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Thermally induced ripples are intrinsic features of nanometer-thick films, atomically
thin materials, and cell membranes, significantly affecting their elastic properties.
Despite decades of theoretical studies on the mechanics of suspended thermalized
sheets, controversy still exists over the impact of these ripples, with conflicting predic-
tions about whether elasticity is scale-dependent or scale-independent. Experimental
progress has been hindered so far by the inability to have a platform capable of
fully isolating and characterizing the effects of ripples. This knowledge gap limits the
fundamental understanding of thin materials and their practical applications. Here, we
show that thermal-like static ripples shape thin films into a class of metamaterials
with scale-dependent, customizable elasticity. Utilizing a scalable semiconductor
manufacturing process, we engineered nanometer-thick films with precisely controlled
frozen random ripples, resembling snapshots of thermally fluctuating membranes.
Resonant frequency measurements of rippled cantilevers reveal that random ripples
effectively renormalize and enhance the average bending rigidity and sample-to-sample
variations in a scale-dependent manner, consistent with recent theoretical estimations.
The predictive power of the theoretical model, combined with the scalability of the
fabrication process, was further exploited to create kirigami architectures with tailored
bending rigidity and mechanical metamaterials with delayed buckling instability.

metamaterials | resonators | rippled materials

The mechanical properties of slender structures are well understood (1-3), and are
routinely considered when designing safe transportation enclosures (e.g., containers,
submarines, planes), stable buildings, flexible electronics, as well as metamaterials
and kirigami architectures with unique mechanical properties (4-6). The effects of
material properties, elastic deformations, and critical loads can be precisely predicted
and engineered using scale-free elasticity theory (1, 3, 7). For example, introducing
periodic corrugations is a common strategy that can be accurately modeled with thin-
plate theory to enhance the bending rigidity of ultralight mechanical devices and flexible
metamaterials, effectively delaying buckling (4, 8-10). However, as the characteristic
dimensions of structures shrink to the nanoscale, ripples spontancously form due
to thermal fluctuations (11-13), rendering conventional thin-plate theory (1, 3, 7)
inadequate for describing their elasticity (14-17).

Despite decades of research, the influence of the ripples on the mechanical properties
of materials remains poorly understood and subject to ongoing controversy. Experiments
on atomically thin devices have revealed that ripples induce substantial deviations from
thin-plate theory, with mechanical properties varying by orders of magnitude across
samples (17-19). Theoretical models have long suggested that thermal ripples impart
scale-dependent elasticity to these materials (20-23), a hypothesis supported by atomistic
and coarse-grained simulations (24-27). However, recent studies have questioned
this view, proposing instead that bending rigidity remains scale-independent (28).
Understanding these rippling effects is crucial to resolving this controversy and advancing
the broader application of thin-film materials across various fields, where precise control
over mechanical properties—and their interaction with electronic, thermal, optical,
or chemical behaviors (29-31)—is vital. Yet, the challenge of quantifying the elastic
effects induced by ripples persists due to the difficulties in isolating the coupling effects
of dynamic ripples from built-in strain, static ripples, and defects (17-19, 32, 33),
underscoring the need for further experimental and theoretical advances.

Here, we combine experiment and theory to demonstrate that thermal-like frozen
ripples transform thin films into a class of metamaterials with scale-dependent, tailorable
elasticity. We study the frequency responses of nanometer-thick A5 O3 cantilevers with
particular frozen random ripples, which resemble snapshots of thermally fluctuating
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free-standing membranes at specific temperatures. Our experi-
ments reveal that the rippled cantilevers exhibit enhanced and
strongly size-dependent effective bending rigidity, with sample-
to-sample variations that increase with the size of the films. This
is in stark contrast to conventional elasticity theory (1-3), where
macroscopic elastic parameters such as bending rigidity do not
depend on the planar dimensions of the plate. The mechan-
ical properties of these rippled nanobeams can be statistically
described by considering the geometrically nonlinear coupling
between different Fourier modes of the ripples. Furthermore, we
have exploited these insights to design mechanical structures that
exhibit unusual elastic responses.

Films of A5O3 with predetermined random height profiles,
i.e., ripples, were fabricated using semiconductor nanofabrication
processes through a conformal transfer technique (Fig. 14 and
SI Appendix, Fig. S1). Silicon wafers were used as substrates to
build cantilevers with and without frozen ripples. The polished
side of the silicon wafer, known as the frontside, is smooth
enough to enable the fabrication of microelectronics, microme-
chanical devices, microscopic robots, and more (34, 35). The
backside of the wafer typically remains unpolished, with surface
roughness determined by the wafer finishing process. While the
backside of a wafer is avoided in conventional nanofabrication
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processes, we exploit it in this study to conformally imprint
its surface topography on nanometer-thick free-standing films
(SI Appendix, Fig. S1C). Fig. 1A shows the procedure followed
to fabricate both nanometer-thick smooth films and films
with frozen random ripples with various in-plane dimensions.
Amorphous films deposited by atomic layer deposition methods
on the smooth side of a wafer result in atomically smooth
films, while films deposited on the rough side of the wafer
incorporate the random topography of the backside surface. De-
tailed fabrication and characterization processes are provided in
Materials and Methods.

