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Mechanical reinforcement of graphene via

wrinkling
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Hadi Arjmandi-Tash'?0<, Roshan Prasad’, Hanqing Liu', Gerard Verbiest', Dominic Vella® & F. Alijani’

Mechanical cantilevers are central to nanotechnology, where low bending rigidity makes stability the
fundamental challenge. Here, we introduce a wrinkle-induced stiffening approach that enhances the
bending rigidity of monolayer graphene by several orders of magnitude, enabling the fabrication of
mechanically robust graphene cantilevers. When suspended over microcavities, these wrinkled
membranes exhibit significant increases in both in-plane and out-of-plane stiffness, as confirmed by
nanoindentation and resonance measurements, which also reveal that enhanced bending rigidity
strongly influences their vibrational response. This behavior marks a transition from tension-
dominated mechanics to a regime where bending effects become prominent, even in a single atomic
layer. By sculpting these structures, we realize graphene cantilevers with measured bending rigidities
between 10°-107 eV, while maintaining femtogram-scale mass. These findings establish a mechanical
stabilization mechanism for realizing ultrathin cantilevers and highlight their potential for applications

where high compliance is of importance.

Although graphene is widely recognized as a two-dimensional (2D) mate-
rial, its lattice is never perfectly flat, practically. Instead, graphene structure
exhibits a spectrum of out-of-plane deformations of distinct characteristics'.
Thermal fluctuations with subnanometric amplitudes are intrinsic defor-
mations that spontaneously arise within the graphene lattice at finite
temperatures™. These dynamic fluctuations are fundamental to the ener-
getic stabilization of graphene, serving as a natural mechanism that main-
tains its structural integrity. Moreover, they give rise to a number of exotic
properties, including a negative coefficient of thermal expansion* and size-
dependent elastic moduli’.

Beyond inherent fluctuations, graphene may exhibit non-intrinsic
deformations such as wrinkles, induced by external forces®’. Wrinkles are
observable in a wide range of amplitudes, from a few to hundreds of nan-
ometers. Smaller-amplitude wrinkles within this spectrum are responsive to
external loading. Especially when stretched, such wrinkles would gradually
be suppressed ("ironed-out”), a phenomenon that is accountable for the
softening effect that is often observed in the stress—strain response of gra-
phene membranes™ ™.

In compressive loadings, on the other hand, small-amplitude wrinkles
tend to evolve to generate deformations of higher amplitudes'"".
Large-amplitude wrinkles, however, may feature self-contact regions"’ with
strong van der Waals attractions between the contact surfaces. Such wrin-
kles are difficult to fully flatten, even after removing the external
compression''. Practically, these large-amplitude, stable deformations can
emerge from a variety of mechanisms, including compression-induced

buckling on pre-stretched elastic substrates', thermomechanical stresses
encountered during graphene growth", or mechanical perturbations
introduced during handling and transfer processes.

From the technical point of view, the inclusion of wrinkles in the
graphene structure is expected to improve the mechanical stability of the
material. Such irreversible, large-amplitude wrinkles can enhance the
out-of-plane rigidity of planar sheets'*'’, enabling the formation of stable
corrugated structures. In fact, free-standing monolayer graphene structures,
hitherto, have been realized only in the form of the circular (perimetral
clamped), rectangular (four-side clamped)'”"® or doubly-clamped’ mem-
branes. Monolayer graphene cantilevers — strips fixed at one end and free at
the other — potentially represent the ultimate limit of mechanical softness
and minimal mass, making them highly attractive for nanomechanical
sensing applications. However, their extreme mechanical fragility renders
them inherently unstable and has thus far eluded experimental realization,
except when supported in a liquid environment"”.

