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Abstract Periodic wrinkling of a rigid capping layer on a deformable substrate provides a useful method for
templating surface topography for a variety of novel applications. Many experiments have studied wrinkle
formation during the compression of a rigid film on a relatively soft pre-strained elastic substrate, and
most have focused on the regime where the substrate thickness can be considered semi-infinite relative to
that of the film. As the relative thickness of the substrate is decreased, the bending stiffness of the film
dominates, causing the bilayer to transition to either local wrinkling or a global buckling instability. In
this work optical microscopy was used to study the critical parameters that determine the emergence of
local wrinkling or global buckling of freestanding bilayer films consisting of a thin rigid polymer capping
layer on a pre-strained elastomeric substrate. The thickness ratio of the film and substrate as well as the
pre-strain were controlled and used to create a buckling phase diagram which describes the behaviour
of the system as the ratio of the thickness of the substrate is decreased. A simple force balance model
was developed to understand the thickness and strain dependences of the wrinkling and buckling modes,
with excellent quantitative agreement being obtained with experiments using only independently measured

material parameters.

1 Introduction

Wrinkling and buckling of thin films has been thoroughly
investigated for a variety of applications such as small-
scale surface patterning [143], biomedical devices [4], and
flexible electronics [5]. One way to achieve surface pat-
terns is by capping a soft, stretchable substrate, such as
an elastomer (elastic modulus Es; ~ MPa) with a relatively
thin rigid layer, such as a metallic or polymeric film (E¢ ~
GPa). If the rigid layer becomes sufficiently compressed it
can buckle locally out of plane with a sinusoidal wrinkling
pattern in order to accommodate its excess surface area
relative to the compressed substrate. The out of plane de-
formation comes at the cost of bending the rigid capping
layer in exchange for relaxing energy stored in compres-
sion. Compression can be achieved through either differ-
ential thermal expansion between the capping layer and
the substrate material [6], chemical swelling |[7H9], or by
mechanically pre-straining the substrate prior to capping
with the rigid film [10-13]. The relationship between wrin-
kling wavelength and the system parameters has been so
well established that it has been used as a metrology [11].

Mechanically induced buckling, shown schematically
in fig. [I} is most relevant for biomedical devices and flexi-
ble and wearable electronics applications, where the use of
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high temperatures or chemical swelling should be avoided
[5L/14L/15]. In such systems it is critical to understand how
mechanical instabilities and failure modes depend on the
geometry of the bilayer and the material properties of the
individual layers. Most experiments to date have focused
on macroscopic samples, where the thickness of the sub-
strate, H, is taken to be infinite relative to the thickness
of the capping film, h. Following release of the pre-strain,
these systems can form either 1D or 2D wrinkling pat-
terns [13]. At higher strains, localization features such as
folds and creases (316118, period doubling [19], or delam-
inations can occur. In the latter case, voids form between
the film and substrate [20H22]. In this semi-infinite regime,
the wavelength of wrinkling, A, can be calculated using a
force balance between the bending of the capping film and
the deformation of the substrate [10]. This force balance
results in a wrinkle wavelength:

=\ 1/3
A =2mh Ef ,
3E,

S

(1)

where E; = E;/(1 — v2) is the plane strain modulus of
layer i, with E; the Young’s modulus and v; the Poisson’s
ratio, where subscript i = f or s refers to the capping film
or substrate, respectively. This wavelength is linearly de-
pendent on the thickness of the capping film, while being
independent of the substrate thickness. This relationship
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has been proven exhaustively by experiments [1,/10] and
allows wrinkling in the semi-infinite regime, h << H, to
be used as a method for measuring the moduli of thin rigid
films [11}/23-25]. There is also a critical pre-strain, € oo,
required for wrinkling in the semi-infinite regime, which is
dependent only on the ratio of the moduli of the materials:

1 /3E.\""°

cwn=1 (%) -

Below this critical pre-strain the capping film remains flat

upon compression. For typical elastomer/polymer mate-
rial pairs this critical pre-strain is ~ 0.5 % [3}[21].

