on the

literature values [89-90].
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Figure 5.3 A plot of wavelength of wrinkles (1) vs Au thickness (hy) with different PDMS ratios.
The dotted lines represent best linear fit to data.

Two limiting cases help to understand the resulting stress on the Au film in such a

trilayer system: (i) when h; — 0, the mismatch in the thermal expansion coefficients between
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the Au film (o, ~ 14 x 10° K™) [89] and the Si substrate (o ~ 3 x 10° K?) [91] leads to

compressive stress, o, = E; (asi —ay, )AT . (ii) When h; — oo, the lateral constraint by the

substrate becomes negligible and the stress on the Au film is defined by the mismatch in

thermal expansion coefficients between the Au film and the PDMS elastomer (otppms ~ 3 X 10K

Y[92], oy = E, (aPDMS —a,, )AT . In this regime, the stresses on the Au film will be tensile.

These limits imply that a transition in the Au film stress state from compression to tension
occurs as the PDMS thickness increases. Figure 5.4 shows representative results of wrinkle
patterns in trilayer system with different PDMS thickness (60:1 PDMS ratio). For thin PDMS,
wrinkling emerged at ~ 120 °C without cracking and disappeared by cooling. On the other hand,
in the case of thick and more stiff PDMS films (40:1 ratio, 140 um thick), cracks were observed
before wrinkling. This observation is consistent with the results from swelling of UVO-treated

PDMS film supported by Si substrate.

Figure 5.4 Wrinkling and cracking in a trilayer induced by heating. Optical micrographs of (a) 12
um and (b) 200 um PDMS layer sandwiched between the 5 nm Au film and Si substrate during
heating from room temperature to 200 °C.
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5.3.3 Stress State in a Trilayer

The thermally- and osmotically-driven deformation transitions observed in both trilayer
systems described above indicate that the resultant stress in the top layer, which controls
wrinkling or cracking, is determined by the balance of geometry and mechanical properties for
the layered materials. An understanding of this stress state can be developed by applying the
principle of superposition, such that the stress in the top layer can be determined by the
summation of the mismatch stress that would develop in a hypothetical bilayer of the top and
middle layers and the mistmach stress that would develop in a hypothetical bilayer of the top
and bottom layers. The effect of middle layer thickness can be considered to modulate the
stress in the bilayer of the top and bottom layers. For a film/substrate bilayer, Stoney’s formula

(Equation 5.2) can be applied to quantify the stress in thin top film layer [93].

(5.2)

~

f
_6(g,—¢&;)( hiE, o h,
h, h,E, LI DAL L ’ N (E Y

h.E, h, Lh, h, ) | E,

where «k represents the curvature of bilayer. The subscripts f and s denote stiff, top film (e.g. Au)

and underlying substrate (e.g. PDMS), respectively. With the given material properties and
geometrical dimensions of top film and middle bilayer considered in our experiments, we expect
the thickness ratio (hy/h;) to be small such that higher order terms are negligible and the

extended Stoney’s equation can be simplified to:

& —¢&; ~hik g+ hE, . (5.3)
3 6hE,

The strain of the PDMS midplane (&) is also given by:
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(5.4)

The stress at the interface between the top and middle layers from the side of top film ( Gfim/migdie)

given by:
- E((e,—¢¢)
O film/middle ~ 1+4hf E/ ) (5.5)
hS ES

In the case of & > &, the tensile stress is applied to the top film.
For a hypothetical bilayer between the top and bottom layers, the lateral stress on the

top layer could be expressed as:

E (g, —¢¢)

4h E, ’
1+ Aa,

where Gjimwottom is the stress on the top film from substrate constraints. The subscripts b

(5.6)

~

O film/bottom

denotes bottom layer (e.g. Si wafer.) In our experiments, the stress in the Au film will approach
the stress predicted by Equation 5.6 when the thickness of the middle layer becomes infinitely
small, i.e. h; ~ 0. As the middle layer thickness increases, the contribution from the top/bottom
bilayer will decrease to zero for an infinitely thick middle layer. Therefore, the following semi-
empirical equation is suggested to describe the influence of middle layer thickness on the top

film stress:

E: (&5 —&;) 1

O film/bottom ~
4h E, ry , (5.6)
1 e 1
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where L, is a characteristic length and n (n > 0) is an exponent that defines the scaling for
variation in the middle layer thickness. The stress state on the thin top film can be expressed as

the superposition of these two stress contributions:

o~ Ef(‘c"s_gf) + E (‘98| )
t“~1 4h E, 1. 4hE 1+V bui (5.7)
" hSES SI SI LO

where o;; and &, is the stress and strain on a thin top film in a trilayer, respectively. This

empirical equation satisfies the two limiting cases: (i) for hs = 0, Guiiayer ~ Ef(& — &), and (ii) for
hs — o0, Gtitayer ~ Ef(& — &)