In this work, we overcome this challenge and realize monolayer gra-
phene cantilevers by harnessing wrinkle-induced mechanical reinforce-
ment. We deliberately introduce a network of large-amplitude wrinkles into
graphene to boost its bending rigidity and prevent collapse. Our fabrication
approach involves a surfactant-mediated lateral contraction of
centimeter-scale monolayer graphene at an air-liquid interface. This pro-
cess generates an interconnected wrinkling pattern across the graphene
sheet. The wrinkled graphene is then transferred onto a microstructured
substrate containing an array of microcavities, yielding suspended graphene
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membranes that are clamped on all four sides. These four-edge-clamped
membranes serve as a convenient platform to study the influence of wrinkles
on mechanical properties. Using nanoindentation, we observe that the
presence of wrinkles significantly enhances the membrane’s 2D elastic
modulus compared to flat graphene. Interestingly, we also observe an
increase in the linear stiffness despite the anticipated softening from lateral
contraction. This suggests that the induced out-of-plane deformations have
enhanced the importance of bending stiffness compared to the membrane
tension in wrinkled samples. To confirm this interpretation, we perform
resonant measurements on wrinkled graphene drums. The observed
vibrational response reveals a clear departure from tension-dominated
dynamics, demonstrating that bending rigidity plays an important role in
shaping the resonance characteristics of these membranes. Motivated by
these observations, we convert the all-edge clamped membranes into
one-end-anchored cantilevers while preserving the wrinkle-induced stif-
fening. Remarkably, despite being only one atom thick, these wrinkled
graphene cantilevers exhibit effective bending rigidities on the order of
10°-107 eV — many orders of magnitude higher than the nominal value of
x = 1.2 eV, known for pristine graphene’ — and even above the thermally
renormalized bending stiffness of micron-scale graphene. Our cantilevers
exhibit ultralow spring constant in the range of ~10~> N/m. At the same
time, the polymer—free fabrication process allows the graphene to retain its
exceptionally low mass (estimated as ~10~"* — 10™"* g), characteristics that
place them in an unprecedented regime of mechanical devices. Our findings
demonstrate a viable route towards stabilizing atomically thin cantilevers by
engineered corrugations. The wrinkle-assisted strategy, proposed here,
yields ultra-thin, ultra-light, yet robust cantilevers, opening the door to
graphene-based mechanical sensors and resonators with unprecedented
sensitivity and performance.

Results

Fabrication of wrinkled graphene

Fabrication of the samples follows a protocol that we developed earlier
Briefly, a centimeter-scale graphene sample, chemically grown on a copper
foil, was subjected to a lateral force mediated by an enclosing surfactant layer
on aliquid surface, after etching away the copper foil. The stress difference at
the air-liquid interface contracts the surface area of graphene to form a
random network of wrinkles/folds, associated with a detectable reduction in
the graphene area.

Compared to conventional wrinkling approaches based on substrate-
induced strain or chemical functionalization', the present method relies on
surfactant-mediated lateral contraction at an air-liquid interface, leading to
spontaneous wrinkle formation without the need for external mechanical
actuation or complex processing steps. This approach enables direct transfer
of the wrinkled graphene onto arbitrary substrates, including micro-
structured surfaces, which is advantageous for device integration. The
typical wavelength of wrinkles in our system is in the range of a few
micrometers. Our earlier experiments further suggest that the wrinkle
density can be tuned by adjusting the surface pressure™.

We transferred the wrinkled graphene onto a substrate with a dense
array of square through-holes (side length 8 ym, corresponding to an
effective circular radius R ,, = % um) by placing the substrate in contact
with the graphene. Figure la and b schematically illustrate the fabrication
process, with the details provided in the methods and supporting infor-
mation S1. The process achieves an array of freestanding membranes, which
we will refer to as the “surfactant-mediated” membranes in this text. For the
sake of comparison, we fabricated a separate set of membranes, referred to as
“surfactant-avoided” membranes, with no surfactant involved in the fab-
rication process.

19,20

AFM Nanoindentation

To characterize the topography and probe the mechanical properties of
graphene samples, we performed a series of scanning and nanoindentation
experiments using an AFM (JPK Nanowizard 4) with an indenter radius of
Ry, = 10 nm, detailed in the methods and supporting information S2.