To characterize the roughness of a wafer surface with the
disordered height profile 4(x), we measured the 2D power
spectrum as P(q) = |h(q)|?, where the Fourier components
are given by h(q) = [d*xe 9%)(x)/A. The power spectra
for both the smooth frontside and the rough backside wafer
surfaces scale as P(q) ~ g% at short lengthscales (large
wavevector ¢) albeit with very different numerical prefactors
(Fig. 1B). The power-law dependence of the wafer surface profiles
aligns with a widely observed scaling law found across various
types of surfaces, including natural, synthetic, and machined
surfaces (36, 37). Notably, free-standing membranes under
thermal fluctuations also exhibit a power-law dependence with
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Fig. 1. Disordered membranes with thermal-like, frozen random ripples: conformal transfer fabrication and ripple characterization. (A) Conformal transfer
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fabrication of smooth and randomly rippled cantilevers. The polished surface of a Si wafer (frontside) is used to fabricate smooth resonators, and the unpolished
side (backside) is used for the rippled ones (Materials and Methods). The color bar indicates the height profile h(x, y) of the wafer measured with a 3D surface
profiler. The scanning electron micrographs show A/, 03 cantilevers with a thickness t = 28 nm that were fabricated on the frontside (smooth) and backside
(rippled) of the Si wafer. The fabricated cantilevers resemble frozen snapshots of 28-nm thick membranes, thermally fluctuating at equivalent temperatures
of Tequiv ~ 10% K for smooth-surfaced cantilevers and Tequiv ™~ 1010 K for rippled cantilevers. (B) Two-dimensional (2D) power spectral density (PSD) of the
wafer surface height profile P(q) = |h(q)|% measured over an area of 284 x 213mZ. Dashed lines correspond to the power spectrum of thermally fluctuating
membranes (|h(q)|2) = kgT/(Axgg*), where kg is the Boltzmann constant, A the membrane area, and g the bare membrane bending rigidity. Temperature
in the spectrum of thermally fluctuating membranes was fitted to the 2D PSD of wafer surfaces to obtain the equivalent temperatures Teqyj, as shown in
(A). Inset figure shows the height distribution of the wafer backside rough surface, fitted to the Gaussian distribution. (C) Scale dependence of the rms height
fluctuation hy (L), where L is the side length of a square membrane. The large solid dots correspond to the zoomed views in (D). The height fluctuations of
rippled membranes are self-similar in the sense that hy (L) ~ L (dashed line). (D) Visual depiction of the self-similar height profile.
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an exponent of 4 (12, 38), consistent with the wafer surface
profiles. As a result, the fabricated films, with geometry templated
from the wafer surfaces, can be interpreted as frozen snapshots
of thermally fluctuating free-standing membranes at specific
temperatures. Note that changes in boundary conditions could
influence the ripple characteristics and the effective mechanical
properties of the membranes. Frozen analogs of thermal ripples
can be produced not only in free-standing membranes but also
in membranes with other boundary conditions, such as edge
tension, provided that a rough surface with an appropriate power
spectrum is templated (87 Appendix, Text).

Upon estimating the bare bending rigidity xo for a flat
membrane as kg = Er/[12(1 — v?)] (39, 40), where E,
t, v are three-dimensional (3D) Young’s modulus, thickness,
and 3D Poisson ratio respectively, an equivalent temperature
for a thermally fluctuating membrane follows from the power
spectrum of wafer surfaces were determined to be 7equiv ~ 104K
for the smooth-surfaced filmsand 7equiy ~ 109K for the rippled
films (Fig. 1B). Our approach enables the quantitative study of
the rippling effect in a frozen state at extremely high equivalent
temperatures, which would otherwise be unattainable. Since
experiments were performed at much lower room temperatures
(T ~ 300 K), the amplitude of dynamic thermal ripples was
much lower than the magnitude of imprinted static thermal-like
ripples due to the wafer surface roughness. We also note that the
rms of the height fluctuations

1/2

> gl [1]

2r/L<q

ho(L) =

over a patch of size L X L scales as 4,(L) ~ L up to a length
scale of L ~ 20 pum (Fig. 1C). All fabricated rippled films fall
within this range and thus they exhibit a self-similar profile with
a constant ratio 4,(L)/L of the RMS height fluctuations to the
patch size (Fig. 1D).

We determined the mechanical behavior of both smooth and
rippled cantilevers by measuring their resonance frequencies at
room temperature using a Fabry—Perot optical interferometer
(SI Appendix, Fig. S1), specially designed for measuring the
dynamics of nanometer-thick films (41). Fig. 2B shows the
measured resonance frequency of multiple smooth and rippled
cantilevers with the same thickness, #, and planar dimensions
(length L and width W). As expected, all the smooth cantilevers
exhibit a similar resonance frequency with little sample-to-
sample deviation, which can be precisely determined by the
geometry of the structure using the thin-plate theory (1, 2).
The rippled cantilevers exhibit a higher resonance frequency
due to the introduction of ripples, but unlike the smooth struc-
tures, its value cannot be predicted using only the geometrical
dimensions L, W, and r. All the tested rippled cantilevers
have the same geometrical dimensions and average random
height profile, but their resonance frequencies are significantly
different.

To investigate the dependence of mechanical properties
on film size, we characterized the effective bending rigidity
across hundreds of smooth and rippled cantilevers with varying
dimensions (Fig. 2, L > W). The resonance frequency f of

a cantilever can be expressed as f = (1/27)+/kefr/ mefr, where
ket = 3xgW /L3 is the effective spring constant, and mg ~
0.24p:LW is the effective mass at the cantilever tip (17, 42), kg
is the effective bending rigidity, and p is the material density.
From the measured resonance frequencies, the effective bending

PNAS 2025 Vol. 122 No. 11 e2425200122

rigidity, kg, of the smooth and rippled vibrating structures can be
obtained.

As shown in Fig. 2 C-F, the effective bending rigidity of
smooth beams is kg ~ ko for all the measured samples (blue
squares) and is thus scale-independent. In contrast, the effective
bending rigidity kg of rippled cantilevers shows a clear scale-
dependent behavior (red circles): the larger the system dimen-
sions, the larger the bending rigidity. The normalized measured
effective bending rigidity xz/ko of rippled resonators, whose
widths are smaller or equal to their lengths (L > W), scales
linearly with the width of the samples, kz/ko ~ W (Fig. 2 C
and E), remains independent of the length L (Fig. 2D), and is
inversely proportional to the thickness of the films, kgp/xo ~ 1/¢
(Fig. 2F), approaching the classical thin-plate limit for large
thicknesses. Fig. 2 also illustrates another striking property of
the rippled cantilevers: There are scale-dependent sample-to-
sample fluctuations in the effective bending rigidity that increase
with the width of the films (L > W), remain independent of
the samples’ length and get reduced when the thickness of the
cantilevers increases (SI Appendix, Fig. S2). Therefore, rippled
membranes present non-self-averaging behavior, similar to some
other examples of disordered systems such as spin glasses (43) or
disordered metals (44—46).

Previous theoretical analysis of membranes with quenched
random ripples (47) demonstrated that the average effective
bending rigidity, kz(£), of a square membrane of size £ x £,
depends on the RMS height fluctuations 4,(€) of ripples.
When the height fluctuations of the ripples are small compared
to the film thickness (4,(¢) <« ¢), the effect of ripples is
negligible, and the effective bending rigidity is well approximated
with the classical thin-plate theory, i.e., kp(£) =~ k. This is
indeed the case for smooth cantilevers (Figs. 1C and 2 C-F).
When the ripples are large compared to the film thickness
(h,(£) > t), the ripples effectively renormalize and increase the
bending rigidity to kz(£)/ko ~ 4,(£)/t due to the geometrically
nonlinear coupling between different ripples’ Fourier modes
(81 Appendix, Text). For rectangular membranes with L > W,
we can imagine the membrane as composed of a linear string of
W x W blocks, in which case, the width W sets the renormal-
ization scale (48, 49). For rippled cantilevers in our experiments,
the theory predicts that the average effective bending rigidity
scales as

F(W) _h(W) W 2

Ko t t

~

The above scaling for the average effective bending rigidity
is consistent with the experimental measurements of rippled
cantilevers in Fig. 2 C—F. As discussed above, the amplitude of
dynamic thermal ripples is much smaller than the amplitude of
static frozen ripples. Thus, the mechanical response is entirely
dominated by the frozen thermal-like ripples. The observed
scale-dependent elasticity represents disordered free-standing
membranes where the thermal fluctuations are now quenched.
It parallels the predicted scale-dependent properties of thermal
ripples in flat membranes, with only a slight difference in the
scaling exponents (23).

