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Abstract: A stiff/soft bilayer film is prone to losing surface stability under compression, resulting in various buckling patterns, including
wrinkles and period-doubling folds. This phenomenon has attracted considerable attention over the past two decades owing to its
potential applications in flexible electronics, strain control, and thin-film property tuning. However, theoretically studying the post-
buckling behavior beyond period-doubling folds is a major challenge due to strong nonlinearity, highlighting the need for new models
based on alternative approaches. This study clarifies how material parameters control the buckling and post-buckling behavior of
stiff/soft bilayer films, with particular emphasis on the thickness ratio, modulus ratio, Poisson’s ratio, and the scaling law for higher-
order instability. Rather than treating applied compression as the primary determinant of pattern evolution, we identify the intrinsic
geometric and elastic parameters of the bilayer as the main controlling factors. The thickness ratio is highlighted as the dominant
geometric parameter governing the onset of local wrinkling, the suppression or delay of secondary period-doubling instability, and the
transition between local and global buckling. The modulus ratio and Poisson’s ratio further tune the critical wavelength and critical
strain through the effective plane-strain modulus contrast and, together with the thickness ratio, define the equivalent thickness ratio

used in the scaling description of the post-buckling instabilities.
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1. Introduction

Buckling is prevalent in organisms, engineering structures,
and celestial shells. In particular, buckling behavior is commonly
observed in stiff/soft bilayer systems. When a stiff membrane
meets a soft film, the bilayers always tend to lose their stabil-
ity under compression [1, 2] and exhibit various morphological
instability modes [3-10], that is, buckling patterns. The primary
instability mode is characterized by regular wrinkles [11-16],
particularly evident at a high stiff-to-soft modulus ratio. These
wrinkles maintain a uniform surface perimeter during evolution,
corresponding to the critical wavelength A, at the onset of wrin-
kling instability. 1) can be regarded as a characteristic length of
buckling deformation, providing a key reference for quantify-
ing advanced buckling modes. Meng et al. provide its universal
expression [17]. This expression takes on simpler forms in limit-
ing cases. For example, when the soft film thickness approaches
infinity, the 4 expression reduces to Eq. 1, denoted as Ag_upper
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where E; = E;/(1-w2) with i = m or s, where m and s correspond
to the stiff membrane and soft film, respectively. E;, and p,
are Young’s modulus and Poisson’s ratio of the stiff membrane,
respectively, while E5 and pg are those of the soft film; 7, refers to
the thickness of the stiff membrane. Meanwhile, when the thick-
ness ratio of the soft film to the stiff membrane approaches 1,
there is another approximate form (4g.ower) Of the A expression,
that is,
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where £, is the thickness of the soft film.

Upon further compression, the next instability mode occurs
in period-wrinkled membranes [3, 18-23], manifested mainly as
wrinkle-to-fold transitions driven by stress localization [3, 22,
24-26]. For details, a period-doubling fold occurs when the
initially uniform wrinkle pattern can no longer distribute the
imposed compression evenly [22, 24, 25]. The deformation then
localizes into every other wrinkle valley, so that alternate val-
leys grow deeper while neighboring wrinkles become relatively
weaker [22]. This localization is governed by the elastic constraint
of the soft film: when the film can deform inward more eas-
ily than outward, concentrating deformation in selected valleys
becomes energetically favorable. This transition results in double
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and quadruple period folds in a stiff membrane on a sufficiently
thick soft film for energy minimization. Thus, period-doubling is
not merely a geometric change in wavelength but a lower-energy
post-buckling state selected by the bilayer to reduce the combined
bending energy of the stiff membrane and deformation energy of
the soft film [24].

In essence, there is a recognized progression of the buckling
evolution in the stiff/soft bilayers. Specifically, a stiff membrane
on a deep soft film will lose its stability, forming wrinkles (first-
order instability with the period of A;) when the strain exceeds
its primary critical value ¢;. Subsequently, a period-doubling fold
(developed from two primary wrinkles, second-order instability
with a period of 21j) occurs as the strain exceeds the critical
value €. Finally, period-quadrupling folds or creases (developed
from two period-doubling folds, with an instability period of 44,)
occur when the strain exceeds €,. Both theoretical analyses and
previous experiments have suggested that this established route
governs the buckling evolution when the stiff-to-soft modulus
ratio is sufficiently high [27, 28].