Figure 1c and d compare the topography of the arbitrarily selected “sur-
factant-mediated” and “surfactant-avoided” membranes. The presence of a
network of interwoven wrinkles/folds is the salient feature of the “surfac-
tant-mediated” membrane. The amplitude of such wrinkles can easily
exceed several tens of nanometers. The “surfactant-avoided” membrane, on
the other hand, still showcases a level of wrinkles, albeit very dilute and with
lower amplitudes. Such wrinkles could have been generated, for example,
due to the liquid sloshing during the rinsing and/or top-fishing of the
graphene. Regardless of the amplitude and density of the wrinkles, the AFM
mappings demonstrate the propensity of graphene for stable foldings.
Nanoindentation provides a quantitative measure of the elastic prop-
erties of graphene membranes. Briefly, the membranes are pushed in the
center with an AFM tip, and the corresponding indentation depth is
deduced from the AFM piezoelectric base response, albeit after post-
processing and correction for the deflection of the AFM cantilever. Figure 2a
illustrates the correlation between the applied force (F) and the corre-
sponding indentation (displacement, §) at the center of a selected mem-
brane. We note that the work done by the applied force is stored in the
bending and stretching energies of the graphene sheet and leads to the

1,22

following scaling relationship**:
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where o, Eh, and x are the pretension, 2D Young’s modulus, and bending

pre>
rigidity of the graphene sheet, respectively. Equation (1) involves two terms
that are quadratic in the indentation depth &: one coming from the pre-
tension of the sheet, the other from the sheet’s bending stiffness. To compare

the relative importance of these two effects, we introduce a dimensionless
bending stiffness, defined as B =

_x_
UprcRgu(.

Equation (1) further reveals two distinct regimes in the force-
displacement response of the membrane. In the regime of small applied
forces, the indentation scales linearly with force, i.e., F ~ §. In this limit, the
membrane’s resistance to the applied normal load is primarily governed by
its in-plane pretension and/or its bending rigidity. A detailed analysis™
shows that which of these dominates depends on the parameter 3: when
B <R /R2 . the bending contribution is entirely negligible, and Equation
(1) simplifies to a tension-dominated model. For pristine graphene mem-
branes, with a typical bending rigidity of x = 1.2 eV, this condition is
generally satisfied, and the linear part of the force-displacement curve is
commonly used to extract the in-plane pretension a,,,,**". However, it has
also been suggested”’ that wrinkling or thermal crumpling of graphene may
lead to an enhanced bending modulus. In this case, detailed analysis shows
that the bending stiffness first plays a role when B ~ R /R%, — while the
indentation stiffness is still proportional to the tension in this limit, the
relevant prefactor has a logarithmic dependence on the bending stiffness
parameter, B*. When B>> R2, /R . the pretension is negligible, and it is the
bending stiffness that dominates; this regime has not been reported in
monolayer graphene experimentally.

To account for the combination of bending stiffness and pretension
effects, we define an effective pretension parameter g.g; which captures the
total linear resistance of the sheet to indentation that is measured experi-
mentally and incorporates contributions from both the actual pretension
Opre and the bending rigidity «. In the second, so-called “cubic regime,”
observed at high applied forces, the sample stiffens. Here, larger force
increments are required to produce the same indentation increment,
obeying: F ~ &". The applied force in the cubic regime stretches the chemical
bonds between the carbon atoms in the basal plane; hence, the Young’s
modulus of the material is the dominant source of the nonlinear stiffness.
These two regimes can be well-identified in Fig. 2a and b for a wrinkled
membrane. In Fig. 2a, the black dashed curve corresponds to the best fit of a
representative experimentally measured force-displacement curve with the
model in Equation (1), incorporating dimensionless prefactors

appropriately’””. The values of the effective tension .4 and nonlinear
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Fig. 1 | Fabrication and characterization of wrinkled graphene membranes.

a Graphene grown on copper is floated on a 0.5 M ammonium persulfate (APS)
solution with a trace amount of surfactant (see Supplementary S1). b As the copper
etches, surfactant-induced lateral forces generate wrinkles in the graphene. The APS
is gradually replaced with pure water, and the wrinkled graphene is transferred onto
a substrate with square through-holes and air-dried. ¢ AFM image and profile of a
wrinkled ("surfactant-mediated"”) graphene membrane suspended over an 8 x 8 yum’
hole. d Same measurement for a “surfactant-avoided” membrane prepared without
surfactant. The color code in (c) and (d) indicates the local out-of-plane deformation
of the membrane, with cyan corresponding to regions close to the flat reference plane
and purple marking areas with the largest height deviations.

stretching stiffness, Eh, can be extracted by fitting the experimental nano-
indentation curves. In total, 34 membranes of “surfactant-mediated” and 40
membranes of “surfactant-avoided” types have been measured.