When considering applications such as flexible elec-
tronics or biomedical applications, technology continues
to push for ever smaller structures and feature sizes, re-
quiring bilayer films in which the thickness of the sub-
strate can no longer be considered semi-infinite. In this
finite-substrate regime it has been suggested both the-
oretically [26-28] and experimentally [29] that wrinkling
wavelengths can deviate from those predicted by eq.[I} and
that this could affect device performance. Crucially, when
the bending stiffness of the capping film becomes dom-
inant, the entire bilayer film could undergo global buck-
ling on a length scale similar to the total sample length, as
shown schematically in fig. (b), similar to observations in
refs. [30] and [31]. For a detailed theory for the character-
istic wavelength associated with the global buckling, we
refer the reader to the work by Takei and co-workers [30].
The critical conditions that separate local wrinkling and
global buckling in bilayer films have been studied both
theoretically and experimentally in the context of flexible
electronics using macroscopic samples [26}[27,32]. These
works have developed theories to predict the type of in-
stability observed with unclamped boundary conditions,
and have predicted that the critical pre-strain required
for wrinkling increases as the relative thickness of the

(2)
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Figure 1. (a) Side view schematic of an elastomeric film pre-
strained by an amount €pre, the direction of which is indicated
by the grey arrows. The elastomer film is capped by a thin
polystyrene film. (b) Below a critical pre-strain the bilayer will
undergo buckling. (¢) Above the critical pre-strain the rigid
film will wrinkle.

substrate is decreased, although experimental results are
limited. Previous work has not addressed what instability
results, provided that the pre-strain is sufficient to desta-
bilize the free-standing bilayer. If the bonding between the
layers is strong then two possible scenarios emerge: global
large wavelength buckling (fig. (b)) and local wrinkling
(fig. (c)).

In this work we present an experiment to study the
critical geometrical parameters which determine the mor-
phology of a sufficiently pre-strained free-standing bilayer
film which, upon relaxation, transitions into either local
wrinkling or global buckling. The use of a freestanding
geometry means that the entire bilayer sample is able to
deform out of plane, allowing for global buckling to occur.
By varying the thickness ratio of the capping film and sub-
strate, h/H, and the substrate pre-strain, ey, the sepa-
ration between the emergence of local wrinkling or global-
buckling can be mapped out. In all our experiments we
operate with pre-strains that are well above the critical
pre-strain, € . We also present a model, adapted from
the semi-infinite theory, to produce a simple description
of the separation between wrinkling and global buckling
which is in good quantitative agreement with experiments.

2 Experimental Methods

Bilayer films were prepared on a biaxial straining appa-
ratus shown schematically in fig. [2| and described previ-
ously [33,/34]. The apparatus consisted of a 258 + 2 um
thick Elastosil® sheet (Wacker Chemie AG), which is cut
into a rounded “plus” shape, with a 1 cm diameter hole
in the middle. This shape was chosen to ensure nearly
uniform biaxial strain at the centre of the hole where the
bilayer sample is placed. We stress that this 258 pym sheet
merely acts as a frame that is used to mount the bilayer
sample of interest and apply a controlled strain. Each arm
of the “plus” shaped frame was clamped to a post and
attached to crossed optical rails using translation stages.
The hole was covered with a second Elastosil film, which
becomes the “substrate” of the bilayer, with thicknesses of
H={209+04,514+1,104 £2,213 + 7, or 258 £+ 2} um
as measured in reference [35]. Samples with intermediate
substrate thickness were made by stacking Elastosil sheets
with good adhesion between the films — sufficient that the
films remained in good contact when strained. The 0 %
strain value was calibrated before each experiment by ad-
justing each post until the point just before the Elastosil
sheet begins to wrinkle. The substrate was then strained
biaxially by moving two of the translation stages in op-
posite directions (the high-strain direction) while leaving
the perpendicular direction fixed. The applied pre-strain
was measured optically using epre = (df — di)/d;, where
d; and d; are the initial and final distances between two
defects in the film surface aligned parallel to the strain
direction, respectively. The posts perpendicular to the ap-
plied strain were not adjusted, meaning that the strain
in the perpendicular direction is zero. We note that while
there is no strain in the perpendicular direction, there is
a tensile stress induced through Poisson’s ratio which is
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Figure 2. (a) Top view schematic of the experimental strain-
ing setup showing the rounded plus sign 250 pm Elastosil film
with a hole in the middle. The hole is covered with a sec-
ond freestanding Elastosil film of varying thickness, which acts
as the substrate. (b) The substrate is strained biaxially and
capped with a thin PS film, forming a bilayer. (c¢) As strain is
released and the bilayer is compressed, it can either wrinkle or
buckle.

smaller than that induced in the high-strain direction. The
Elastosil films have a modulus E; = 1.11 £ 0.06 MPa ,
and making the reasonable assumption that the elastomer
is incompressible then Poisson’s ratio can be taken to be
v = 0.5.

