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ABSTRACT: Inducing and controlling three-dimensional deformations in
monolayer two-dimensional materials is important for applications from
stretchable electronics to origami nanoelectromechanical systems. For these
applications, it is critical to understand how the properties of different materials
influence the morphologies of two-dimensional atomic membranes under
mechanical loading. Here, we systematically investigate the evolution of
mechanical folding instabilities in uniaxially compressed monolayer graphene
and MoS2 on a soft polydimethylsiloxane substrate. We examine the morphology
of the compressed membranes using atomic force microscopy for compression
from 0 to 33%. We find the membranes display roughly evenly spaced folds and observe two distinct stress release mechanisms
under increasing compression. At low compression, the membranes delaminate to generate new folds. At higher compression, the
membranes slip over the surface to enlarge existing folds. We observe a material-dependent transition between these two behaviors
at a critical fold spacing of 1000 ± 250 nm for graphene and 550 ± 20 nm for MoS2. We establish a simple shear-lag model which
attributes the transition to a competition between static friction and adhesion and gives the maximum interfacial static friction on
polydimethylsiloxane of 3.8 ± 0.8 MPa for graphene and 7.7 ± 2.5 MPa for MoS2. Furthermore, in graphene, we observe an
additional transition from standing folds to fallen folds at 8.5 ± 2.3 nm fold height. These results provide a framework to control the
nanoscale fold structure of monolayer atomic membranes, which is a critical step in deterministically designing stretchable or
foldable nanosystems based on two-dimensional materials.
KEYWORDS: graphene, 2D materials, buckling, folding, adhesion, nanomechanics

1. INTRODUCTION

An important capability of soft materials and membranes is to
relieve stress through the introduction of three-dimensional
(3D) features like crumples, ripples, and folds.1−3 These
phenomena appear frequently in nature4,5 and are important to
emerging nanotechnologies which couple 3D deformation to
functionality like origami nanoelectromechanical systems6,7

and stretchable electronics.8−10 Monolayer two-dimensional
(2D) materials like graphene and molybdenum disulfide are
particularly relevant for understanding 3D deformation
because they represent both the ultimate limit of mechanical
atomic membranes11−14 and molecular electronics.15−18

Because of their exceptionally small bending moduli, it is
easy to accidentally or intentionally induce 3D deformations in
monolayer 2D materials,12,19 which strongly affect the
mechanics of the membrane.13,20,21 Furthermore, the 3D
morphologies impact the properties of monolayer 2D
membranes, such as band gap22,23 and electronic conductiv-
ity.24,25 Meanwhile, crumpling and folding in 2D material
membranes (2D membranes) are currently being explored for
applications as highly stretchable electronics,26,27 3D archi-
tectures for catalysis,28 and mechanically reconfigurable
origami and kirigami systems.19 In all these applications, an
important challenge is to understand, predict, and control the

constituent relations between induced stresses, material and
substrate properties, and the resulting 3D morphologies.
Introducing tensile or compressive strains on 2D membranes

laminated onto soft, stretchable substrates is a useful strategy
for inducing deformations because the strain is reversible, and
the structures are easily integrated into devices for
applications.27,29 Crumples in compressed 2D membranes
have been shown to strongly affect many multifunctional
properties of 2D materials including optical absorption,30−32

hydrophobicity,27 and chemical reactivity.33 While there have
been a number of experimental34−41 and theoretical stud-
ies42−45 of the structure and mechanics of crumpling, there is
still a need to systematically understand the evolution of the
3D morphology of compressed 2D membranes. Different
studies display widely varying behavior including rippling,
folding, buckling delamination, and crumpling and yet are
difficult to compare because they are performed on structures
under high compression (>100%),30,31,39 different materi-
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als32,35,46 with fixed and different strains34,36,40,42−44 or
different thickness.47 Comparing these studies is challenging,
as crumpling instabilities are intrinsically statistical processes,
with no global solutions. Recent papers on the crumpling of
thin films5,48,49 or multilayer 2D material membranes with
several nanometer thickness show buckle delamination and
rippling in which the morphology is dominated by the bending
modulus.39,40,50−54 In contrast, 2D monolayer membranes
have very small bending modulus;55 so the morphology is
dominated by the interface.24,37,55,56 While the compression
mechanics of thin film and multilayer structures are relatively
well understood, models are needed that relate the formation
and evolution of mechanical instabilities in the 2D monolayer
membrane limit. Understanding and relating the behavior of
different materials over a range of strains gives insight into the
behavior at all scales and has the utility in guiding the design of
desired morphologies for applications such as stretchable
electronics from crumpled 2D heterostructures or spatially
tailoring material properties under deformation.
Here, we quantify and compare the material-dependent