Histograms of the estimated og.s and Eh are plotted in Fig. 2c.
Accordingly, we achieved an average .4 of 0.12 + 0.05 N/m for the “sur-
factant-avoided” sample, which increased to 0.20 + 0.07 N/m upon the
inclusion of wrinkles: the membrane is apparently stiffened by a factor
S~ 1.7 (or 0.8<5<3.9 accounting for uncertainties). The nonlinear
stiffness is also prone to wrinkle-induced changes, increasing from Eh =
140 + 55 N/m in the “surfactant-avoided” sample to Ei = 422 + 160 N/m
in the “surfactant-mediated” samples.

While changes in Eh can be explained via nonlinear membrane
stretching, a closer look at the linear regime reveals a more surprising
effect: possible emergence of bending rigidity as a contributor to the
nanoindentation response. More specifically, the observed increase in
linear stiffness is counterintuitive: the inclusion of surfactant induces
lateral contraction of the membrane”, which might be expected to
reduce the effective tension, and hence reduce the stiffness. Instead, we
observe an enhancement, pointing to a contribution from wrinkle-
induced out-of-plane reinforcement — an increase in the effective
bending stiffness. A possible alternative hypothesis is that the adhesion
between the folded regions leads to localized stretching of suspended
regions between wrinkles, thereby enhancing the apparent stiffness.
However, detailed theoretical analyses of such out-of-plane deforma-
tions show that these large-amplitude wrinkles primarily relieve in-

plane stresses, with the response governed by bending rather than by
tension buildup”. We therefore consider it unlikely that localized
stretching is a mechanism behind the observed stiffening.

To quantify the increase in indentation stiffness caused by a non-
negligible bending rigidity, we first note the simpler result previously cal-
culated for a point indenter” for which the indentation stiffness is

-1
A (y —log2 — %log B) (2)

2710z

when B <« 1. Here y = 0.577 is the Euler-Mascheroni constant. Crucially, the
indentation stiffness k depends linearly on the true pretension in the system,
Opre> and is only logarithmically dependent on B — a dependence that is
shown in Fig. 2d and that persists in more detailed calculations (see
supporting information S5.1). Nevertheless, from the observed stiffening S
of the surfactant-mediated membranes (compared to the surfactant-
avoided ones) we can obtain a first estimate of the size of B needed to give
such a large stiffening; we find that

eZy R. 2/5
Bz—( ‘") ~5.9x107%, (3)

4 \R

out.

which represents an enhancement of the bending stiffness by a factor of
around 10* compared to the pristine value, but with large uncertainty
because of the wide range of values of S. Note, in particular, that the
exponential dependence on S in Eq. (3) means that even a moderate relative
stiffening, S, requires an enormous increase in the bending stiffness 3, and
hence x. Considering that the pre-tension is expected to become lower™ or at
least remain unchanged between the “surfactant-avoided” and “surfactant-
mediated” cases, we select a representative value” of o, ~ 0.1N/m to
estimate x. Based on this, we estimate that the bending rigidity must lie in the
range 8 x 10’ eV <k <4 x 10° eV to be consistent with the observed force-
displacement response. A more detailed estimate based on taking full
account of the bending stiffness and finite indenter radius gives x = 2 x
10° eV and is provided in the Supporting Information S5.1. This value is
several orders of magnitude greater than the bending rigidity of pristine
graphene.