However, the most recent experimental results have shown
that the buckling evolution in silicon oxide (SiO;g)/poly-
dimethylsiloxane (PDMS) bilayer films with a modulus ratio
larger than 10000 does not strictly follow the route discussed above
[9, 29]. In detail, when the ratio of the soft film thickness (%) to
stiff membrane thickness (z,,) is below 200, the buckling evolu-
tion will be blocked in the first-order instability. Consequently,
only single-period (1) wrinkles, folds, and creases emerge. Mean-
while, when the thickness ratio is larger than 200, second-order
instability appears, where the buckling behavior begins with wrin-
kles (first order) and ends with a period-doubling fold (second
order). Period-quadrupling bifurcation (fourth order) does not
occur until the thickness ratio surpasses 750, which corresponds to
the recognized buckling evolution route from wrinkles to period-
doubling folds to period-quadrupling folds. In addition, a series
of studies confirmed that the stiff-to-soft modulus ratio also influ-
ences buckling evolution [27, 30]. These experimental findings
indicate that the buckling behaviors of the stiff/soft bilayer are
essentially determined by the parameters of the two films rather
than by the compressive treatment [29, 31-37]. Buckling instabil-
ity is an inherent property of bilayer films, and compressive strain
triggers these buckling behaviors.

2. Influence of the Thickness Ratio on Buckling
Instability in Stiff/Soft Bilayer Films

The thickness ratio directly determines how strongly the soft
film constrains the bending deformation of the stiff membrane.
For details, the soft film acts as an elastic support: a thick soft film
can accommodate deformation locally, whereas a thinner soft film
provides a stronger geometric constraint and may force the bilayer
to deform over a larger length scale. Therefore, the thickness ratio
often becomes a dominant parameter for determining the onset
of wrinkling, the delay of period-doubling, and the competition
between local surface wrinkling and global buckling.

Departing from previous studies that primarily focused on
the “thick-soft substrate film limit,” that is, a semi-infinite soft
film, Auguste et al. address the relatively less explored yet signif-
icant scenario in flexible electronics and biological tissues where
the soft film thickness is comparable to the stiff membrane thick-
ness [38]. They systematically investigated the influence of the
thickness ratio (z,/t,) on surface buckling instabilities and their
subsequent evolution in elastic stiff/soft bilayer systems.
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2.1. Influence of the thickness ratio on the critical
strain for primary buckling instability

When the thickness of the soft film is significantly greater
than that of the stiff membrane, the critical strain for the onset of
buckling is primarily determined by the membrane-to-film mod-
ulus ratio [39]. Its value approaches the prediction of the classical
thick-film theory. However, as the thickness ratio #/f,, decreases
(i.e., the soft film becomes progressively thinner), the onset of pri-
mary buckling is delayed, accompanied by a marked elevation
in the critical strain. For example, when the modulus contrast
is fixed at 50, finite element simulations show that as the thick-
ness ratio f/t,, decreases from approximately 10 to 2, the critical
strain increases from about 0.05 to approximately 0.09 [39]. The
underlying physical mechanism is that, as the soft film thick-
ness decreases, the constraint imposed by the soft film on the
stiff membrane’s bending deformation is progressively enhanced,
which restricts the bending degrees of freedom of the stiff mem-
brane and thus increases the energetic cost required for buckling
initiation. This result demonstrates that the thickness ratio not
only influences the buckling wavelength and amplitude but also
serves as an independent parameter capable of effectively tuning
the onset conditions of buckling instability [40].

2.2. Influence of the thickness ratio on post-buckling
evolution behavior

Compared to the primary buckling, the thickness ratio exerts
a more pronounced influence on secondary instability and further
evolution [38]. This effect can be observed from the experimen-
tal results shown in Figure 1. Here, the wrinkle aspect ratio,
defined as the ratio of amplitude to wavelength, is used to quantify
the development of the wrinkle morphology. At a small thick-
ness contrast (#/t,, = 3, Figure 1(A)), wrinkles remain uniform
and reach a high aspect ratio before period-doubling (secondary
buckling instability) occurs, whereas at a larger thickness contrast
(t/tyy = 9, Figure 1(B)), the wrinkle pattern enters the period-
doubled state earlier and the achievable aspect ratio is reduced.
Notably, the modulus contrast is fixed at 50.

