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ABSTRACT: Bending and wrinkling occur widely in thin membrane materials, such as biomembranes, optical coatings, and
two-dimensional materials. Such deformed structures can exhibit distinct mechanical responses compared to flat membranes.
However, to date, mechanical characterization of membranes is mainly limited to the macroscopic level. The microscopic
structure−mechanics relationship, key for rational materials design, remains elusive. Here we bridge this gap by mapping out the
nanomechanical response of a model membrane systemwrinkled monolayer graphene. Using an atomic force microscope
(AFM), we perform force−distance spectroscopy at each nanoscale spot to obtain a microscopic map. We observe a significant
restoring force as the AFM tip pushes on graphene nanowrinkles. When the indenting force is higher than a threshold (a few
nanonewtons), the wrinkles locally snap onto the SiO2 substrate; after tip retraction, the wrinkles automatically restore their
original shape. Through theoretical modeling and statistical analysis, we further find that nanoscale curvature enhances the
effective stiffness and snapping threshold of atomically thin wrinkles. Our results can guide the rational design of mechanically
reconfigurable materials and bioelectronic interfaces.
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■ INTRODUCTION

Because of the small or negligible bending stiffness, thin
membrane materials tend to deform out of plane, forming
various wrinkle structures.1−26 Such structural curvature can
strongly modulate the membrane’s functionality. In biomem-
branes, for example, curvature is critical for controlling
membrane phase ordering, regulating protein conformation,
modulating intracellular traffic, and so on.5−7 In engineered
systems such as two-dimensional materials, wrinkles are
ubiquitously formed during the standard materials processing
and device fabrication processes.8−13 On one hand, these
wrinkles can induce electron scattering which is undesirable for
nanoelectronics.9−11 On the other hand, controlled wrinkle
structures can be utilized for large area electronics and energy
applications. It has been shown before that wrinkles and
curvature effects in 2D materials can improve their flexibility
and stretchability,12−20 modulate the wettability,21,22 enhance

the photoresponsivity,23 and facilitate electrochemical energy
conversion and storage.24−26 Recently, curved 2D materials
have also been demonstrated to enable mechanically
reconfigurable, multifunctional electronic and photonic
devices.27−29 Despite the wide interest in modulating the
membrane mechanics via curvature engineering, to date the
structure−mechanics relationship of thin membranes is still
not well understood. So far, the mechanical response of these
deformed structures has been measured mainly by stretching
and/or compressing the membranes along the in-plane
direction via macroscopic actuation.12−20 It has been found
that the membranes can adjust the in-plane pressure change by
forming and releasing ripples/wrinkles. However, the local
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mechanical properties of the buckled structures, such as strain
and stiffness, have not been experimentally quantified.
While the bulk, flat membrane has high flexibility and low

bending stiffness, continuum mechanics models predict that
deformed structures with convex curvature have stronger
effective stiffness.30−34 According to these models, the
membrane will be able to sustain a larger pressure as the
radius of curvature decreases. At the scaling limit of a few
nanometers, we expect a significant curvature-induced stiffness,
if the system still obeys the laws of continuum mechanics. Such
a strong curvature−mechanics correlation can facilitate the
rational design of mechanically reconfigurable materials with
3D architecture27,35−37 and bioelectronic interfaces with
controlled interfacial mechanical coupling.38−40

To determine the nanoscale curvature−mechanics relation-
ship, we use an AFM-based technique, fast force mapping
(FFM), to simultaneously measure the membrane wrinkle
structure and mechanical properties. FFM is performed by
measuring a vertical force−distance curve at each nanoscale
pixel and then scanning the surface to obtain a three-
dimensional force map, which enables us to analyze both the
topographic profile and mechanical response of the sample. In
FFM, the vertical tip motion is sinusoidally modulated at a
high rate of 300−1000 Hz, enabling the acquisition of 3D force
maps in an experimentally feasible time scale. This is distinct
from previous nanoindentation measurements that obtain
single force curves at fixed spots on membranes.41,42 In the
past few years, FFM has been used to quantify the
nanomechanical properties of biological cells43−45 but has
not been employed to measure thin membrane systems, to the
best of our knowledge.