Films of polystyrene (PS, with number averaged molec-
ular weight M, = 185 kg mol~! and polydispersity in-
dex, PDI = 1.06, Polymer Source Canada, Poisson’s ratio
ve = 0.33 and modulus Ef = 3.3 GPa ) with thick-
ness values ranging from h ~ 80 — 1900 nm were prepared
by spin coating from dilute toluene solution onto freshly
cleaved mica substrates and their thickness measured us-
ing ellipsometry (Accurion, EP3). We note that the mod-
ulus of PS at these thicknesses should remain at the bulk
value . All films were annealed in vacuum at 140 °C for
a minimum of several hours to relax the polymer chains
and remove any residual solvent. The films were then cut
into approximately 3 mm x 3 mm pieces using a scalpel
and floated off the mica and onto the surface of an ul-
trapure water bath (18.2 MQ.cm, Pall, Cascada, LS). A
piece of the PS film was then floated back onto the mica
substrate, and brought into contact with the Elastosil sub-
strate. The strong adhesion between the PS and Elastosil
means that the mica substrate can be removed, resulting
in a free-standing PS/Elastosil bilayer. Any remaining wa-
ter is gently wicked away at the edge of the sample. The
pre-strain is then slowly released by moving the transla-
tion stages, and the bilayer film can be observed using
optical microscopy as the capping film is compressed by
the relaxing substrate. An important feature to note with
this setup is that the bilayer film is freestanding in the
region of the hole, so the entire film is free to deform out
of plane of the compression.

|
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Figure 3. (a) Optical microscopy image of wrinkles in a
PS/Elastosil bilayer. The wrinkling wavelength varies between
1 - 100 pum depending on the capping film thickness. (b) Opti-
cal image of a buckled bilayer film with a length scale ~mm.

3 Results and Discussion

Wrinkling was observed in this system with wavelengths
ranging between 1 ym and 100 gm (as shown in fig. [3(a)),
as measured using optical microscopy. Figure [4] shows the
measured wavelengths as a function of the rigid capping
film thickness, h, for substrate thicknesses ranging from
H = 20 pm to 250 pm for strains up to 25%, as well
as a line corresponding to the semi-infinite model, eq.
We can see that, even with different substrate film thick-
nesses, the data is in excellent agreement with the semi-
infinite model with no fitting parameters, only indepen-
dently measured moduli and Poisson’s ratios of the cap-
ping film and elastic substrate. This result indicates that,
provided that wrinkling is observed, for these materials
at pre-strains between 1 — 25%, the semi-infinite model is
valid for 3.4x107% < h/H < 8.7 x 1073.

For a given pair of materials, the semi-infinite wrin-
kling regime exists for low thickness ratios, h/H ~ 1 x
1073, and above the critical strain. At a fixed pre-stain, as
h/H is increased there is a critical value at which the ob-
served instability upon release of the strain changes from
local wrinkling, as seen in fig. a), to global buckling in-
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Figure 4. Wrinkling wavelength, A, as a function of the cap-
ping film thickness, h, for a range of substrate thicknesses, H,
for pre-strains up to 25% and 3.4x10™* < h/H < 8.7 x 1075,
The solid line corresponds to the semi-infinite theory, eq.
with no fitting parameters.
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stability (shown in fig. [3(b)), with a length scale on the
order of the total sample length.

In order to obtain a quantitative understanding of the
critical conditions that separate local wrinkling and global
buckling in this system, we develop a simple model begin-
ning with a force balance between the bending of the rigid
capping film and the deformation of the substrate [37].
Similar derivations have been shown in the literature pre-
viously, but here we present the derivation alongside that
for buckling for completeness [10438,39]. The force balance
in the bilayer can be written in the form:

EeIe2"" + ES%Z + F,2" =0, (3)

where the first term considers the bending of the PS film,
the second describes the forces in the substrate and the
final term deals with the in-plane forces in the PS film
that are generated by the release of the pre-strain in the
substrate.

The deformation of the top surface of the bilayer is

given by:
z(x)

where ¢ = 27/) is the wavenumber. Primes in eq. [3| de-
note derivatives with respect to the in-plane direction x,
It = wh?/12 is the inertial moment of the capping film of
thickness h and width w, and Fj, is the force applied to
the capping film which causes wrinkling. Differentiating
eq. A and substituting into eq. [3] gives:

= Asinqx, (4)

& th3q2 ES

w 12 2

(5)

This equatlon can be Slmphﬁed by non—dlmensmnahzmg

as follows: F, = hEv/\—hq—qhH—h E%’
which results in the following condition for wrinkling:
~2
o4 1
Fy=— 5= 6
12 + 24 (6)

Equation [6] can be minimized to get the relevant critical

values for wrinkling:
1/3
3
qc =\ - , 7
(’Y) @)

je = 27 (%)1/3, (8)
and F, o = % (%)1/3. 9)

Figure [5| shows a plot of the critical force required for
wrinkling, eq. [0} including the two terms, as a function of
G. The minimum critical force for wrinkling is shown as a
circle.