Further insight can be gained by comparing the nonlinear stiffness Eh
between the two cases. For the “surfactant-avoided” samples, the measured
values fall below the generally accepted 2D Young’s modulus of pristine
graphene (Eh = 340N/m)”. This difference aligns with prior
observations®’ and is attributed to static ripples, low-amplitude out-of-plane
undulations, that are flattened during indentation, costing negligible
stretching energy. In contrast, the wrinkles in the “surfactant-mediated”
samples are of much larger amplitude, as confirmed by AFM images in Fig.
Ic and d. These large wrinkles often form self-contacted regions that are
mechanically robust and energetically expensive to deform due to van der
Waals adhesion".

Wrinkled graphene resonator
To further investigate the presence of bending rigidity in wrinkled graphene
membranes, we measured the fundamental resonance frequency of “sur-
factant-mediated” samples suspended over circular cavities (3-10 ym in
diameter, 285 nm deep) etched into a SiO, substrate. A Fabry-Pérot inter-
ferometric setup was used for measuring the motion of the suspended
membranes (see ref. 30), while a modulated laser was used to thermo-
mechanically actuate them (see Fig. 3a and Methods). A representative SEM
image of a wrinkled graphene drum is further shown in Fig. 3b.

Previous studies have shown that pristine graphene drums, of diameter
deir = 2R,y behave as tension-dominated membranes, with fundamental

resonance frequency f = #4« % where ph is the mass per unit area of the
drum®”'. In contrast, bending-dominated plates follow f = 2242 /%% The
ndg \/ ph

different scalings of resonance frequency with diameter make resonance
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Fig. 2 | Nanoindentation of wrinkled graphene membranes. a Representative F —
d correlation, measured for one of the wrinkled-graphene membranes. The broken
line is the best fit of the experimental data with Eq. (1). b The same data plotted on
doubly-logarithmic scales shows the linear and cubic relationships at small and large
indentations, respectively. ¢ Correlation between the estimated o, and the Eh
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stiffness when Ri,/Roy = 2.2 x 10~°. The analytical result for the indentation stiffness,
valid for all B (see supporrting information S5), is rescaled by the value when B = 0
to show the stiffness enhancement, S, that comes from B> 0 (solid curve). When

R2 /R%  <3B <1, k is given approximately by Eq. (2) (used to generate the dashed

curve). The shaded region represents the range of indentation stiffening observed in
our experiments, with darker regions being more likely.

measurements a sensitive probe for identifying the dominant restoring
forces — especially in light of the nanoindentation results discussed earlier,
which suggested the contribution of bending rigidity to the linear stiffness
should not be neglected. To that end, we performed a frequency sweep
across drums with a variety of diameters and fitted the resulting spectra
using a harmonic oscillator model”. As a representative example, a 7
um-diameter drum showed a resonance frequency of 11.6 MHz with a
Q-factor of 106 (see Fig. 3c). The Q-factor value is comparable to the
literature reports for suspended graphene’ and is indicative of moderate
damping under vacuum conditions; Q-factor variation across diameters is
detailed in the Supplementary Information Fig. 3. The broader dataset (Fig.
3d) shows resonance frequencies ranging from 6.7 MHz (deg = 9 ym) to 37
MHz (ds = 3 pm), revealing a scaling trend that lies between the ideal
membrane and plate limits (see Fig. 3d).

To interpret this intermediate behavior, we developed a theore-
tical model that accounts for finite bending rigidity in membrane
oscillations (see Supporting Information $5.2) and used it to fit
experimental data. Assuming a pre-tension of g,,,, =0.1 N/m—inde-
pendently extracted from AFM nanoindentation for ‘surfactant-
mediated” samples and assuming that pre-tension remains unaltered
when surfactant is added to the liquid-air interface, we find that the
measured frequencies are best explained by bending rigidity values in

the range of 10°~10° eV. The optimal fit corresponds to x = 2 x 10° eV
for a mass density of ph = 107 kg/m? significantly exceeding the
theoretical value for pristine graphene, and closely matching the value
obtained from nanoindentation experiments. These results suggest
that the wrinkled graphene drums operate in a hybrid mechanical
regime, where both pre-tension and bending rigidity contribute to the
observed dynamics.