In SI Appendix, Text, we extend the theoretical analysis in
ref. 47 to also predict the SD of the effective bending rigidity
Axg. It was found to scale as

Ak
Ag(W) W 3]
Ko t
which is also in excellent agreement with the experimental
measurements (S Appendix, Fig. S2). For applications requiring
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Fig. 2. Scale dependence of the effective bending rigidity of rippled cantilevers. (A) Scanning electron micrographs of rippled Al, O3 cantilevers (L = 20pm,
t = 28nm) with different widths. The resonators are fabricated on the same wafer to ensure they have a random height profile h(x,y) with the same
statistical distribution. (B) Resonance frequency fluctuations were measured for 30 different rippled and smooth cantilevers with identical thickness (t = 28 nm)
and planar dimensions (L = W = 20um), and compared to the prediction from the thin-plate theory (cyan dashed line). All resonance frequencies are
measured with a custom-designed optical interferometer, excited by room temperature thermomechanical noise (Materials and Methods). (C-F) Effective
bending rigidity kg of smooth and rippled cantilevers as a function of the sample dimensions: (C) variable width W (L = 20pm, t = 28 nm), (D) variable length
L (W = 5pm, t = 28nm), (E) variable side length L = W of square cantilevers (t = 28 nm), and (F) variable thickness t (L = W = 20pm). The effective bending
rigidity kg is obtained from the resonant frequency of the cantilever (see text) and compared to the bending rigidity xg = Et3/12(1 —v2) of flat films (xq = 0.34p)
for t = 28 nm-thick Al O3 films with the Young's modulus £ = 180 GPa and Poisson's ratio v ~ 0.2). The green insert in each figure shows the relative planar
dimensions of cantilevers. Each box plot contains 10 samples of the same dimension, where the box encompasses 25th to 75th percentiles, the center line
shows the median and whiskers extend to minimum and maximum values (+ 2.7 SD) not considering outliers. The dashed lines are the theoretical scaling

predictions (see text).

high design reliability, sample-to-sample deviations caused by
variations in rippling profiles can potentially be eliminated by
using the same random rippled profile across all samples. Ignoring
fabrication errors, imprinting the same random ripple patterns
on different films would result in identical mechanical properties.
Advanced 3D printing techniques (50), for instance, can be
employed to precisely define and replicate the rippling profiles,
thereby ensuring controlled and consistent mechanical behavior
across various samples. Finally, note that the theory only predicts
statistical properties of the bending rigidity by considering the
statistical properties of an ensemble of power-law height fluctua-
tions. The precise value of the effective bending rigidity for a given
rippled cantilever depends on the detailed geometry of the ripples
and can be estimated using Finite Element Analysis as shown in
SI Appendix, Fig. S3.

Our findings provide a strategy for engineering slender
structures with tailorable elasticity by capitalizing on the intrinsic
mechanics of rippled films. The mechanical properties of rippled
films can be programmed by the topography of the imprinted rip-
ples and the local geometry of the structures. Using this strategy,
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we have designed nanometers thick structures with mechanical
responses unattainable when fabricated with smooth structural
materials. In Fig. 34, we show the evolution of the measured
bending rigidity of square cantilevers (L = W = 20pum, ¢z =
14 nm), with and without cuts along the axial direction. The
measured bending rigidity of rippled cantilevers shows a strong
dependence on the number of cuts (red circles), while the
smooth cantilevers remain insensitive to the presence of cuts
(blue squares). This difference arises because the renormalization
of the bending rigidity only occurs up to the width of individual
strips as discussed above. Hence, under the same uniform bending
stress, the out-of-plane bending angle of rippled cantilevers can
be controlled by the number of axial cuts patterned during
the fabrication process. We demonstrate this by patterning
cantilevers of AL O3 (¢t = 28 nm) with 1,2, and 4 axial cuts
and then deposit a 10nm film of 77 on top. The metallic
film introduces a uniform bending stress, causing the beams
to bend upward (Fig. 3B) (51). The fabricated beams behave as
predicted; see Fig. 3C: The higher the number of cuts, the larger
the deflection angle. Smooth cantilevers exhibit upward bending

pnas.org
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Fig. 3. Tailorable mechanical properties of rippled films through cutting. (4) Comparison of measured effective bending rigidity in smooth and rippled
cantilevers with axial cuts, showcasing programmable bending rigidity via axial cuts. All square cantilevers have the same thickness (t = 14nm) and planar
dimensions (L = W = 20um), with each cut being 18 um long and we = 2 pm wide. Since the renormalization of the bending rigidity in films with n cuts only
occurs up to the width ws(n) = (W — nw¢)/(n + 1) of individual strip, the average effective bending rigidity is expected to scale as kg/xg ~ ws(n)/t (dashed
red line). (B) Schematic depicting the expected bending responses of rippled beams under a uniform bending load as the number of cuts increases, illustrating
the ability to program expected out-of-plane deformations via in-plane cuts. (C) SEM image of Al, O3 rippled films (t = 28 nm) with identical dimensions and an
increasing number of cuts from 0 (Bottom) to 4 (Top). A 10 nm thick film of Ti is sputtered on top of the beams to induce a uniform bending load. (D) Fabrication
of kirigami architectures with complex 3D shapes through the patterning of initial 2D planar geometries. This technique has been applied to create 3D rippled
microstructures that emulate a Waterlily flower (Nymphaea “Red Flare”). SEM images show the resulting structures from different planar designs: budding
and blooming architectures. Bending angle of flower petals is induced by the sputtering of a Ti film and controlled by the number of cuts in the hinges (see
schematic designs). (E) Mechanical metamaterial constructed with rippled films. The SEM image shows a perforated rippled film with delayed bucking-induced
deformation. The films have a thickness t = 28 nm and an aspect ratio of L/t ~ 30,000 (Movie S1). The lower SEM image shows a detail of the pattern of cuts

defining the unit cell. (Scale bars in C and D, 50 pm; scale bar in £, 100 pm.)

with a constant deflection angle, independent of the number
of cuts. Patterned rippled films thus enable programmable out-
of-plane deformations via local geometrical control, providing
a method to assemble origami and kirigami micro- and nano-
structures (6, 52). This alternative method to assemble 3D
structures is demonstrated in Fig. 3D, where the final 3D
architecture of a micrometer size kirigami structure, inspired by
a waterlily flower, is determined only by the dimensions of the
cuts patterned onto the 2D rippled structure.