Figure 1
Confocal cross-sectional views of the evolution of wrinkles to
period-doubling folds. A) The thickness ratio is 3. B) The
thickness ratio is 9. £ denotes the magnitude of the applied strain

In conventional thick-film systems, periodic wrinkles typi-
cally undergo period-doubling folds at relatively low additional
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strains [41], thereby limiting the achievable wrinkle aspect ratio.
Auguste et al. found that the critical strain for period-doubling
instability reaches a maximum at #/t;, = 3 (Figure 2(A)), where
the strong constraint imposed by the soft film significantly delays
the onset of period-doubling. Figure 2(B) shows that at this thick-
ness ratio, wrinkles can maintain periodicity and uniformity over
a broad strain range, with their amplitude continuously increas-
ing, allowing the wrinkle aspect ratio to reach up to approximately
0.6, which is significantly higher than in the thick-film sce-
nario. In contrast, when the thickness ratio increases (e.g., ¢/t
> 9), period-doubling occurs at relatively low strains, thereby
limiting further amplification of the wrinkles. In fact, such period-
doubling behavior has been reported in earlier studies. Brau
et al., starting from nonlinear elasticity theory, interpreted period-
doubling as a spatial bifurcation and attributed its origin to the
interplay between nonlinearity and symmetry breaking in the sys-
tem [24]. Auguste et al. further demonstrated that the geometric
thickness ratio can serve as a key parameter for tuning the crit-
ical point of period-doubling instability, thereby offering a new
degree of design freedom for controlling post-buckling evolution
pathways [42].

Moreover, the study further indicates that when the thick-
ness ratio is small and the modulus ratio is increased further,
the system’s evolution transitions from period-doubling folds to
the formation of localized ridge structures [42]. This symmetry-
breaking process enables the surface morphology to evolve from
uniform wrinkles into periodic ridge structures, whose aspect ratio
can further increase beyond 1. This indicates that the thickness
ratio not only determines the critical strain for secondary instabil-
ity but also governs the type of dominant post-buckling instability
mode.

3. Global Buckling Deformation of the Stiff/Soft
Bilayer Films

Under in-plane compression, the deformation instability of
a stiff/soft bilayer manifests primarily as two distinct modes: local
surface wrinkling and global buckling of the entire bilayer [43—48].
The competition between the bending stiffness of the stiff mem-
brane and the elastic constraint provided by the soft film governs
the selection of the instability mode (Table 1). Therefore, material
parameters directly determine which form of instability emerges.

The elastic modulus represents a critical material parame-
ter governing the instability mode selection in bilayer films, with
its influence manifested primarily through the modulus ratio and
the significant modulus mismatch between the stiff membrane
and the soft film [49]. Poisson’s ratio affects the buckling insta-
bility of bilayer films through the plane strain modulus, that is,
E, = EJ/(1-%). In bilayer films, Poisson’s ratios of the soft film
and stiff membrane are different. Poisson’s ratio of the soft film
is between 0.45 and 0.5, whereas that of the stiff membrane is
between 0.2 and 0.35. By changing the effective modulus ratio,
Poisson’s ratio indirectly affects key instability parameters such as
critical wavelength and critical strain [50].

3.1. Influence of the thickness ratio

When the thicknesses of the soft film and stiff membrane
are similar, that is, the thickness ratio approaches 1, the insta-
bility mode of bilayer films favors global buckling deformation,
which results from the dominant bending stiffness of the stiff
membrane [51]. As the relative soft film thickness decreases, the
bending stiffness of the stiff membrane dominates, local wrinkling

Figure 2
Effect of thickness ratio on secondary buckling instability, that is, period-doubling fold. A) The critical strain for the onset of the
period-doubling fold. The modulus contrast is fixed at 50. B) Wrinkle aspect ratio increases with applied strain, as shown here for a
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Table 1
Comparisons between local surface wrinkling and global buckling in stiff/soft bilayer films
Feature Local surface wrinkling Global buckling
Deformation scope Localized surface undulation Uniform out-of-plane bending of the entire
bilayer

Dominant mechanical factor

Role of soft film

Triggering geometric condition
substrate)