■ RESULTS AND DISCUSSION
We choose an atomically thin membrane, single-layer
graphene, as a model system. Raman spectroscopy shows no
observable defect-induced peak (Supporting Information,
Figure S1), revealing a high structural quality of our graphene
samples. To induce controlled curvature variation of the
system, we adopt our previously used method and lay graphene
on top of isolated SiO2 nanospheres (20 nm diameter) on a flat
SiO2 substrate

46−48 (Figure 1a). As shown in the atomic force
microscopy (AFM) image in Figure 1b, our sample consists of
three main types of areas: (1) graphene wrinkles with a typical
length in the scale of ∼100 nm and a height <10 nm, (2) flat
graphene on planar SiO2 substrate, and (3) protruded
graphene wrapped on top of nanospheres. Such nanoscale
variation of membrane curvature facilitates controlled nano-
mechanical studies.
We perform FFM on the wrinkled graphene by pushing

down each spot to the lowest position and subsequently
retracting the tip away (Figure 1c). During this process, we
observe the cantilever deflection as a function of the scanner
extension. From these signals, we extract the force (between
the tip and the contacted area) as a function of the indentation.
Here the force is obtained as the product of the cantilever
deflection and the tip’s spring constant, while the indentation
is extracted as the difference between the scanner extension
and the cantilever deflection, which represents the depth to
which the tip pushes down on the local area of the sample
(Figure S2).
Figure 2 shows the representative results of force−distance

curves at different spots on the flat graphene and on wrinkles.
The results on the flat area (Figure 2a−c) are typical for hard

surfaces, showing a sharp increase in force as soon as the tip
hits the surface and an adhesion force in the range 1−3 nN as
the tip retracts away. In contrast, the force curves on the
wrinkle areas exhibit distinct behaviors, as shown in Figure
2d−f. As the tip pushes on the wrinkle, the force first increases
sharply up to a threshold value (typically between 2 and 10
nN), and then the indentation jumps to the maximum value
while the force slightly decreases, after which the force keeps
increasing while the indentation remains unchanged. From the
initial slope of force vs indentation (before the jump in
indentation), we can extract an effective stiffness of 2−5 N/m.
This is a large value considering the small tip−wrinkle contact
area (estimated to be ∼10 nm2, as discussed below) and the
low bending rigidity of graphene (∼1.6 eV).33,49,50 The sudden
jump in indentation reveals that the local wrinkle area
(underneath the tip) goes through a snapping transition and
is abruptly pushed to the substrate by the tip when the force
reaches a threshold. Because the stiffness of the SiO2 substrate
(a few kN/m)51 is much higher than the spring constant of the
AFM tip (1.5−5 N/m), the graphene cannot be pushed below
the substrate surface. Through correlation analysis, we find that
the total indentation depth of the wrinkles (obtained from
FFM results) matches with the height of wrinkles obtained
from AFM tapping mode image (Figure S3). This confirms
that the wrinkles are indeed pushed onto the substrate when
the force is above the snapping threshold. After indentation,
the scanner is moved up to release the force. We find that the
locally snapped wrinkle does not detach from the substrate
before the force reaches zero (blue curves in Figure 2d−f),
which is likely due to a finite adhesion force between the
snapped graphene area and the SiO2 substrate. Note that the
areas of graphene wrapped on top of the nanospheres show no
snapping behavior (Figure S4) because of two likely reasons:
(1) the tip indentation is blocked by the underlying spheres;
(2) there is a large tensile strain in graphene at these areas.46

Despite the presence of graphene−substrate adhesion, we
find that most of the wrinkles recover to the original shape

Figure 1. Sample structure and nanomechanical measurements. (a)
Schematic of the sample structure and measurement setup. (b) A
three-dimensional view of an experimental AFM height image of the
wrinkled graphene on SiO2/Si substrate. (c) Schematic of the FFM
measurement. At each pixel, the tip approaches the sample, pushes on
the local graphene area, and then lifts up. During this process, we find
that the wrinkles deform, snap to the substrate, and eventually
automatically recover their original shape.
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right after the tip retracts, as evident by comparing the tapping
mode AFM height images before and after the FFM (Figure
3a,b). Although a “snapping transition” has been observed in
graphene, previous studies have been focused on either the
static structure of multilayer graphene on corrugated
substrates52 or the snapping of free-standing graphene induced

by a uniform external force.33,53,54 In these systems, with a size
scale of a few micrometers, the snapped graphene either cannot
restore the original shape or requires external energy to enable
the recovery. In comparison, the automatic recovery capability
of our graphene nanowrinkle structures is likely due to two
factors: (1) larger stiffness induced by nanoscale curvature; (2)

Figure 2. Representative force−indentation curves on flat graphene areas (a, b, c) and wrinkle spots (d, e, f). Black arrows in (d, e, f) mark the
threshold snapping transition points. The insets in each panel show the AFM height images, where the circled spots mark the locations on which
the force curves are obtained. Scale bars: 40 nm.