evolution of 3D morphologies occurring in monolayer
graphene and MoS2 under systematically varied uniaxial
compressive strain on a polydimethylsiloxane (PDMS)
substrate and establish a model which describes the behavior
in both materials based solely on mechanical properties. Both
2D membranes displayed roughly evenly spaced folds under
uniaxial compression.
We find that at small compressions, 2D membranes relieve

stress via delamination and the introduction of roughly evenly
spaced folds. At higher compression above 10%, the
membranes relieve stress via interfacial slip and increasing
the size of existing folds. The transition between these two
stress relief mechanisms is material-dependent, occurring when
the folds reach a critical period of 1000 ± 250 nm for graphene
and 550 ± 20 nm for MoS2. We established a continuum
shear-lag model wherein the compression on the 2D
membrane is induced by the surface traction at the interface
between the membrane and the substrate. In this model,
delamination occurs when the compressive energy in the
membrane exceeds the adhesion energy and slip occurs when
the surface traction exceeds the maximum static friction. The
competition between these two phenomena explains the
material-dependent transition in fold spacing and enables
extraction of the interfacial friction between the 2D membrane
and substrate from the experimental results. We find the
maximum interfacial static friction on PDMS is 3.8 ± 0.8 MPa
for graphene and 7.7 ± 2.5 MPa for MoS2. Moreover, graphene
displayed an additional mechanism not observed in MoS2 in
which standing folds transitioned to fallen folds around 8.5 ±
2.3 nm fold height, after which the fallen folds then increased
in width under increasing compression. These results
demonstrate that the transitions between fold delamination
and slip, and from standing to fallen folds, depend on the local
features of fold spacing and height rather than global
parameters like substrate strain.

2. EXPERIMENTAL SECTION
Figure 1 shows the structures used to measure the 3D morphology of
2D membranes under uniaxial compression. As shown in Figure 1a,
the devices were fabricated by transferring monolayer graphene or
monolayer MoS2 onto a prestrained PDMS substrate and then
released to form folds. The full fabrication details are found in
Supporting Information Section S1. Briefly, for the 2D materials, we

used chemical vapor deposition (CVD) monolayer MoS2 and
mechanically exfoliated monolayer graphene, both on a 285 nm
silicon oxide on a silicon substrate. The monolayer structure is
confirmed with Raman and photoluminescence spectroscopy, as
shown in Supporting Information Figure S1.57−59 CVD-grown
graphene was not used because the roughness of the copper growth
substrate frequently leads to preexisting folds when transferred. We
then transferred the 2D monolayers onto uniaxially prestrained
PDMS substrates using a dry transfer process.60 The PDMS substrates
were mounted on a custom holder, as shown in Supporting
Information Figure S2, which allowed us to fix and vary the uniaxial
strain on the 2D membrane in a range from 0 to 50%. The prestrain in
the substrates were subsequently released by fixed increments, leading
to a controlled and increasing uniaxial compressive strain on the 2D
monolayers. As shown in Supporting Information Figure S3, we
ensure accurate estimate of the overall compressive strain of the 2D
monolayers41 by measuring the change in separation of well-defined
landmark features of 2D monolayers with an optical microscope
rather than computing strain from the substrate deformation.