Using rippled films as a structural material with scale-depen-
dent mechanical properties provides new degrees of freedom
for engineering metamaterials with enhanced performance. Me-
chanical metamaterials have garnered significant attention in the
past years because they exhibit negative Poisson’s ratio (53),
anomalous thermal expansion (54), and, under uniaxial tension,
they experience out-of-plane buckling useful to build 3D
kirigami architectures (6, 10, 55). Inspired by many functionally
efficient but structurally disordered biological materials such
as the hierarchical organization of trabecular bones and the
cell organization of carnivorous plants, there has recently been
increasing interest in studying disorder in metamaterials, aiming
to provide better functionalities over ordered structures (56).
The scale-dependent tailorable elasticity of rippled materials with

PNAS 2025 Vol. 122 No. 11 e2425200122

disorder can also be applied to the creation of metamaterials with
delayed buckling. In Fig. 3E, a kirigami structure with a length-
to-thickness ratio L/ ~ 30, 000 undergoes deformation via a
uniaxial force applied with a nanoprobe. The structure, created
by cuts on a rippled elastic thin sheet, features large triangular
domains (scale length L) connected by small rectangular hinges
(scale length ;). Notably, the bending rigidity of the triangular
domains is selectively enhanced over the hinges by a factor of
Ly/L;, =~ 10, eliminating the need for adding thick stiffening
elements to the triangular domains (57). Meanwhile, since the
critical load in Euler buckling instability increases with the
bending rigidity (27, 58, 59), structures built with rippled films,
as shown in Fig. 3E, exhibit buckling at a significantly increased
critical load. The out-of-plane buckling threshold strain for a
rippled hinge is increased by a factor of (L;/#)?* compared to
a smooth hinge, and thus, the in-plane deformation regime is
extended for rippled kirigami structures compared to smooth
ones (8] Appendix, Text and Movie S1).

The results presented in this manuscript demonstrate that
thin films with thermal-like frozen ripples have unique me-
chanical properties that cannot be described with the well-
known Hookean thin-plate theory. These materials represent a
class of metamaterials that exhibit enhanced bending rigidity,

https://doi.org/10.1073/pnas.2425200122
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strongly scale-dependent elastic parameters, and sample-to-
sample variations proportional to the size of the structures. We
introduced a theoretical model that describes the experimental
results by taking into account the statistical properties of the
height profile of the ripples and a nanofabrication approach that
enables the manufacturing of structures and devices incorporating
rippled materials. The predictive power of the theoretical model,
combined with the scalability of the fabrication process, conveys
a strategy for manufacturing complex micro- and nanostructures
out of rippled films with tailorable elasticity.

Materials and Methods

Fabrication. To fabricate rippled nanomembranes, we first deposit a layer of
SiOy film with 0.5 um thickness onto Si substrate with a rough surface (backside
of the wafer) using plasma-enhanced chemical vapor deposition (PECVD). An
amorphous silicon (a-Si) film of 2.5 pm thickness is then deposited using PECYD
asthesacrificial layerfornanomembrane release. Toavoid inconsistencies caused
by differences in the characteristics of wafer surface profiles, which depend on
the wafer finishing processes, all rippled samples were fabricated on a single
wafer exhibiting consistent 2D power spectral density of height profiles across
differentlocations (S/Appendix, Fig. S1B). To fabricate smooth nanomembranes,
we use a commercially available SOI wafer with a 2.5 um device silicon layer
and a 1 pm buried oxide layer. A thick layer of atomic layer deposition (ALD)
Al,05 (1,500 cycles) is deposited on both wafers as a supporting layer for the
nanomembrane cantilevers. After patterning using optical lithography, the thick
Al 03 film is dry etched approximately 3/4 of the way through the film using
a Clp /BCl3 plasma and then wet etched in H3POy solution the remaining way,
stopping on the a-Si layer without roughening it. Following the etch, a thin
layer of ALD Al, O3 (nanomembrane structural layer) of the desired thickness is
deposited. We use the same ALD processes for the thick and thin Al O3 films,
except for the total number of cycles, where we use a trimethylaluminum (TMA)
precursorand waterasareactantat 175 °C. Afteranother lithography patterning,
the thin layer of Al, O3 film is etched in a Cly /BCl3 plasma. To fully release the
Al,03 nanomembranes, we first remove the surrounding sacrificial layer near
the nanostructures using SFy reactive ion etching, then the sacrificial layer
underneath the nanostructures is removed using Xef; etching to avoid surface
tension problems in a wet etch. The 3D structures are formed by sputtering
a thin layer of Ti (t = 10 nm) on the Al03 nanomembranes (t = 28 nm).
For a cantilever under a uniform bending stress o, the deflection at its tip
Vinax = O'L4/(8KR) (60). The bending stress can be estimated to be in the
scale of 1 kPa from the deflection of rippled cantilevers, as shown in Fig. 3C.

Characterization. Cross-sectional scanning transmission electron microscopy
(STEM) and X-ray reflectometry (XRR) are used to determine the film thickness
of the Aly O3 nanomembranes. S/ Appendix, Fig. S1D shows the cross-sectional
STEM image of a 28 nm-thick Al, 03 nanofilm deposited on the front side of a
wafer surface. STEM samples are prepared using focused ion beam (FIB) milling
ina FEl Nova 600 NanoLab dual beam SEM/FIB. To protect the Al O3 film during
cross-sectional sample preparation, a thin layer of Pt is first deposited onto the
ALD film using electron beam (EB) deposition, followed by a thick layer of Pt
deposited using focused ion beam (FIB) deposition (S/ Appendix, Fig. S1D). Both
STEM and XRR give similar growth rates of the ALD Al O3 nanofilm, about 1.08 A
per cycle. The density of the Al, 03 nanofilm is estimated to be 3, 300 kg/m?
from the XRR measurement. Surface profiles are measured with a Keyence
VK-X3000 3D surface profiler.