Figure 3. Height evolution of the wrinkles at different indentation forces. (a) and (b) are the tapping mode height images before and after the
indentation. Scale bars: 200 nm. (c)−(h) show height images during the indentation at different force values (same area as (a) and (b)). Note that
the areas at and near the nanospheres are masked and not analyzed, so that we can precisely and quantitatively analyze only the graphene
nanowrinkles and flat graphene areas. (i)−(l) are the height histograms at different forces, corresponding to the height images in (c), (d), (e), and
(g), respectively.
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the small snapping area (tip indents only on an ∼10 nm2 area
of the wrinkle). Note that the thermal fluctuation of height in
the nanowrinkles should be <0.1 Å at room temperature,55

which is too small to induce snapping or recovery of the
wrinkles.
To directly visualize the evolution of the wrinkle structure as

a function of the tip indentation force, we extract the height
maps of the sample at a series of different force set point values
using the tip approaching part of the FFM curves. The results
are shown in Figure 3c−h. Note that the areas on top of and
near the SiO2 nanospheres (∼20 nm in diameter) are masked
and not analyzed (see the Methods section for details), since in
these areas the tip indentation is hindered by the nanospheres
and the obtained force spectra do not represent the wrinkles’
intrinsic mechanical property. As shown in Figure 3c, at a small
force (1 nN), the wrinkles have nearly the same height as their
original configuration (Figure 3a). As the force increases, the
wrinkles gradually become lower in height (Figure 3d−h). At a
force of 15 nN, the height image becomes flat (Figure 3h),
revealing that the wrinkles are all pushed onto the substrate.
Note that this series of height images is not obtained from
contact mode AFM scanning (which can lead to lateral
distortions due to friction), but rather extracted from the FFM
results that more genuinely represent the mechanical response
of the wrinkles as the tip vertically indents onto them.
The histogram of the height distribution at different forces,

extracted from Figure 3c,d,e,g, is plotted in Figure 3i,j,k,l. As
the force increases from 1 to 10 nN, the range of height
distribution shrinks from ∼0−7 to ∼0−1 nm. These results
further quantify the decreasing trend of the wrinkle height as
the force increases and indicate that the snapping transition of
the wrinkles has been mostly completed at a force of ∼10 nN.
In addition to the height distribution at different force set

points, we also analyze the characteristic force distribution. A

key parameter of the force curves is the threshold force for the
snapping transition. To quantify the threshold values, we take
the derivative of the force vs indentation curve and extract the
local minimum with the largest prominence as the snapping
transition point (see the Methods section and Figure S5). The
corresponding force at this transition point is obtained as the
threshold force, which is mapped out in real space, as shown in
Figure 4b. Comparing Figure 4a (height image at a small force
set point of 1 nN) and Figure 4b, we can see that the graphene
on all the flat SiO2 substrate areas show nearly zero threshold
force, i.e., no snapping transition. In most of the graphene
wrinkle areas, we observe a finite threshold force (1−12 nN).
The simultaneously obtained height and threshold force

maps enable a correlation analysis of these two parameters. We
plot the correlation histogram in Figure 4c. We observe a large
distribution of points at nearly zero height and zero threshold
force corresponding to the flat graphene areas, a range of finite
threshold force points with height between 0 and 7 nm
corresponding to wrinkles, and a series of zero threshold force
points with nonzero height corresponding to various features
where snapping transition is not observed. It is worth
mentioning that snapping behaviors are absent at the spots
of poly(methyl methacrylate) (PMMA) which are residues
from graphene transfer and cannot be clearly observed at some
wrinkle spots due to the insufficient signal-to-noise ratio in the
force curves. Given that the wrinkle width is nearly constant
(∼4 nm, Figure S6), an increase in height corresponds to an
increase of curvature (decrease of the radius of curvature) of
the wrinkles. In the height range of 0−2 nm, the threshold
force is found to increase as the height increases, revealing that
a finite curvature is required to induce the snapping transition.
When the height is above 2 nm, the force distribution becomes
very broad, preventing a quantitative analysis of the evolution
trend of threshold force vs wrinkle height. Note that our