Stiff membrane bending stiffness vs.
soft film elastic constraint

Acts as an elastic foundation

w < wer (or sufficiently thick

Bilayer film bending stiffness vs. applied in-
plane compression

Acts as a layered component of a bilayer film

w > wer (or sufficiently thin substrate)
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dominated by soft film deformation is suppressed, and the bilayer
films undergo global buckling instability. When the soft film-to-
stiff membrane thickness ratio decreases to a certain extent, the
bending stiffness of the stiff membrane can no longer be offset
by the elastic deformation of the film and becomes the main fac-
tor controlling structural deformation, promoting the occurrence
of global buckling [28]. At this point, the bending behavior of
the stiff membrane is no longer limited to local regions but man-
ifests as uniform deformation of the entire layer. Meanwhile, the
elastic constraint of the soft film fails, further promoting the for-
mation of global buckling. In freestanding bilayer films, when
the soft film thickness decreases to a level where sufficient elas-
tic support cannot be provided, its constraint effect on the stiff
membrane is significantly weakened, failing to limit the overall
out-of-plane deformation of the stiff membrane and ultimately
leading to global buckling [51]. Both relevant numerical simu-
lations and experimental results show that when the soft film
thickness decreases to a range comparable to the critical wave-
length A, the soft film can hardly absorb the compressive energy
of the stiff membrane through its own deformation and loses its
elastic constraint capacity, leading to the bending deformation of
the entire bilayer film, that is, global buckling, rather than local
periodic wrinkling [11].

3.2. The occurrence conditions of global deformation

There exists an explicit core geometric criterion for the occur-
rence of global buckling, namely, the relative relationship between
the soft film thickness (z;) and the critical width (w,,) of the bilayer
[52]. wg is defined as the minimum width required for global
buckling to occur; that is, when the bilayer width w > w,,, global
buckling will replace local wrinkling as the main instability mode.
Ref. [52] provides an expression for w,, as shown below:

1 _2 2
Eq 0.3
GS(tS + tm)

Wep = 471(8)5 S
_ _LaeEy3p , (3)
D = Eyo + Bty
_ (Emf% - Es’?)z + 4(EmEs)(Imf5)(Im + ts)z
- 12D

where 7, and ¢, are the thicknesses of the soft film and stiff mem-
brane, respectively; [_?s and E,, are the plane strain moduli of the
soft film and the stiff membrane, respectively; G is the shear mod-
ulus of the soft film; D and B are the effective axial rigidity and the
effective bending rigidity of the whole bilayer film, respectively.
We can find that the magnitude of w,, is directly influenced by
the following parameters: the moduli, thicknesses, and Poisson’s
ratios of the two films, and cross-sectional stiffness characteristics
among the geometric parameters.

Material parameters influence the onset of global buckling
indirectly by modifying the critical geometric criteria. Accord-
ing to force-balance models, increasing the modulus ratio reduces
the critical strain for local wrinkling, meaning local wrinkling
occurs more readily [38]. At the same time, a larger modulus mis-
match between the stiff membrane and the soft film reduces the
critical width (w,;), making the condition w > w, more readily
satisfied and thus promoting the occurrence of global buckling.
Poisson’s ratio indirectly adjusts the modulus ratio and geomet-
ric parameters, such as critical width and critical thickness, by
changing the plane strain modulus. Different combinations of
Poisson’s ratios lead to differences in the critical strain for global
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buckling under the same geometric conditions, further expand-
ing the regulatory space for the occurrence conditions of global
buckling [53].

4. Scaling Law of the Buckling Evolution in the
Stiff/Soft Bilayer Films

If the soft film in a stiff/soft bilayer system is sufficiently
thick, the wrinkles will merge in pairs to form a period-doubling
fold under continuous compression. In this mode, the surface
perimeter of the fold 1 is 24, corresponding to the second-order
instability; this is subsequently followed by transitions into higher-
order modes characterized by 4 = 44, 81, 164, and so on. The
order of instability can be quantified by the ratio of the surface
perimeter of the buckling structure to 4. If the surface perime-
ter of a specific buckling mode equals n4,, the instability order is
designated as n = A/1y. As deformation increases, the evolution
of buckling morphology (wrinkle, fold, and crease) and buck-
ling mode (n-th order buckling structure) in stiff/soft bilayer
systems is often coupled, resulting in more complex and diverse
buckling behaviors. Despite extensive experimental and theo-
retical studies, a unified understanding and description remain
lacking [28].