To validate this approach for qualifying the lateral stress state on a thin top film in a
trilayer, we first measured the wrinkle amplitude and wavelength to estimate the applied strain
to the Au film in Au/PDMS/Si trilayer. The amplitude (A) of wrinkle pattern increases with a

square-root dependence on the applied compressive strain (&) as
A=h, (ele, -D". (5.8)

Here, & is the critical strain that is necessary for the wrinkling to occur:

—\2/3
. _E 3E,
c 4 E; ) (5.9)

Combining Equation 5.1 and Equation 5.8 yields an expression relating wrinkle amplitude and

wavelength to the applied strain to the Au film:

A
”j:(g_gc)m. (5.10)

From the observed amplitude and wavelength with different temperatures, we estimated the

applied strain induced by the CTE mismatch based on Equation 5.10. With the assumption of a
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linear relationship between thermal strain and temperature (& = AT ) and &,i=— (¢ — &),

Equation 5.10 becomes:

(7TA)2 _ (as _af) (aS| af)

A2 1+4th/ +1 4h, E/ 1+V T-T)=a-T) (511
hsEs Sl Sl LO

where T. is the critical temperature at which wrinkles emerge. The parameter «, is an apparent

CTE of the Au film in Au/PDMS/Si trilayer. When h; — 0, ¢, equals (o, —erg;) ~ 11 x 10° K™ Itis

qualitatively expected that as the PDMS thickness increases and approaches the critical
thickness at which a transition of stress state from compression to tension occurs, a, decrease,

resulting in the decrease in magnitude of the applied compressive strain. As shown in Figure 5.5,
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Figure 5.5 A plot of A/A versus temperature variation from critical temperature to induce the

wrinkling with different thickness of 60:1 PDMS layer (0: 12 um, o: 140 um, and A: 400 pum).
The dashed lines represent best square root curve fit to data.
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the observed dependence of A/A on temperature is adequately described by the allometric
relation A/ Aoc (T —Tc)ll2 given by Equation 5.11. By fitting the data, we obtain the value of

o, with three different PDMS thickness (4.20 x 10, 2.37 x 10°®, 0.96 x 10° K™ for 12, 140, 400

um, respectively), which is in good agreement with the expectation. As shown in Figure 5.6, ¢,

decreased as the PDMS layer in thickness increased. The dashed line was obtained from

Equation 5.11 with L, =10 um and n = 0.6.
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Figure 5.6 A plot of ¢, versus 60:1 PDMS thickness. The dashed line was obtained from Equation
5.11 with L, =10 pum and n = 0.6.

Above the critical PDMS thickness, the cracking was observed as the dominant
deformation mechanism, followed by wrinkling as shown in Figure 5.4. We observed the surface
morphology in Au/PDMS/Si trilayer systems at 300 °C by varying the PDMS thickness from 10 to
500 pum with three different PDMS/crosslinker ratios (40:1, 50:1, and 60:1). Figure 5.7 shows

two different forms of surface deformation (i.e. wrinkle and crack) of Au/PDMS/Si trilayer

system in
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Figure 5.7 Morphological phase diagram of surface instability in a trilayer. Phase boundary is
drawn to guide the eye. o: wrinkling and A: cracking prior to wrinkling. E; is estimated from
Figure 5.3 with the E; of 82 GPa.

the PDMS thickness-modulus phase diagram. The dashed line guides the boundary between the
two regions of wrinkling and cracking prior to wrinkling. The data below the dashed line exhibit
the formation of wrinkles in the Au film. The data above the dashed line show the cracking prior
to wrinkling. This can be qualitatively rationalized with Equation 5.7. As the PDMS layer increase
in thickness, the thermal mismatch between the Au and PDMS increases the tensile stress while
the compressive stress induced by thermal mismatch between Au and Si decreases in Equation
5.7. As a result, a transition from compression to tension occurs at the critical thickness. For

PDMS layer with thickness above the critical thickness, the tensile stress leads to the formation

of cracks. As cracking relieves the tension stress in the Au film induced by the thermal mismatch
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with PDMS, the stress in the remaining regions of Au transitions to compression, which is
attributed to the second term of Equation 5.13. This compressive stress leads to the formation
of wrinkles after cracking. It should be noted that only cracks were observed for very thick PDMS
(hs ~ 5 mm), which implies that the effect of substrate constraint, i.e. the contribution from the
second term in Equation 5.7, is negligible.

The dashed line in Figure 5.7 is empirical, but some insight into the stress state of the Au
film can be gained: the effect of substrate constraint on the PDMS layer becomes more
significant as the PDMS layer becomes thinner and softer, which increases the compressive
stress on the Au film in Au/PDMS/Si trilayer system. This result infers that L, is related to wrinkle
wavelength (1), as it is the only relevant length scale that depends on the modulus of PDMS.