Figure 4. Threshold force analysis. (a) Height distribution at a force of 1 nN (same as Figure 3c, image size 1 μm × 1 μm). (b) Spatial distribution
of the threshold snapping force, in the same area as (a). (c) Histogram of threshold force vs height, extracted from (a) and (b). (d) A continuum
mechanics model predicting the dependence of threshold pressure/force on the wrinkle height. Inset is a schematic showing the key parameters
used in the model.
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experimentally measured narrow (a few nanometers wide) and
long (>100 nm) wrinkle shape is consistent with previous
simulations56−58 and can be explained as a result of the balance
of the internal strain of graphene, graphene−substrate
adhesion, and graphene−substrate friction.
In macroscopic and micrometer-scale membrane systems,

continuum mechanics models have been developed to explain
the effect of convex curvature on the membranes’ enhanced
effective stiffness in response to external forces.30−34 According
to these models, the mechanical response of curved
membranes depends on the convoluted effect of in-plane
stress and out-of-plane bending; when the curvature is convex,
the membrane will develop an in-plane compressive stress in
response to out-of-plane compression, leading to an enhance-
ment of the effective stiffness. A snapping transition occurs
when the external force reaches the sum of the maximum
compressive and bending force of the membrane. For the
particular system of a curved membrane plate fixed at two
sides, the threshold snapping pressure is found to be34
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where C0 = 253.4, D is the bending rigidity, W is the overall
contour width of the curved membrane between the fixed
sides, and d is the horizontal projection of W (horizontal
distance between the two fixed sides). The inset in Figure 4d
shows the schematic of a curved membrane where W, d, and h
(wrinkle height) are labeled. The terms 1/W3 andW/d depend
on the overall size and curvature of the deformed membrane,
respectively. Smaller size and smaller radius of curvature lead
to larger effective stiffness of the curved membrane and thus
higher threshold pressure of the snapping transition.
For single-layer graphene, we have D = 1.6 eV.34 In our

graphene nanowrinkles, we assign d = 4 nm as estimated from
scanning electron microscopy (SEM) images (Figure S6). To a
first-order approximation, we assume the wrinkles have
parabolic bending shape34,48 and obtain the relation of W a
function of d and h (see the Methods section). From eq 1 and
the relationship between W and h, we obtain Pth as a function
of h, as shown in Figure 4d. This continuum mechanics model
predicts an increase in Pth as the wrinkle height increases from
0 to ∼2 nm due to the decrease of the radius of curvature
(increase in W/d); as the height further increases, Pth starts to
decrease, due to the increase in wrinkle size (decrease in 1/
W3).
Comparing Figures 4c and 4d, we can see that our

experimental results are roughly consistent with the continuum
mechanics model. We observe a similar increase in threshold
force/pressure as the wrinkle height increases from 0 to ∼2
nm, although it is hard to quantitatively compare the trend at
higher height due to the large fluctuation in experimental
results. Considering that the wrinkle’s lateral width is ∼4 nm,
we can estimate that the tip−wrinkle contact area is circular
with a diameter of 4 nm. Using this area value, we convert the
theoretical threshold pressure values to force, as shown in the
right axis of Figure 4d. The magnitude of the force values
agrees with the experimental results, revealing that the
continuum mechanics model is sufficient to explain the high
effective stiffness and large snapping transition pressure of
nanoscale, atomically thin membrane wrinkles.
The size dependence of the curvature-induced stiffness can

also be verified by comparing our work with previous studies of

graphene microblisters. From the deflection vs pressure curves
shown in refs 53 and 54, we can extract an effective stiffness
per unit area in the scale of 1011−1013 Pa/m. In comparison,
our results show an effective stiffness of 2−5 N/m and a tip−
wrinkle contact area of ∼10 nm2, corresponding to an effective
stiffness per unit area in the order of ∼1017 Pa/m. This higher
effective stiffness (per unit area) is due to the smaller size of
our nanowrinkles (a few nanometers wide) compared to the
previously reported microblisters (∼3 μm), in agreement with
our main conclusion that the effective stiffness scales up as the
size goes down. The observed structure−mechanics relation-
ship and the nanoscale enhancement of the effective stiffness in
wrinkled 2D materials can greatly facilitate rational materials
design for applications in robust, mechanically reconfigurable
devices.
We expect the curvature-induced stiffness, snapping

transition, and autorecovery effects to generally exist in other
wrinkled 2D materials and other thin membrane materials, as
predicted by the continuum mechanics model that contains no
atomistic details (eq 1). For example, monolayer MoS2 has a
bending rigidity of ∼9.6 eV,59,60 6 times higher than that of
graphene (1.6 eV). According to eq 1, we expect monolayer
MoS2 nanowrinkles to have a larger curvature-induced stiffness,
and the snapping transition should occur at a threshold force
that is ∼6 times higher than that of graphene, assuming the
wrinkle size and curvature are the same.