In fact, a detailed study of buckling behavior requires con-
trolled and precise strain loading, which is difficult to achieve
using traditional strain loading methods. To this end, Meng et al.
propose a strategy involving perpendicular peeling of the bilayer
films from a rigid substrate [9], as shown in Figure 3(A). This
approach enables the controllable fabrication of large-area arrays
of buckling structures, thereby demonstrating a novel pathway for
micro/nano-fabrication (Figure 3(B)). Peeling and bending the soft
film at a 90° angle induces compressive strain on the inner surface
of the bend. The size of the compressed region is approximately
on the order of several times the soft film’s thickness, while the
maximum compressive strain is inversely proportional to the film
thickness. Consequently, this peeling strategy can ingeniously and
precisely load large strains on soft films or stiff/soft bilayer sys-
tems, effectively addressing the challenge of achieving uniform,
large-deformation buckling over large areas.

Meng et al. further demonstrated that, in a stiff/soft bilayer
film, the most common buckling evolution initiates with wrinkles,
transitions through folds, and terminates at creases. The crease
is generally regarded as the final buckling mode, and its order is
the final instability order n, which is primarily determined by the
equivalent thickness ratio ¢ of the soft film and stiff membrane
under routine experimental conditions, including room tempera-
ture and ambient humidity [9, 15]. Here, ¢ denotes the equivalent
thickness ratio of the soft film to the stiff membrane, given by

— 173 173
t=(tty) A2, and 4 = 1 <2@> ﬂ] (see Eq. 1). For
3 Es (1= us)?
details, the final instability order 7 is primarily determined by the
equivalent thickness ratio ¢ = (#,/t,,) A, exhibiting the stepwise
dependence illustrated in Figure 4(A), which is the scaling law
of the post-buckling instability in the stiff/soft bilayer. In fact,
Figure 4(A) covers experimental results (stretch/compression,
peel/bend), finite element simulations (covering various materials
and thickness ratios), and literature data; that is, the universality
of the scaling law was demonstrated by Meng et al. as rigor-
ously as possible. Here, #; and ¢, denote the critical values of ¢
governing the transition of the final instability order between 1
and 2 and between 2 and 4, respectively. “peel” indicates data
from peeling experiments, where compressive stress is applied by
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Figure 3
Precise control of large buckling deformation in stiff/soft bilayer
via 90° peeling treatment. A) Schematic illustration of the 90°
peeling process for a stiff/soft bilayer film from a rigid substrate,
along with Scanning Electron Microscopy (SEM)
characterization of the buckling structures in the bent region.
B) SEM images. Upper overview images: the buckling
morphologies in the bent region of SiO1.8/PDMS bilayer films
with constant stiff membrane thickness (7,,) but varying soft film
thicknesses (7). Insets at the bottom: the magnified views of three
types of crease patterns

bending the stiff/soft bilayer at a 90° angle. “stretch” indicates data
from stretching experiments, where compressive stress is applied
via horizontal stretching of the bilayer. “Ref™ indicates the exper-
imental data collected in other references. SiO1.8, poly(methyl
methacrylate) (PMMA), and Au represent three different stiff
membranes, while PDMS serves as the soft film15.

As the equivalent thickness ratio ¢ increases from 0 but
remains below the first critical value 7, the buckling evolution
exhibits only first-order instability, resulting in a final instabil-
ity order of 1, as shown in Figure 4(B). Here, #; denotes the
critical value of ¢ governing the transition of the final instabil-
ity order between 1 and 2. Specifically, the morphology evolves
from wrinkle to fold and then to crease, yet the surface perime-
ter remains constant. Consequently, the surface perimeter of all
buckling structures is invariably 4 = 14, When the equivalent
thickness ratio exceeds the first critical value but is less than the
second critical value #,, the buckling evolution undergoes first-
and second-order instabilities in succession, resulting in a final
instability order of 2 (Figure 4(B)). Here, ¢, denotes the critical
value of ¢ governing the transition of the final instability order
between 2 and 4. Specifically, the morphology evolves from wrin-
kles to period-doubling folds and subsequently to period-doubling
creases. In summary, if the equivalent thickness ratio falls between
two critical values, the final instability order remains constant.