The criterion for wrinkling is simply that the pre-strain
in the substrate is such that the force applied to the cap-
ping film, F., is enough to overcome the critical force
Fy . If there is not sufficient force on the capping film then
the bilayer can only buckle or remain flat. As the strain
is relaxed, the force due to the pre-strain increases slowly

— F, = €eq®/124+1/2G
- ed?/12
—1/2¢

0l
0 005 01 015 02 025 03 035 04
q

Figure 5. Plot of eq. |§| showing the non-dimensional force,
Fy,, required for wrinkling as a function of the non-dimensional
wavenumber ¢ = gh, shown in black. The dashed red line and
the blue line represent the first and second term on the RHS of
eq. [6] The black circle shows the minimum force required for
wrinkling, FW, c.

and reaches a maximum when the substrate pre-strain in

the region outside of the capping film is a minimum. Thus

the wrinkling criterion now becomes Fp,e = Fy,c. The

maximum force resulting from the initial pre-strain (i.e.

when there is full relaxation of the uncapped region of the
Oc

substrate) is given by Fpre = €prewH E, since € = 7 =

hwE . Therefore: Fp;o = eprewHE = Fye = FW <Eswh,
Wthh results in:

_ . 1/3
4 (3E,
h:-( ) €preH.

3 B (10)

Instead of taking the maximum force as resulting from
the applied pre-strain alone, we recognize that even with
zero applied pre-strain the act of transferring the PS cap-
ping film onto the freestanding substrate membrane causes
it to deform, which induces an additional pre-strain that
remains after the bilayer is formed. To test this, a bi-
layer was made with “0 %” applied strain using the same
calibration technique as all other experiments. When com-
pressed, the sample had regions of clear wrinkling through-
out, which is only possible if there was indeed a small
pre-strain induced from the sample preparation process.
Additionally, there is some uncertainty in the true “0 %”
pre-strain value because the boundary between a tensile
strain and compressive strain was determined by the ap-
pearance of small wrinkles in the substrate by eye. If we
assume that this induced deformation is consistent be-
tween experiments, the total strain in the substrate is
then: €total = €pre + €0, Where € is a small additional
pre-strain resulting from the transfer of the PS film. It
then follows that Fpre = (€pre + €0)wH Es. Balancing this
with the force required for wrinkling gives the following
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Figure 6. Phase diagram of wrinkling (red circles) and buck-
ling (blue squares) for various substrate and cap thickness at a
fixed value of epre = 3 % (total pre-strain of epre +€0 = 5.3 %).
The solid line corresponds to the theoretical transition between
wrinkling and buckling, eq. [II} with no fitting parameters.

criterion for wrinkling:

= 1/3
4 (3E;
h:( = > (Epre+€0)H~

3 B (11)

Experiments were carried out for various substrate and
capping film thickness and at various pre-strain values
which always exceeded the critical-pre-strain, €. oo. For
samples where the pre-strain is below €., the sample
simple remains as a flat slab. The experimental strain off-
set was measured to be ¢g = 2.3 %. Figure [6] shows the
phase diagram of wrinkling and buckling at a fixed ap-
plied pre-strain value of 3 % (total pre-strain of 5.3 %) for
various capping film and substrate thicknesses. Wrinkles
dominate at low values of h/H (the semi-infinite regime),
and buckles become dominant for higher values of h/H.
There is a clear linear transition between wrinkling and
buckling, with the straight line corresponding to eq.
This plot shows excellent agreement between the data and
theory given that there are no fitting parameters to the
value of the slope, only material properties.

Equation can be rewritten instead as the critical
pre-strain required for wrinkling:

3 BN\ n
etO0=1\38) @

(12)
which deviates from the critical value in the semi-infinite
regime, eq. 2] in that the finite regime value depends in-
versely on the substrate thickness. The resemblance of
eq. [[2]to eq. [2]is fortuitous and does not agree in the limit
of H — oo because they describe two different mecha-
nisms.