Wrinkled graphene cantilever

Along with the increase in in-plane stiffness, the inclusion of the wrinkles is
expected to make graphene stiffer in the out-of-plane direction, as shown by
AFM nanoindentation and resonant measurements. However, while these
methods show clearly that the effective bending stiffness of the surfactant-
mediated graphene is significantly increased compared to, for example,
pristine graphene, the uncertainty in the values of other parameters (notably
Opre and ph) makes determining a precise estimate of « difficult. Within this
perspective, we sought to make a direct measure of the bending rigidity; we
sculpted the wrinkled membranes by removing the excess areas with a
focused ion beam (see methods and Supporting Information S2 for more
details) — and realized graphene cantilevers. We fabricated a total of nine
cantilevers with lengths in the range of 5 to 7 ym and widths in the range of 2
to 3 um. Figure 4a provides the scanning electron micrograph (SEM) of a
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Fig. 3 | Resonance frequency measurement of wrinkled graphene drums.

a Schematic of the interferometric measurement setup used to record the vibrations.
PD and VNA stand for Photodiode and Vector Network Analyzer, respectively.

b SEM image of a wrinkled graphene drum. ¢ Resonant response of a wrinkled drum
with an optothermal drive of 0 dBm. The figure also includes a Lorentzian fit to the
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data shown in red. d Diameter-dependent resonance frequencies together with fits
from the theoretical model for different values of bending rigidity x. Here, results are
shown with ph = 10~ kg/m? and 0, = 0.1 N/m; similar plots with different
values of these parameters are shown in Supplementary Fig. 5.

selected cantilever. We analyzed the bending rigidity of the graphene can-
tilevers further with an AFM nanoindentation in detail. Unlike fully
clamped membranes, where internal tension affects the stiffness, the
response of cantilevers is dominated by bending rigidity, making them a
more direct probe of this property. Figure 4b illustrates a set of the force-
displacement curves, measured over multiple points along the length of a
graphene cantilever (note the definition of the “length” in Fig. 4a). The
“approach” and “contact” regions of the curves can be respectively identified
at the positive and negative sides of the “displacement” axis. Figure 4c
provides a closer look at the contact region of the curves. Intuitively, it is
expected that the stiffness of the graphene cantilevers decreases by
increasing the length; this is translated into less steep curves in the contact
region. Unlike the indentation of the fully-clamped membranes (Fig. 2a),
where the force grows by higher orders of the displacement (reaches the
third order at sub-micron displacements), the displacements in cantilever
structures are in much smaller ranges (tens of nanometers) and preserve
linear dependencies with constant, but length-dependent slopes. Impor-
tantly, the diminishing slope is evident at larger lengths along the cantilever.

To minimize the effect oflocal perturbations by the wrinkles in the later
analysis, we mapped the graphene cantilevers in windows of width 0.5 ym
along the length, using the AFM set-up. The inferred “height” and “slope”
profiles are plotted in Fig. 4d. The process of sculpting induced an up-
curvature in the majority of the cantilevers. Particularly for this sample, the
cantilever curled up by ~ 1.8 ym at a length of 4 ygm. The diminishing slope
of the “contact region” — locally perturbed by the wrinkles — is evident in
the bottom mapping.

Similar to the indentation of the fully clamped membranes, the spring
constants of the AFM probe and graphene cantilever fall in a series con-
figuration for the combined system (see the inset schematics in Fig. 4e). The
overall spring constant reads as:

kot =k, 7k (4)

with k, and k, referring to the spring constants of the probe and graphene
cantilevers, respectively. We measured the constant k, by pushing the AFM
cantilever against the rigid substrate. The spring constant of the graphene
cantilever, however, strongly decays with the length, as k, = 3xw/F, with «, |,
and w as the bending rigidity, the length, and the width of the wrinkled
graphene cantilever. Considering the series spring model with length-
dependent k,, the measured overall spring constant of the system (ko)
approaches k: — k, and ke — 0 in the extremes of [ — 0 and [ >> 0,
respectively. Note that for the analyses in this section, the zero displacement
(d = 0) is defined as the point along the length where the slope starts to
deviate from the measured stiffness of the AFM cantilever (~0.3 N/m).
Figure 4e fits the experimentally measured ki (i.e., the slope of the contact
region in Fig. 4b and c) with the model of Eq. (4). The presented slope (the
vertical axis) in this plot is the average over the widths (0.5 ym) of the
mapped window, as in Fig. 4d. Such fittings provide estimates for the
bending rigidity «, as summarized in Fig. 4f.