We measured the nanoscale morphology of the membranes with
atomic force microscopy (AFM). Figure 1b,c shows the morphology
of a single crystal triangle of CVD-grown monolayer MoS2 after
transfer onto a prestrained substrate and after 8% compression. Before
compression, the membranes are flat, with a root mean square surface
roughness of 0.9 nm, similar to the surface roughness of the
underlying substrate of 1.0 nm. After compression, the MoS2 displays
roughly evenly spaced folding along the direction of compression with
fold heights in the range of 5−15 nm and spacings that range from 0.9
to 1.1 μm. Between the folds, the roughness of the MoS2 surface
increases slightly to 1.8 nm while the substrate remains the same at
1.0 nm.

3. RESULTS AND DISCUSSION
Figures 2 and 3 directly compare the evolution in morphology
of single regions of monolayer MoS2 with monolayer graphene
respectively under increasing substrate compression. From the
measurements, we observed two distinctive stress release
mechanisms leading to the change in the membrane
morphology: (i) slip to enlarge existing folds and (ii)
delamination to generate new folds. Figure 2a−d shows
topographic AFM images of a single region of monolayer MoS2
under increasing uniaxial compression from 5 to 19%, while
Figure 2e shows the cross-section height profile of the same
region at different compression, indicated by the colored lines
in each AFM image. Initially, as the compression increases, the
MoS2 membrane is delaminated from the substrate and
generates new folds approximately halfway between the

Figure 1. Inducing compression in 2D materials. (a) Schematic of the
fabrication process for inducing compression of 2D monolayers on a
PDMS substrate. (b,c) AFM topography images of a CVD grown
monolayer MoS2 triangle on PDMS (b) before and (c) after 8%
compression along the horizontal direction. Before compression, the
monolayer follows the surface roughness of the substrate. After
compression, roughly evenly spaced folds are observed along the
direction of compression. Scale bar = 2 μm.
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existing folds, for example, at the orange arrow in Figure 2b.
Indicated in the red line in Figure 2e, the height of preexisting
folds does not change significantly, while the new folds quickly
grow to the height of the preexisting folds. For higher
compressions, for example, when going from 11% (red line) to
19% (blue line), rather than delamination, the average height
of the folds increased by slip. Figure 2f shows schematically the
processes for delamination versus slip. Supporting Information
Figure S4 contains additional AFMs of MoS2 at different
compression values, which show the same qualitative behavior,
and Supporting Information Figure S5 shows the fold
evolution when restretching the substrate. As a result of the
ultra-low bending modulus in 2D monolayers, these folds have
a hairpin geometry consistent with previous simulations56 and
experiments,24,37,38,61 rather than a buckle-delamination
geometry commonly observed in multilayer structures50,52,62

or thin films.48,63 As seen in Supporting Information Figures
S4−S6, the AFM profiles of the folds at low compression have
a single narrow peak with a measured width of <5 nm for
graphene and 10−50 nm MoS2 after deconvolving the shape of
the tip. These narrow widths support the hairpin geometry.
Figure 3 shows similar analysis performed on exfoliated

monolayer graphene under increasing compression. Figure

3a,b shows the same region of graphene folds for compressive
strains of 1 and 5%, while Figure 3c shows the corresponding
cross-section height profiles. At small compression, the
graphene also displays delamination, shown by the orange
arrow in Figure 3b, in addition to some degree of slip to the
existing fold growth. Figure 3d shows the schematic of the slip
while partially delaminating membranes. Supporting Informa-
tion Figure S6 contains additional images of graphene under
varying compression. Unlike MoS2, the transition to slip to
enlarge existing folds occurs at much lower compression and
higher fold spacing.
In Figures 2 and 3, we observe both stress release

mechanisms, delamination and slip, in both materials, and
they appear at different compression levels. However, because
mechanical folding instabilities from stress release mechanisms
are a stochastic process, there is significant variation in the
spacing between folds and global behavior cannot be inferred
from a single region. To quantitatively determine the
mechanics of the monolayer membranes, it is necessary to
perform a statistical analysis.
In Figure 4, we compare the average behavior of multiple