■ CONCLUSIONS
In summary, through nanomechanical mapping, we observe
high mechanical stiffness, snapping transitions, and automatic
shape recovery effects in graphene nanowrinkles in response to
local compressive force. We find that smaller wrinkle size and
smaller radius of curvature both lead to larger effective stiffness
and higher threshold snapping pressure. Given that nanoscale
deformation and curvature widely exist in thin membranes, our
results can serve as a general guidance to the understanding
and design of membrane mechanics and pave the way for
applications in reconfigurable mechanics, memristors, and
bioelectronics.

■ METHODS
Sample Preparation. SiO2 nanospheres with 20 nm diameter

were purchased from nanoComposix.46,47 The nanospheres are
dispersed in water with a concentration of 5 mg/mL. We clean 300
nm SiO2/Si by sonicating in acetone and isopropanol and then
performing oxygen plasma. The nanospheres are drop-casted onto the
SiO2/Si substrate followed by blow-drying. Scanning electron
microscopy images of the nanosphere coated substrates are shown
in Figure S7, where we can see isolated single nanospheres or few-
particle clusters. We purchase CVD graphene on Cu foil from ACS
Material, LLC. Graphene is transferred onto the SiO2 nanosphere/
SiO2/Si substrate by using a wet transfer technique described in our
previous work.46,47

Atomic Force Microscopy (AFM). AFM measurements are
performed using an Asylum Cypher ES AFM, where the sample is
placed inside an environmental chamber purged with nitrogen gas.
AFM tips were purchased from BudgetSensors, with model number
Tap150Al-G. The spring constant (typically between 1.5 and 5 N/m)
is measured via thermal tune of the AFM tips to ensure an accurate
detection of the tip−sample interaction force. Fast force mapping
(FFM) is performed with a Z rate (vertical force spectra) of 300−600
Hz and a horizontal pixel size of 2−4 nm. To verify that the
magnitude of the Z rate does not affect the results, we measured
individual force curves at a slower rate of 1 Hz. The results are shown
in Figure S8, which we find to be similar to the FFM data.
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Scanning Electron Microscopy (SEM). SEM measurements are
performed using a Hitachi S-4800 SEM, with an acceleration voltage
of 5−10 kV and a working distance of ∼5 mm.
Calculation of the Wrinkle Contour Width. The contour width

of the curved wrinkleW is obtained as a function of the lateral width d
and the wrinkle height h by geometrical integration of the parabolic
shape:

∫= +
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+ + + +
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where y = ax2 is the equation of the parabola used to model the cross
section of the wrinkle. Based on the above notation, a = h/(d/2)2.
FFM Analysis. FFM data are analyzed by using MATLAB. We first

extract the deflection vs scanner extension (Ext) curves for each pixel
of the FFM result. For each curve, we sort the data in the ascending
order of the Ext values and smooth the curve with 10 neighboring
points. The force is obtained by multiplying the deflection and the
measured spring constant of the cantilever (Figure S2). At a given
force, the Ext value is extracted as the height and plotted in Figure
3c−h. To remove the tall regions near SiO2 nanospheres, we use the
height map at 1 nN (Figure 3c) to create a mask that covers all the
features taller than 10 nm and their neighboring 13 × 13 points. The
same mask is applied to the height images at other forces (Figure 3d−
h).
To obtain the threshold snapping force, we first convert all the

deflection vs Ext curves to force vs indentation curves (methods are
shown in Figure S2). Then we take the first derivative of the force vs
indentation curves and extract the local minimum with the largest
prominence as the snapping transition point (Figure S5). The
corresponding force at this transition point is extracted as the
threshold force. The same mask to exclude the tall regions in the
height map (Figure 3c−h) is used when plotting the threshold force
map in Figure 4b.
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