Figure 4
Scaling law of the buckling evolution. A) The stepwise
dependence of the final instability order n on the equivalent
thickness contrast 7 in the stiff/soft bilayer films. B) Schematic
illustration of the transition process among buckling modes at
final instability orders of 1, 2, and 4
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However, if the ratio crosses a critical threshold, the final
instability order increases or decreases by one order. This
constitutes the scaling law of post-buckling evolution.

According to this scaling law, by selecting stiff/soft bilayer
films with a specific thickness ratio, we can obtain buckling
patterns with predetermined morphologies and mode orders. In
other words, the morphology and periodicity of the buckling
structures can be custom-designed. Furthermore, an instability
evolution map can be constructed based on the scaling law for all
buckling structures of stiff/soft bilayer films, except ridge struc-
tures (Figure 4(B)). It should be noted that this scaling law
is supported under the material systems and experimental con-
ditions reported in the cited studies, and that additional data
from broader systems would be needed to further establish its
universality.

According to the scaling law, the soft film’s geometric
thickness remains dominant even when it exceeds the stiff mem-
brane thickness by several orders of magnitude. The significant
role played by the soft film’s thickness is counterintuitive. It
poses multi-scale challenges for both numerical simulations and
theoretical analyses of buckling. Furthermore, in both natural
systems and micro/nano-fabrication, strain is neither unidirec-
tional nor homogeneous. For instance, stress-driven growth in
biological systems, active morphogenesis, and thin-film self-
organization all generate diverse and intricate wrinkle patterns
within complex stress fields [54, 55]. The analytical understanding,
predictable design, and application of such systems hold signif-
icant scientific promise. Therefore, establishing a post-buckling
theory of stiff/soft bilayer films in accordance with the scaling law
is of great significance yet remarkably challenging.
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5. Applications of Buckling Behavior Controlled by
Material Parameters

Traditionally, thin-film cutting is primarily achieved through
ion etching. However, this etching process is time-consuming
and relatively inefficient, and its essence involves ion implanta-
tion, which introduces significant ion contamination—especially
in micrometer-scale or nanoscale films and particularly in
single-atom-layer materials. For cutting thin films such as two-
dimensional materials, there is an urgent need to develop efficient
and clean new strategies [56]. It is easy to create fractures in
stiff nanomembranes, but most fractures initiate at randomly dis-
tributed defects and propagate along uncontrolled paths; such
cracks often become new defects that hinder the applications of
the membranes [57]. Therefore, achieving fracture control in stiff
thin films, especially nanomembranes such as two-dimensional
materials, is highly desirable [58].

Meng et al. report a strategy for controlling nanomembrane
fracture that relies on large buckling deformations. First, the stiff
nanomembrane is transferred onto a soft film to form a stiff/soft
bilayer (Figure 5(A)). Then, simply peeling the bilayer from the
original substrate at a 90° bending angle can produce parallel,
equally spaced fractures in the stiff membrane. The fracture period
linearly depends on the thickness of the nanomembrane, enabling
periodic initiation and strictly straight propagation of fractures in
the nanomembrane. The reason for the above fracture behavior is
that 90° bending induces a large compressive strain on the upper
surface of the stiff/soft bilayer in the bending region, which fur-
ther leads to buckling deformation on the surface. Because the
compressive strain is sufficiently large, the buckling deformation

evolves continuously from linear wrinkles to nonlinear creases
with large deformations. The bottom of the crease experiences
severe bending and compression of the nanomembrane, ultimately
causing the stiff membrane to fracture along the central line at the
bottom of the crease, as shown in Figure 5(B). As the creases are
periodic, the fractures are also periodic, with a period equal to
the surface perimeter of the crease. The surface perimeter of the
crease is equal to n times the critical wavelength 1. More complex
patterns can be easily prepared in bilayer films depending on this
periodic fracture behavior. Figure 5(C) shows two kinds of rhom-
bic micro-flakes that are fabricated by twice peeling the bilayer
along two selected directions. Meanwhile, we can create periodic
nanoribbons or folding marks in the Au film and PMMA film
by depositing them onto a thin PDMS film and applying a 90°
peeling treatment [59], as shown in Figure 5(D). The thicknesses
of the PMMA, Au membrane, and PDMS film are 3.2 um, 310
nm, and 70 um, respectively.