Considering the residual stress (o;), Equation 5.7 can be written as:

Ef(gs_gf) N Ef(gsi_gf) 1
4h,E, 4h.E, h
L+ AES L+ %E 1A

where A is the constant (L, = A/A). Equation 5.13 shows that o, is dependent on not only

O-tri ~ +Gr = Efg

tri + Gr
’

(5.13)

geometry but also material properties of each layer in a trilayer system.

From the Equation 5.13, there must be a mismatch strain between top layer and
substrate to induce the compressive stress for wrinkling. For the swelling test of UVO-treated
PDMS on Si with hexane or toluene vapor, no wrinkling was observed (Table 5.1). It might be
due to the fact that these solvents swell the oxidized layer to no extent at all or to a very small
extent compared to the THF and ether, while swelling the PDMS at a large extent. Okayasu et al.
also showed no wrinkling in the absence of the mismatch strain between a top film and a

substrate. Equation 5.13 explains the stress state of a thin top layer in a trilayer qualitatively,
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but more intensive study is needed to develop the more accurate expression of quantitative

relationships.

Side view Top view
Au
]
PDMS No wrinkling
I
Si
]
Wrinkling
I

Figure 5.8 Schematic showing the sample preparation for Au/PDMS/Si trilayer to generate
wrinkling instability.

Lastly, the lateral configuration of Au film on PDMS layer plays a role in determining the
magnitude of the stress profiles. These boundary effects were observed specifically in the case
when the PDMS edge coincided with the film edge than in the case when the PDMS extended

far beyond the film edge (Figure 5.8).

5.5 Conclusions

In this chapter, we discussed the surface instability in the trilayer that consists of a
compliant PDMS layer sandwiched between a stiff top film and a rigid Si substrate through
osmotic and thermal approaches. The constraint by a rigid Si substrate leads to compressive

stress on a stiff thin film, resulting in the wrinkle formation. Wrinkling was observed for thin



and/or soft PDMS layers, while cracking occurred prior to the wrinkle formation for relatively
thick and/or hard PDMS layers. Understanding the effect of geometry and material properties in
a trilayer system on surface instability provides critical insight toward its use in various

applications.
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CHAPTER 6
CONCLUSION

The main focus of this thesis was to create the spontaneous formation of well-
controlled patterns over large areas in a simple, robust, and versatile manner. By taking
advantage of dynamic self-assembly and wrinkling instability we were able to develop new
strategies for macroscopic patterning that will have a broad impact on many applications in
optics, electronics, and adhesion.

This study demonstrated that a programmed flow-coating can offer a powerful means
to create the well-ordered line patterns of numerous materials over large areas in a simple
manner as well as a new, exciting class of inorganic nanoparticle materials. Combining the
"coffee ring" effect with the precise control over the contact lines by using the programmed
flow-coating resulted in line-based patterns with high positioning accuracy. By programming the
velocity profile of a translation stage, we mimicked the stick-slip motion of the contact line,
leading to the controlled macroscopic patterns. Spacing and dimensions of lines were controlled
by a programmed flow-coating. By studying the minimum spacing between the neighboring
lines based on geometric consideration, the geometry of deposit structures was found to play a
significant role in pinning the contact line. With the help of polymer ligand chemistry on the
nanoparticle surface, multicomponent patterning of nanoparticles was realized with well-
defined structures and 1-D nanoparticle structures that exhibited extreme flexibility when they
were floated by removing the sacrificial layer were readily fabricated. The ease of macroscopic
patterning by the programmed flow-coating method creates new opportunities for organization
and assembly of functional materials with preserved materials properties into macroscale

devices.
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Inspired by the mechanical instability, we also fabricated the solvent-responsive
surfaces with periodic structures over large areas that dynamically transform their topography
through wrinkling. By changing the geometry and material properties of systems, we controlled
the dimension and morphology of wrinkle patterns over large areas, which allowed for a
realization of a variety of advanced devices, such as reversible channels, and smart microlens
arrays, and patterning of nanoparticle assemblies. Taken together, this study provided
promising avenues of future work and potential applications of stimuli-responsive materials,
while raising many questions regarding the origin of stress in a multilayer system. Therefore, we
studied the influence of geometry and material properties of system on the stress state in a
trilayer system. A compliant middle layer played a significant role in determining the surface
structures, which is determined by the stress state on a top layer. In the pursuit of new
functional materials, fundamental understanding of the stress state in this study which causes
the formation of wrinkles enables the possibility to create more complex patterns over large
areas through the creative use of geometry, material choice, and process. However, more work
remains to be done in order to study the kinetic effects that can provide a number of useful
starting points for both the generation of novel patterns as well as in exploiting the reversibility
of wrinkled surfaces for practical applications.

The results and analysis presented here will undoubtedly provide useful stepping stones
for the beginning of understanding and utilizing dynamic self-assembly and wrinkling instability
not only to generate novel macroscopic patterns but also to probe fundamental and practical
questions. Thus, it lays the foundation to develop novel patterns and advanced materials for a

wide range of future studies from the fundamental to the applied.
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