regions under increasing compression. The key parameters

extracted from the fold topography are the average height,
average width, and average period of folds. However, due to
AFM tip interactions64,65 and scan conditions (see Supporting
Information Figure S7), it is difficult to accurately measure the
height and width of soft folds, making the average period a
more reliable measure for comparison. Figures 4a,b,
respectively, plot the average fold period versus compression
for MoS2 and graphene. The MoS2 data were averaged over
seven different monolayers on the same substrate, while the
graphene data were averaged over five different exfoliated
monolayers. In MoS2, for small compression of <16%, the
average period reduces at a rate of 47 nm/%. This rate is much
larger than the rate expected purely from compression of 12
nm/%. The rate of change in the period undergoes a sudden
kink at 16% compression to the rate of 6 nm/%. As shown in
Figure 4b, similar behavior is also observed in the exfoliated
graphene compression. For small compression, the graphene
period reduces at a rate of 162 nm/%. Around 8%

Figure 2. Evolution of MoS2 folds under increasing compression. (a−
d) Sequence of AFM topography images showing the change in the
3D morphology of a single region of monolayer MoS2 under
increasing compression of 5, 11, 16, and 19%, respectively. Scale bar =
1 μm. (e) Corresponding height profile of the same position at
different compressions indicated by the black, red, and blue lines
shown respectively in (a,b,d). Between 5 and 11% a new fold is
nucleated, marked by the orange arrow in both (b,e). (f) Schematic of
the change in fold morphologies corresponding to the region shown
in (e). Red corresponds to new fold generation, and blue corresponds
to slip and growth of existing folds.

Figure 3. Evolution of graphene folds under increasing compression.
(a,b) Sequence of AFM topography images showing the change in the
3D morphology of a single region of monolayer exfoliated graphene
under increasing compression of 1 and 5%, respectively. Orange arrow
in (b) shows newly generated fold. (c) Corresponding height profile
of the same position at different compression indicated by black and
red lines shown respectively in (a,b). (d) Schematic of the change in
fold morphologies corresponding to the region shown in (c). Both
enlargement of existing folds and new fold generation occur.

Figure 4. Induced average spacing between folds in compressed 2D
membranes. (a) Average fold spacing in monolayer MoS2 measured in
seven different sample locations. (b) Average fold spacing in
monolayer graphene vs compression measured in five different
exfoliated samples. The lines indicate the rate of change of the spacing
between folds vs compression. For low compression, the spacing
between folds in MoS2 and graphene respectively change at a rate of
47 and 162 nm/%. For higher compression, the rates become 6 and
10 nm/%, respectively. In both materials, there is a transition in
behavior at 550 ± 20 and 1000 ± 250 nm, respectively. The transition
point corresponds with a change in the stress release mechanism from
delamination-dominated to generate new folds toward slip-dominated
to enlarge existing folds.
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compression, the rate changes to 10 nm/%. The rapid
reduction of fold spacing at small strains corresponds to
delamination to generate new folds, leading to a smaller period.
At higher compression, the strain is instead accommodated via
membrane slip leading to the increase in the size of existing
folds with a rate of change similar to that expected from pure
compression. The transition occurs in MoS2 and graphene at
compressions of 16 and 8% respectively, which is a reflection
of their different mechanical properties. As a final observation,
the spacing in the folds are more irregular in the graphene than
the MoS2 leading to the larger error bars observed in Figure 4b.
We hypothesize that the increased irregularity is a result of the
larger period overall in the graphene folds. The precise point of
fold generation will be affected by nanoscale inhomogeneities
like particles at the interface, concentration of forces at edges,
shape of the compressed 2D membrane,41 and surface
roughness.44 Thus, a larger period between folds allows for
increased deviation in where the new folds are generated.
Figure 5 describes a continuum shear-lag model we

developed66 to explain the observed evolution in morphology.