Measurement. The thermomechanical motion of the cantilevers is measured
using a custom-made optical interferometry setup (41). The interference is

1. L.D.landau, E. M. Lifshitz, A. M. Kosevich, L. P. Pitaevskii, Theory of Elasticity (Elsevier, 1986),
vol. 7.

2. S.P.Timoshenko, History of Strength of Materials (McGraw-Hill, New York, 1953).

3. V.V.Novozhilov, The Theory of Thin Shells (P. Noordhoff, 1959).

4. K. Bertoldi, V. Vitelli, J. Christensen, M. Van Hecke, Flexible mechanical metamaterials. Nat. Rev.
Mater. 2,1-11(2017).
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formed between the reflected light waves from the Al,O3 nanomembrane
and the underneath substrate as shown in S/ Appendix, Fig. STE. The light
source is a polarized 632.8 nm HeNe laser with an incident power about
0.5mW, detected by a photodetector (New Focus 1801 FS), and analyzed
by a Lock-in amplifier (Zurich Instruments HF2LI). Devices are measured in
a vacuum chamber with a pressure of <107 torr at room temperature. An
example of the thermomechanical motion spectra of a smooth and a rippled
nanomechanical resonator is provided in S/ Appendix, Fig. S1 F and G,
respectively. The thermomechanical motion amplitudes are calibrated according
to the equipartition theorem. While the rough surfaces have poorer reflection
efficiency compared to the smooth surfaces, the interferometry setup has
sufficient sensitivity to detect the thermomechanical motion of devices with
rippling. The millimeter-scale elastic metamaterials are manipulated using an
Omniprobe nanomanipulator. A Nova 600 NanoLab SEM records the motion.

Finite Element Analysis. Finite Element Analysis (FEA), as shown in S/
Appendix, Fig. S3, was performed using commercial software to estimate the
eigenfrequencies of the samples under small linear deformation, considering
that our nanomechanical resonators are driven solely by thermomechanical
motion. The FEA samples were created using the measured surface profiles from
the 3D surface profiler (Keyence VK-X3000). The measurement was performed
on the same wafer used to fabricate the experimental cantilever samples shown
in Fig. 2. Each FEA device, with the desired planar dimensions (length and
width), was randomly sampled from the measured surface profiles (x, y, z) over
anareaof 284 x 213 umZ, as shown in S/ Appendix, Fig. S34. The selected data
were then converted into an STL file to facilitate geometry importing into the FEA
software. The device thickness was assigned to match that of the experimental
samples, and material properties, including a Young's modulus of 180 GPa and
adensity of 3,300 kg/m3, were applied based on experimental characterization.
One end of the device was fixed to replicate the cantilever configuration. We
observed that the fundamental mode of all FEA samples corresponds to out-of-
plane vibration, which was used to estimate the bending rigidity.

Data, Materials, and Software Availability. All Study data are included in
the article and/or supporting information.
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Supporting Information Text
1. Theoretical model for rippled membranes

The mechanical properties of rippled cantilevers at zero temperature can be understood theoretically by first writing the
shallow-shell equilibrium equations for nearly flat membranes with quenched random disorder, as developed in Refs. (1, 2). We
begin by briefly reviewing some of these results, summarizing the model in Section 1 and the scaling of the average effective
bending rigidity in Section 2. In Section 3, we then discuss how the previous analysis can be extended to understand the scaling
of sample-to-sample fluctuations in the effective bending rigidity. In Section 4, we discuss how ripples affect the buckling
threshold in sheets and use this result to comment on the buckling of kirigami structures discussed in the main text. Section
5 summarizes how we estimated the effective temperatures that generate height fluctuations similar to the ripples in the
experimental samples.

The reference unstressed configuration of a disordered, nearly flat membrane can be written in the Monge representation as

X%(x) = z&, + yé, + h(x)e-, 1]

where h(x). represents a random height profile and x = (z,y). In Fourier space, the height profile is given by h(q) =
% f d*x e7"*p(q), where A is the area of the membrane. Each Fourier mode h(q) is assumed to be an independent Gaussian
random variable with zero mean (h(q)) = 0 and variance

(ha)h(a)) = aﬁ 2

where § is the Kronecker delta and ¢ = |q|. For the Al>Os rippled cantilevers considered in this paper, the measured
two-dimensional power spectral density of the height profile in Figure 1b in the main text implies the exponent dj, = 4. The
value of dj, = 4 is inspired by thermal ripples in free-standing membranes given approximately by

(@)~ 520 3

Although not the subject of the paper, note that other values of d; could perhaps be of interest: for example, thermal ripples
in membranes subject to an edge tension ¢ are instead

kT

(In(@)*) ~ Alroq + o)’ (4]

which corresponds to dj &~ 2 for suitably large systems. A change in d}, leads to different mechanical properties: for example,
the effective bending rigidity will scale only logarithmically with system size for d; = 2, as opposed to linearly for d;, = 4, see
Ref. (1) for additional discussion.

One theoretical approach towards obtaining the effective bending rigidity of rippled membranes is to consider the mechanical
response to a normal force density p(x) acting on the membrane. The resulting deformation can be decomposed into tangential
displacements w;(x) with ¢ € {z,y} and normal displacements f(x), such that the deformed configuration X(x) is

X = X° + wity + fi°, [5]

where the summation over repeated indices is implied and we introduced the unit tangent vectors f:? = (éﬂr(@i h)éz) /+/1+ (0;h)?

and the unit normal vector and h° = (&, — (9;h)&;)//1 + > ;(9;h)2. The elastic free energy density F of the deformed
configuration is then

1 1
F = 5 Aoung + /Louzzj + EKOKEJC — k¢ det(Kij), [6]

where \p and po are the in-plane Lamé constant and ko and k% are the two-dimensional bending rigidity and the Gaussian
bending rigidity, respectively. In the above Eq. (6) we also introduced the strain tensor w;;(x) and the bending strain tensor
K;;(x) which can be expressed in terms of the tangential and normal displacements as
1 1
uij = 5 (0uj + Ojui) + 5 (8 f)(0; f) — f:dih,
Kij = 0i0;f,

7]

where we kept only the lowest order terms. The equations describing the deformed configuration of the membrane in response
to the applied normal force density p(x) can be obtained using the principle of virtual work, where we minimize the functional

Flus(x), F()] = / #x (F - pf). 8
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For simplicity, we do not consider boundary forces or torques. Minimizing the functional in Eq. (8) leads to the shallow shell
equilibrium equations

0=A%*+Yp {h7f}+%{f7f} )
p=roA’f — {x, f} — {x.h},

where Yo = 4u0(po + Xo) /(210 + Ao) is the two dimensional Young’s modulus and A the Laplacian operator, and the Airy stress
function y is related to the stress tensor oi; = Aourrdi; + 2poui; via 055 = €:x€;:0,0;x. Here, €5 is the Levi-Civita symbol in
two dimensions. In the above Eq. (9) we also introduced the Airy bracket {A, B} = €;r€;1(0:0;A4) (001 B).