This fracture behavior is universal in stiff/soft bilayer sys-
tems and is thus capable of tailoring various stiff membranes
into desired shapes and sizes, which can facilitate investigations of
novel properties that depend on clean and regular edges and fur-
ther allow these membranes to be applied in functional devices.
This mechanical tailoring method will be complementary to pre-
vious fabrication methods based on ion etching and chemical
processing, holding significant potential applications in the field
of nano-fabrication.

A peeling angle equal to or slightly larger than 90° is crucial
for effectively stimulating the above buckling pattern and corre-
sponding fracture behavior [59]. If the peeling angle is less than
90° (Figure 6(a)), only wrinkles appear around the peeled front

Figure 5
Fracture behavior of bilayer films under perpendicular peeling. A) Top panel: schematic illustration of in situ SEM imaging under
peeling. Lower panel: side views of SEM images of buckling structures in SiO; ¢/PDMS bilayers with ¢ ,, = 155 nm and #,= 112 um;
serial numbers (i)—(iii) represent three milling locations of focused ion beams for characterizing cross-sections of creases in bending
films. B) Images of focused ion beams (FIB) taken at the locations (i)—(iii), illustrating the fracture process at the bottom of a crease.
C) SEM images of complex patterns in SiO, g/PDMS bilayer films. D) Confocal laser microscopy images of periodic fracture patterns
or compressive marks in bilayer films with different stiff films and the same PDMS soft film
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Figure 6

Arbitrary fractures in SiO; g/PDMS bilayer stimulated by

peeling treatment with a bending angle less than 90°.

A) Schematic illustration of the peeling treatment. B) SEM
image of a gradually changed wrinkle pattern in the vicinity of
the peeled front, marked with a black arrow. C) SEM image of

randomly distributed cracks in the peeled region

(Figure 6(b)), because the bending-induced compression does not
suffice to trigger the wrinkle-to-crease transitions. Meanwhile,
arbitrary fractures will appear in the peeled region away from
the bending region due to the in-plane stretch applied for peel-
ing (Figure 6(c)). This result indicates that the constraint of a
90° peeling angle acts as a geometric tool for creating the crease
pattern and directing the fracture behavior of the stiff membrane
on the soft film.

In fact, buckling behavior has numerous established appli-
cations, such as constructing flexible gratings based on periodic
buckling arrays to modulate light transmission for smart win-
dows, deducing bilayer film thickness and modulus from the
relationship between buckling periodicity and material parame-
ters [60], and fabricating flexible devices using buckling structures
[3]—all of which are relatively conventional and straightforward.
However, the fracture behavior of thin films, which follows from
the scaling laws of buckling instability in bilayer films, directly
demonstrates how material parameters selectively influence buck-
ling instability. This is highly relevant to our theme, “The role of
material parameters in the buckling behavior of stiff/soft bilayer
films,” and therefore, we chose to emphasize it in the applications
section of this review.

6. Conclusion

This work summarizes recent progress in understanding how
material parameters control the buckling behavior of stiff/soft
bilayer films. The main findings can be summarized as follows.
First, the thickness ratio between the soft film and stiff membrane
plays a dominant role in many finite-thickness bilayer systems. It
affects not only the onset of primary wrinkling but also the devel-
opment of secondary instability, including the transition from
wrinkles to period-doubling folds. Second, the modulus ratio
and Poisson’s ratio influence buckling behavior through the effec-
tive plane-strain modulus contrast. These parameters affect the
critical wavelength, critical strain, and the competition between
local surface wrinkling and global buckling. Third, the equivalent
thickness ratio # = (#,/t,,)A™2 provides a useful scaling parameter
for describing post-buckling evolution under routine experimental

conditions, including room temperature and ambient humidity.
It correlates with the final instability order and helps construct
an instability evolution map for finite-thickness stiff/soft bilayer
films.

Although extensive experimental results support this scal-
ing description, existing analytical theories still mainly focus on
first-order buckling or post-buckling behavior under the semi-
infinite soft film approximation. Clearly, there is an urgent need
to develop a post-buckling theory applicable to freestanding and
finite-thickness stiff/soft bilayer films. This is, of course, highly
challenging. Fortunately, a wealth of experimental results will
serve as effective guidance. Meanwhile, a series of studies on the
first-order buckling behavior of finite-thickness stiff/soft bilayer
films have already been conducted by drawing on the perturbation
analysis of Stokes flows [60-63]. Further research in this direction
may offer valuable support for the development of post-buckling
theory for such bilayer systems.
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