Theoretically, a monolayer flat graphene sheet is postulated to
show an ultimately small bending rigidity, estimated by neglecting the
effect of the intrinsic thermal fluctuations of the lattice™. At finite
temperatures, anharmonic coupling between in-plane and out-of-plane
thermal fluctuations renormalizes the bending rigidity as x(I) ~ x I",
where [ is the characteristic length scale, « is the bending rigidity of
pristine graphene, and 7 =~ 0.8”. In fact, it has been experimentally
shown that the thermal fluctuations in micro-scale samples (with no
wrinkles involved) can stiffen the graphene by up to five orders of
magnitude” (the grey-shaded region in Fig. 4f). Our samples, with
deliberately included wrinkles, on the other hand, showcase « in the
range of 10° to 107 eV, which is reasonable considering the combined
hardening effects of the thermal fluctuations and large—amplitude
wrinkles. These findings are consistent with our estimates of bending
rigidity from the AFM nanoindentation as well as resonant measure-
ments of all edge-clamped square membranes.
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Fig. 4 | Characterization of the wrinkled graphene cantilevers. a Scanning electron
microscopy of a graphene cantilever; The scale bar corresponds to 5 ym. b Force-
displacement relation of the graphene cantelever in (a), obtained by nanoindenta-
tion at different lengths. ¢ Comparison of the slopes of the curves in the contact
region in (b); d 3D height (top) and slope (bottom) profiles measured along the same
cantilever. e Fitting of the measured slope along the graphene cantilever with the
model of Eq. (4); The data points are the average over the width of the 0.5 ym stripe in
the bottom figure in (d). k, and k, in the inset schematic refer to the bending rigidities
of the probe and the graphene cantilever, respectively. f Bending rigidities of the
wrinkled graphene cantilevers (our results), benchmarked with the published data.
“No anharmonicity” corresponds to the theoretical value of the bending rigidity (x =
1.2 eV) of graphene samples. “No wrinkles” corresponds to the microscale graphene
samples experimentally measured previously", with no extra wrinkles included.

Mechanical cantilevers offer ultrasensitive measurements across
fields ranging from material science to diagnostics**”. Recent advances in
miniaturization have led to devices that are only a few nanometers thick,
such as AL Oj; cantilevers'**. Yet, their ultimate performance can only be
achieved when the thickness is shrunk to the atomic limit, a regime where
maintaining mechanical stability poses a fundamental challenge. The
realization of monolayer graphene cantilevers, hitherto, has met the
challenge of the instability of atomically thin cantilevers due to the
diminishing bending rigidity associated with the extremely low thickness
of the material. Our approach of increasing the bending rigidity by the
inclusion of a finite level of wrinkles stands out in this respect. The
graphene cantilevers reported in our work represent unprecedented
examples of ultra-light, ultra-thin, and soft, yet stable, mechanical
structures. Benchmarking the characteristics of the graphene cantilevers
with the known system of AFM cantilevers is interesting here. The spring
constant of a typical AC mode AFM cantilever (NCLR Nanoworld is
arbitrarily selected here) with a 200 ym length is in the range of a few tens
of N/m, while a graphene cantilever with only 5 ym length exhibits a
spring constant of only 107> N/m. The bending rigidity of such an AFM
cantilever, on the other hand, is on the order of 10" eV; the value drops
by up to seven orders of magnitude for graphene cantilevers, reaching 10°
eV. Interestingly, the mass of the graphene cantilevers—achieved from a
mono-atomic starting material—is astonishingly low. With a mass
density of ph~ 107° — 10-kg/m?*, we estimate a mass of
107°—10""g for the cantilever shown in Fig. 4, which is orders of
magnitude lower than that of typical AFM cantilevers (~10~" g). Con-
sequently, free-standing graphene cantilevers can access a previously

unexplored mechanical regime, enabling measurements at the very limits
of force, mass, and displacement detection.