Once we specify dp, the scaling of the effective bending rigidity of rippled membranes with the characteristic dimensions is
not expected to be affected by a particular choice of boundary conditions, and we adopt periodic boundary conditions for
convenience. Here, we consider the linear response to the applied normal force density p(q). Thus we can omit the non-linear
terms {f, f} and {x, f} in the shallow-shell equilibrium equations in Eq. (9) and solve for the normal displacements f(q).
This gives the self-consistent integral equation

[9]

fla) =29 _ Yo > (ax ) (9 qQ)Qh(q —ay)h(a; — da)f(d)- [10]

kodt Kot 4

0q 0q S 4
The above integral equation for normal displacements f(q) cannot be solved analytically for a given random profile h(q) of
rippled membranes. Below we discuss, how we can approximately obtain statistical properties of the normal displacements f(q)
using diagrammatic techniques. Diagrammatically, the integral equation in Eq. (10) can be represented as

\

ANNANANNPPANNANN T ————— B + w ) [11]
q q q q2

where the wavy line represents the normal displacements f(q), the solid line represents the propagator ﬁ, the square vertex
represents the applied normal force p(q), and the red dotted lines represent the disordered profile h(q). By iterating the
integral equation in Eq. (10) or equivalently the diagrammatic equation in Eq. (11), one can obtain an infinite series of
diagrams (as well as their analytical expressions) that contribute to the response f(q).

2. Average effective bending rigidity

The average effective bending rigidity can be obtained from the linear response theory. In this section, we briefly summarize
the results from Ref. (1). For a flat sheet without the quenched random disorder (h(q) = 0), Eq. (10) simply gives
f(q) = p(q)/(kog"). The applied normal force density p(q) at a given Fourier mode q thus induces the response of the same
mode f(q). However, for rippled membranes (h(q) # 0), the applied normal force density p(q) also induces the response f(q')
with q’ # q due to the mode coupling in the second term in Eq. (10). Nevertheless, only one mode q is induced in the average
response (f(q)), where the averaging is done over an ensemble of disordered rippled membranes with random height profiles
h(q) with the zero mean and the variance in Eq. (2). In analogy with the above result for the flat sheet, we define the effective
bending rigidity kr(q) via the average linear response

p(q)
(f(a)) kr(q)gt (12]
Diagrammatically, averaging over random height profiles of rippled membranes corresponds to contracting the red lines that
arise in an infinite series of diagrams by iterating the Eq. (11). Note that the red lines have to be contracted in all possible
ways according to the Wick’s theorem.
Before summarizing the results for the average effective bending rigidity, it is useful to introduce the root-mean-square
(RMS) height fluctuation h,(q) over a patch of of size 27 /q X 27 /q of the rippled membrane. It is given by

AQ/qdh_Q, dp > 2
o)=Y (|hK)*) ~  A%In(A/q), dn =2, [13]

a<|k|<A AZAZdn gy < 2

where A ~ 1/a is an UV cutoff set by a microscopic length scale a. Upon using iterative perturbation theory on Eq. (10), it
was found that (f(q)) could be expressed as a perturbative series in the parameter Yh2(q)/x. For a membrane of thickness t,
the two-dimensional Young’s modulus and bending rigidity scale as Y ~ t and k ~ t3, respectively. Therefore, the perturbative
parameter is related to the ratio of the effective height fluctuations and intrinsic thickness h,(g)/t. The perturbation series
converges for nearly flat membranes with h,(q)/t < 1 but it diverges for highly rippled membranes with h,(q)/t > 1, which is
the case at long wavelengths for the experimental Al2Os rippled membranes with d;, = 4 considered in this paper.
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In order to estimate the scaling properties of the divergent perturbation series, we used the Self-Consistent Screening
Approximation (SCSA) where one sums the infinite subset of all diagrams. The SCSA was originally used to estimate critical
exponents in critical phenomena (3, 4), and was later also used to estimate the scaling of effective elastic constants for thermally
fluctuating membranes (5-7) and membranes with quenched random disorder (8, 9). From a more theoretical perspective,
for a two dimensional membrane embedded in d dimensions, the SCSA can be thought as the expansion in 1/d. Here, we
considered the subset of all non-crossing diagrams, which gives exact scaling in the limit of d — co. The SCSA can be expressed
diagrammatically as the following pair of coupled implicit equations

N
. )
—————a- > B+ > ——u [14]
> 4 > 4 » > 4
—> > = g P [15]
where the double line represents the renormalized SCSA propagator »-:R(IW and the solid circular vertex represents the

renormalized SCSA vertex Yr(q). These equations can be solved self-consistently by considering the power-law scaling of the
effective bending rigidity and the effective Young’s modulus in the long wavelength limit, where it was found that

kr(q) [Yh3(q)  Yr(q) K
PR ko Y N\/;(Q)' 1o

For the rippled AloO3 membranes in the experiments, the RMS height fluctuations scale with system size as h,(go) ~ 1/qo ~ L
according to Eq. (13), where go = 27/L. Therefore, the average effective bending rigidity scales with the system dimensions as

kr(qo) N Yoh?(qo) N h(q0) N £ 17
Ko K t t

3. Fluctuations in the effective bending rigidity

The theoretical analysis in the preceding sections can be extended to predict the scaling of sample-to-sample fluctuations in
the effective bending rigidity in rippled membranes. As discussed in the previous section, mode coupling in Eq. (10) means
that the applied normal force density of the form p(k) = podk,q, also generates response f(x) that contains modes f(q # q,).