Figure [7] shows the wrinkling and buckling phase di-
agram now with total pre-strain on the vertical axis and
film thickness ratio h/H on the horizontal axis. It is clear
from this plot that for larger values of h/H the system

can be made to transition from buckling to wrinkling by
increasing the pre-strain in the substrate, which increases
the compressive force applied to the capping films. The
solid line corresponds to eq.[I2]and contains no fitting pa-
rameters. As this equation describes the transition from
wrinkling to buckling in the bilayer samples, all data points
below the line should correspond to samples that have
buckled and those above the line to wrinkled samples.
As the figure shows, there is excellent agreement between
the theory and the experimental data for a wide range of
thickness ratios and pre-strain values. There is significant
uncertainty at low strains near the transition because sam-
ples would often show partial wrinkling, where only some
of the area had wrinkled, which made distinguishing be-
tween the two regimes difficult. At pre-strains above 20
% delaminations were found to become dominant as the
buckling energy of the capping film overcame the adhesion
energy between the films. This regime was not the focus
of this study.

4 Observed Delamination Morphologies

While the delamination regime is beyond the scope of
this manuscript, it is worth noting some of the morpholo-
gies that were observed, even if the results presented are
merely observational. It was found that interesting mor-
phologies could be observed for high pre-strains in the
semi-infinite regime, which included creases, folds, period
doubling, and delamination. Novel post-delamination buck-
ling morphologies have also been found under certain con-
ditions, including “varicose” or “bubble” blisters [40}41],
and “telephone cord” blisters [42144]. To study the effect
of high strain in the finite substrate regime, bilayers with
thickness ratios of order 1 were made using a different elas-
tomeric film, Elastollan TPU 1185A (BASF). Elastollan
films were prepared by spin coating from dilute cyclohex-
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Figure 7. Phase diagram of wrinkling (red circles) and buck-
ling (blue squares) for various film thickness ratios, h/H, as a
function of the full applied pre-strain epre + €9. The solid line
corresponds to the theoretical transition between wrinkling and
buckling, eq. with no fitting parameters.
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anone solution with thicknesses of ~1 ym. An Elastollan
film was transferred onto the straining setup and strained
biaxially by 15 %. The film was then capped with a 500
nm thick PS film as before. Upon compression, large scale
global buckling of the entire bilayer was observed first (fig.
1h). On further compression the PS film delaminated from
the substrate, with delaminations forming across the en-
tire width of the sample perpendicular to the compression
axis. The delaminations were observed both optically and
using atomic force microscopy (AFM) to scan the PS/air
and Elastollan/air interfaces. Prior to AFM imaging, the
sample was transferred to a thin stainless steel washer.
Elastollan is adhesive enough that the film remained in
good contact with the washer without losing strain, and
the washer is thin enough that the sample can simply be
flipped in order to image both interfaces. A scan of the
two interfaces shows that the delamination ridge is only
present at the PS/air interface, meaning there is a void
between the two films.

Due to the Poisson’s ratio of the pre-strained elastomer
there is also an initial tension in the elastic film orthogonal
to the pre-strain direction, which cannot be relaxed while
the film and substrate remain in good contact . How-
ever, as the delaminations grow, contact is lost between
the two films, and the substrate is now free to relax its ex-
cess length along the delaminated regime while remaining
in contact along the edges. This geometry results in an in-
stability with a periodic structure along the length of the
delamination, seen optically in fig.[8[a) and (b). The struc-
ture was studied in more detail using AFM (fig. [§|c)) and
showed that the periodic pattern is caused by wrinkling
in the elastomer layer, while the PS film remains in its
one-dimensional delaminated structure without buckling
significantly in the perpendicular direction. The observed
pattern is reminiscent of the “bubble” delaminations seen
previously , and provides a novel technique for tem-
plating freestanding films.

5 Conclusions

In conclusion, we have observed the transition between
wrinkling and buckling in freestanding rigid/elastic bi-
layer films for which the substrate thickness cannot be
taken as semi-infinite. We have shown that the critical
pre-strain for wrinkling depends on film/substrate thick-
ness ratio, h/H. A simple force balance model was used to
predict the critical criteria required for wrinkling, which
matches well with the experimental data using only in-
dependently measured material parameters. This model
deviates from semi-infinite theory in that it as a depen-
dence on the substrate thickness. These results provide
experimental insights into design considerations for flex-
ible electronics and other applications with thin elastic
substrates.
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Figure 8. (a) Optical microscopy image showing “zipper” de-
laminations in a bilayer consisting of a 1 pm Elastollan film
capped with a 500 nm PS film. (b) Zoomed in optical mi-
croscopy image in reflection mode showing the periodic struc-
ture of a zipper delamination. (c) AFM image of the Elastol-
lan/air interface of a “zipper” delamination showing the peri-
odic structure
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