Discussion

In this study, we investigated the effect of wrinkling on the elastic properties
of graphene and assessed its implications for nanomechanical systems. We
fabricated different types of suspended structures—fully clamped drums
and cantilevers—and characterized them using both nanoindentation and
resonant measurements. Indentation measurements of wrinkled mem-
branes revealed that their mechanical response is governed by a combina-
tion of tension and bending rigidity, indicating a substantial enhancement of
the effective bending rigidity compared to flat graphene. Complementary
resonant measurements further showed clear deviations from the conven-
tional tension-dominated behavior, consistent with a hybrid mechanical
regime in which both pre-tension and finite bending rigidity contribute to
the dynamics. The consistency between static and dynamic measurements
provides a coherent picture of the modified mechanical response in wrin-
kled graphene. Despite the self-organized and non-periodic nature of the
wrinkle network, the extracted bending rigidity values remain within a
relatively narrow range, indicating that the stiffening mechanism is robust
and does not rely on a specific wrinkle morphology. Furthermore, the
increased bending rigidity enables the realization of free-standing graphene
cantilevers, overcoming the intrinsic instability of atomically thin mem-
branes. These structures combine extremely low mass with low stiffness,
placing them in a distinct mechanical regime compared to conventional
doubly-clamped systems. In this context, their high compliance is parti-
cularly relevant for static nanomechanical sensing such as surface-stress
based” and nanomotion sensors', where sensitivity is governed by dis-
placement under applied force. Overall, this work establishes wrinkling as an
effective approach for geometry-induced mechanical reinforcement in 2D
materials.

Methods

Fabrication of wrinkled membranes and cantilevers

Wrinkled graphene membranes were fabricated via a surfactant-mediated
process at the air-liquid interface. Graphene grown on copper foil was
floated on an ammonium persulfate (APS) solution to etch away the sub-
strate, after which a surfactant was introduced to reduce surface tension and
obtain in-plane contraction of graphene. The contraction led to a network of
wrinkles, with an approximate 30% reduction in membrane area. The
samples were subsequently rinsed and transferred onto microcavities. To
realize cantilever structures, suspended wrinkled membranes were further
patterned using a stepwise focused ion beam (FIB) milling process. Initially,
parallel cuts were used to obtain a doubly clamped beam geometry, and
subsequent milling steps removed residual connections, releasing one end to
form a cantilever. Further details about the fabrication can be found in the
Supporting Information.

AFM and dynamic measurements

Atomic force microscopy (AFM) was employed for both topographical
imaging and mechanical characterization using a JPK NanoWizard 4 XP
system. Surface morphology and wrinkle distributions were first assessed in
tapping mode to identify suspended membranes and cantilevers.
Mechanical properties were then measured via nanoindentation in QI
mode, where fully clamped membranes were indented at their center, and
cantilevers were indented along predefined lines along their length under a
controlled force. The resulting force-deflection response was recorded, and
the sample deformation was obtained after correcting for the compliance of
the AFM probe. Different probes were used depending on the mode (high-
stiffness cantilevers for imaging and softer probes for indentation).

As per dynamic characterization, the measurements were performed in
vacuum (10 mbar) at room temperature using a Fabry—Pérot interfero-
metric setup where a power-modulated blue laser (A = 405 nm) thermo-
mechanically actuated the membranes, while a red laser (A = 633 nm)
detected their vibrations. The reflected intensity was then recorded with a
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photodiode and analyzed via a vector network analyzer (VNA) synchro-
nized with the actuation signal. Further details on AFM and resonance
measurements are provided in the Supporting Information.

Data availability

The datasets supporting this study are not publicly available as they may be
included in ongoing research projects that aim to further characterize
related 2D materials, but are available from the corresponding authors upon
reasonable request.
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