However, upon considering the averaged quantity Var[f(q)] = <(f(q) —{(f(q)) )2>7 we find that Var[f(q)] is non-zero only for

q = qu. Thus, the variance of the linear response is related to the variance of the effective bending rigidity through

v | L | p@?
Var[f(q)] = V: {HR(Q)] B 18]

In order to compute Var[f(q)], a first attempt is to use iterative perturbation theory on Eq. (10). To the leading order, we
find that

. TR
//:—<>~\:\\ [ /// \\\ \,
///// N \ / N
Var[f(q)] = —»——>—= > a4+ —ppu > ... [19]

Upon using the diagrammatic rules from Eq. (10) and Eq. (11), the contributions of the two leading order diagrams to
Var[f(q)] correspond to the following integral expressions:

q—q1
/// /,7->~—\ \\\
co-T @ —q2 TS
’, NI
17 AN
[ \
—»——>—n
q q2 q 29 — g2

1 Z Y5 2 2
8 qf(q—F(h _q2)4|q ql‘ |q1 q2|
41,9270

x lax (a; — a)*|(a +a; — @) % (29 — qy)|?

< (e = a)P*) (e, - ay)*) Egepa =),
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1 G 4 2 2
= — ————|q X X 2q — X (2q —
oy § qi‘(2q—<h)4|q a;| |a; X a.|7|(2a — a;) X (20 — qy)|
qp,q27#0

p(d2)p(2d — ay)
x {|h(g —aq)?) {|h(q, — q,)?) S5z 2]
(Ihta - a)P?) (Jhla; - a)f?) BSerod—s

To facilitate the evaluation of the integrals, we use the ansatz p(k) = podx,q,. From here on out, we also focus on the case of

dp, > 2, which is applicable to the experiments, and we find that the diagrams in Eq. (20) and Eq. (21), up to a numerical
prefactor, both give a contribution of the form

pgé‘%‘lo Ve A ~ P?)(Sq,qo thi(@)

kaq® K2g*dn—DA K3q®  KEGPA

22]

where we used the expression for the RMS height fluctuations h,(g) in Eq. (13). We also consider the higher order terms in
the iterative series. As an example, we show one diagram that is part of the next order contribution to Var[f(q)] in iterative
perturbation theory:

B P g1 —q2+q—gs
i q9—q1 S~ -
/’ \\\ /T \
1 - N // I,
! o7 q1 — Qg2 BN > /
\ s N 7 N /
\\// \\// \\\/,
—p——p—n —p——p——p—1n
q 42 q a 2q—qo
3
1 (_ 0) 2 2
= X X
K5q® 2 Qi*(ql—qz+q)4(q—q1+qr>)4|q aillan x| 23]
q1,92,937#0

x |q x (q — ) |*|(ay — @y + q) X gy
X lag x (a—a;)*|(a — a; +as) x (20— q,)|?
x (|h(a—a)I?) (|h(ay — a)?) (|h(ay — az + q — qs)[*)
1 p(qQ)p(Qq — C12)
Koq3 K3q3(2q — g2)*
N p?)&q,qo YEAS N pg&q,qo Y5 hs(q)
K2q® K3gIn—4A K2q®  K3PPA

The upshot of evaluating these diagrams to identify that the variance of the response f(q) is a perturbative series in the

parameter Yoh2(q)/ko:
2,24 2
Var[f(q)] = i(ggg %;(j) [ao L (YO’;O(‘I)> +] , [24]

where a; are numerical prefactors. Note that the parameter Yoh2 (¢)/ko in the perturbation series is the same parameter that
appears in the calculation for the average response (f(q)) discussed in the previous section. Thus, the iterative perturbation
theory for Var[f(q)] also diverges in the long wavelength limit for the rippled AloOs membranes in the experiments.

With the breakdown of perturbation theory, we can use the SCSA and sum all non-crossing diagrams to obtain an estimation
for Var[f(q)] as:

PR SN
P Lo O
///,}\\:\\ e B 0 [25]
1, " ~ I e ~ A
v’ \‘\ ' P il \
N |
Var[f(q)] = =s=—t=p=m PPN | —>—0=P—0=P=" PPN | -,
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m and the solid circular vertex

represents the renormalized SCSA vertex Yr(q). After focusing on the dj, > 2 case of Eq. (13) that applies to the rippled
Al;0O3 membranes in experiments, Eq. (16) gives us

where we recall that the double line represents the renormalized SCSA propagator

roqdn—2
kqdn—2’ Y YA2

[26]

We can determine how the contribution of the i-th diagram (¢ = 1,2,---) on the RHS of Eq. (25) scales with gq. Upon taking
p(k) = podk,q,, the i-th diagram in the series above gives the contribution

2 2
Pidag.a 3 Yr(g1)la x ay*lay X @a|* \ ™ ( Yr(gs)|ds X as]?|ds * q4]?
kr(q)%¢® kr(q)q'qt rwr(42)4503
di, " ,d24—170
2
X oo Yr(g2i-1)|G2s—2 X Gos—1|° |21 x @’ [27]
KR(q2i-2)45;_293; 1
A2 A2 A2

>< « e s
Alg — qq|* Alg; — qo|*™ Algy_y —q|?n

which, up to a numerical prefactor, goes as

o\ 2i+1 i i _
N Pida.a (g®)% . rog™ ? (E)Q A* _ Pidag.a (Kog™ 1 28]
K/qu Y0A2 Ko Aqudh K/gqg Y0A2 Aq2 .
Note that this result does not depend on i, so each diagram in the RHS of Eq. (25) gives a contribution that scales with ¢ in
the same way. Thus, the variance of the response f(q) to a body force p(q) goes as

p(@)? ((rog™ 2\ 1
~ ACE U 2
Va«r[f(q)] ngg ( Y0A2 Aqg [ 9}
Upon comparing to Eq. (18), we find that
dp—4
Ko Koq
Var |:/$R(q)] YoAZA [30]

and this can be used to estimate Var [Nf;—m] For a random variable z with mean Z, the variance of f(z) can be approximated

by Var[f(z)] ~ [f'(%)]*Var[z]. If f(x) = 1/z, then Var[l/z] ~ Var[z]/Z*. Thus, we obtain

rr(q) YoA®  Yohi(q)
~ ~ . 1
Var[ o } g~ odg? 31]

By considering the rippled AloOs membranes in experiments with dy = 4 of size L x L, the standard deviation of the effective
bending rigidity at the scale of the system (¢ ~ 1/L) scales as

2
Std {”R(L)} o Yohe(D) £ [32]
Ko Ko t
Since the average effective bending rigidity also scales as
Avg {"‘R(L)} L 33]
Ko t

as shown in Eq. (17) in the previous section, this means that the ratio Std[xr(L)]/Avg[kr(L)] remains finite at large scales.
Therefore, the effective bending rigidity of rippled Al2O3 is not self-averaging.

4. Buckling in rippled membranes

In this section, we discuss how frozen ripples affect the buckling of a rippled sheet in response to uniaxial compression. As
the ripples lead to an effective stiffening of the bending rigidity and softening of the Young’s modulus, rippled sheets have
an increased buckling threshold compared to smooth sheets. In the main text, a kirigami structure was fabricated from a
rippled membrane. The resulting rippled metamaterial (of thickness ¢) has triangular domains of size Lq and hinges of size Lj,.
The mechanical response to an extensional force on the structure changes from a regime where the triangular domains rotate
in-plane to a regime where the domains rotate out-of-plane due to buckling in the hinges.

Thus, it is useful to consider how ripples affect buckling in a Ly, x Lj hinge with thickness ¢. First, let us consider a smooth
hinge. The critical uniaxial compressive strain for buckling a smooth hinge out of plane is

KiD 2
e~ 22 g2 34
€ Y, 90 (34]
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where qo ~ 1/Lj, is the longest wavelength mode. From the beam theory, we know that the bending rigidity scales as
k1p ~ ELpt3 and the 1D Young’s modulus scales as Yip ~ ELpt, where E is the 3D Young’s modulus. This gives the scaling
for the critical compressive strain
t 2
e~ R — . 35
‘ (L ) 135]

h

Let us now consider the case of kirigami cuts in a rippled sheet. We can estimate the buckling threshold for a rippled hinge
by

(R) “gg) 2
€ "™~ Ry 90; (36]
Yip
and so R -
€£ ) 1D /K’lD [37]
—m
€ Y /Yo
Upon taking
R R
Fip) ~ M and Yip ~ L [38]
K1D t YlD hv ’
where h, corresponds to the RMS height fluctuations over the L x Lj hinge, we get
2 2 2
B (B o (B e () "
€ ( T ) e o) e 7.) [39]

This result has an intuitive interpretation, as h, is the effective thickness of the rippled hinge, and the critical compressive
strain for buckling of a rippled hinge is increased compared to a smooth hinge.

5. Effective temperature

In this section, we estimate the effective temperature needed to generate height fluctuations in a flat sheet that are comparable
to the quenched random height disorder seen in the experimental samples. Thermal fluctuations of a flat sheet lead to height

fluctuations of the form T
2 B
~ 4
(In(@)l*) Arog’’ [40]

where the sample area is A = 284 x 213 um? and the bending rigidity of 28 nm thick aluminum oxide is ko = 0.34 pJ. Using
the PSD data from Fig. 1b of the main text, we can estimate

Thackside ~ 1010 K and Ttrontside ~ 104 K. [41]
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Fig. S1. Characterization and measurement a, 1D PSD of the wafer backside surface height profile P(q) = |h(q)|? measured with a confocal microscope, where the z
and y directions correspond to the wavevectors (g, 0) and (0, g, ), respectively. The insert shows the confocal microscopy image, measured over an area of 284 x 213 um?2,
b, The 2D PSD of the wafer backside surface height profiles, measured over an area of 284 x 213 umz at multiple locations, as illustrated in the inset figure. ¢, Conformal
transfer approach for controllable freezing of the substrate morphology to the nanomembrane. The confocal microscopic images show the measured morphologies of the
rippled nanomembrane and the underneath wafer surface, respectively. d, Cross-sectional scanning transmission electron microscopy (STEM) image shows a ¢ = 28 nm-thick
Al2O3 nanofilm deposited on the frontside of a wafer surface, scale bar 0.5 m. Scale bar for the insert image is 20 nm. The electron beam (EB) and focused ion beam (FIB)
Pt films are protective layers for STEM sample preparation. e, Schematic diagram of the optical interferometry setup. The optical interference between the nanobeam and the
underneath substrate is detected by a photodetector (PD) and analyzed by a lock-in amplifier (LI). f-g, Thermomechanical motion spectra of a smooth (f) and a rough (g)
nanomechanical resonator measured with optical interferometry. SEM images of the smooth and rough resonator are shown as insert (L. = W = 20 um, t = 28 nm). Solid
lines show the curve fittings to the Lorentzian function for harmonic resonators.
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Fig. S2. Scale-dependent standard deviation of the effective bending rigidity of rippled nanomembranes. a-d, Standard deviation of the effective bending rigidity < r
of rippled cantilevers as a function of the sample dimensions: a, variable width W (L = 20 um, t = 28 nm), b, variable length L (W = 5 um, t = 28 nm), ¢, variable
side length L = W of square cantilevers (¢ = 28 nm), and d, variable thickness t (L = W = 20 um). The standard deviations Ax i are estimated using the relation
AKkrp = +/ Z:Ll (ki — RRr)?/n, where k; is a measured effective bending rigidity of sample 4, n is the total number of samples, and & r is the mean value of the effective
bending rigidity. Plotted are the standard deviations for experimental data, where the average value % r was either obtained experimentally (SDg) or via theoretical predictions
(SD). The dashed lines show the fitting to the predicted theoretical scaling Ak g /xko ~ W/t.
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Fig. S3. Finite element analysis (FEA) of the effective bending rigidity of rippled nanomembranes. a, lllustration of FEA processes. The fundamental vibration mode
shapes (out-of-plane bending) of disordered Al>O3 nanocantilevers (L = 20 um, t = 28 nm) with different widths W are shown, where the color bar represents the
normalized amplitude of the out-of-plane bending. b-e, FEA results for the effective bending rigidity < r of smooth and rippled cantilevers as a function of the sample dimensions:
b, variable width W (L = 20 um, ¢ = 28 nm), ¢, variable length L(W = 5 um, t = 28 nm), d, variable side length L = W of square cantilevers (¢ = 28 nm), and
e, variable thickness ¢ (L = W = 20 pum). The effective bending rigidity ~ r is obtained from the resonant frequency of the cantilever (see text) and compared to the bending
rigidity ko = E‘t3/12(1 — 1/2) of flat nanofilms (k¢ = 0.34 pJ for t = 28 nm-thick Al> O3 films with the Young’s modulus E = 180 GPa and Poisson’s ratio v = 0.2). The
green insert in each figure shows the relative planar dimensions of cantilevers. Each box plot contains 10 samples of same dimension, where the box encompasses 25" to 75"
percentiles, the centre line shows the median and whiskers extend to the minimum and maximum values (£2.7 SD) not considered outliers. The dash lines are the theoretical
scaling prediction (see text). Plots in c-e have the same legend as the plot in b.
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Movie S1. Rippled elastic metamaterial with delayed buckling. The millimeter-scale kirigami structure,
created by cuts on a 28-nm-thick rippled Al2O3 elastic thin sheet, deforms under a uniaxial force applied using
a nanoprobe manipulator.
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