We adapt existing models on interfacial sliding34 and buckling
of tensioned or compressed 2D materials on a soft
substrate35,36,44 to describe how the existing stress distribution
from a current configuration (fold height, spacing, and strain)
will evolve when an additional compressive strain is
introduced. We assume that uniaxial substrate compression
leads to the application of a uniform surface traction τ at the
2D material surface oriented along the direction of the
compression.34 This surface traction depends on the
interaction of the 2D membrane with the substrate including
surface roughness and adhesion, intercalated water or surface
contamination, as well as the substrate mechanical moduli
leading to strain transfer.41,67 Together, these contributions
lead to an effective shear stress applied to the 2D material by
the substrate wherein only the mechanics of the membrane
need to be considered.68 The in-plane stress distribution in the
2D material is related by the one-dimensional equilibrium
equation.

x
d
d

τ σ=
(1)

For uniform τ, eq 1 indicates that the resulting in-plane
stress σ(x) in the 2D material is linear along the direction of
compression and uniform through the interface between the
2D membrane and the substrate.44

When a new fold forms, the built-up compressive stress is
locally relieved. Because the bending stiffness of monolayer
graphene is orders of magnitude lower than the Young’s
modulus19 and adhesion energy,35,69−71 the predicted average
compressive strain on the nanometer scale curvatures of the
hairpin folds corresponds to <0.03−0.07% for the average
height of the measured folds, which is much lower than the
induced compressive strains on the laminated regions of the
monolayers. As a result, we can reasonably assume the residual
in-plane stress within the delaminated folds to be effectively
zero,24,56 compared with the laminated regions between the
folds. In equilibrium, the size of the fold between slip events is
fixed because the surface traction is much larger than the self-
adhesion of the 2D material in the fold, preventing the pulling
of the new material into the fold. Taken together, the stress
within the 2D membrane is zero at the folds and increases in
magnitude linearly with slope τ away from each fold, with a
peak in stress |σmax| halfway between neighboring folds. From
the geometry, the relationship between the maximum stress
magnitude, interfacial stress due to compression, and fold
spacing lp is

l( /2)max pσ τ| | = (2)

Figure 5a,c shows schematically a 2D membrane with
periodic folds undergoing slip or delamination stress relief
mechanisms, while Figure 5b,d shows the corresponding stress
distribution σ(x) within the membrane versus the position for
each mechanism according to our model. The black and red
dashed lines represent the morphology and stress distribution
immediately before and after slip or delamination, respectively.
According to the model, as substrate compression increases,

the folds move closer to each other, the stress slope increases,
and the maximum compressive stress magnitude increases.66

The slope and max stress will both increase under increasing
compression until one of the two thresholds are reached.
Figure 5a,b shows slipping to grow existing folds: if the slope of
the stress profile exceeds a threshold |τ| ≤ τthr corresponding to
the maximum static friction of the 2D material on the
substrate, then the membrane will slip at the site of an existing
fold, leading to an increase in the size of the fold and a drop in
τ. The adhered portion of the membrane will locally slip until
reaching a new equilibrium residual stress indicated by the red
dashed line in Figure 5b. The relative slope and shape of the
residual stress after slip will be determined by the dynamic
friction of the interface compared with the static friction.66

Delamination to form new folds is shown in Figure 5c,d: if
the maximum stress halfway between the folds exceeds a stress
threshold |σmax| ≤ σthr corresponding with in-plane stress
exceeding the delamination energy of the substrate, then a
spontaneous delamination will occur, leading to a new fold, a
reduction of |σmax|, and a new stress profile shown as the red
dashed line in Figure 5d. At the point and instant of
delamination, the membrane goes from a flat, adhered state
to a nanoscale buckle-delamination,56 which will locally have a
stress near zero. This difference in stress will cause the
membrane to locally slip, providing new material to the
delaminated region. Because of the low bending modulus and
high self-adhesion of the 2D material, the delaminated region
will collapse to form the fold.24,36 Shown as the red dashed line

Figure 5. Model of stress release mechanisms in compressed 2D
monolayers. (a) Schematic of the change in morphology for a
membrane that has reached the maximum static friction τthr to
undergo slip and enlargement of the existing folds. (b) In-plane stress
vs position profile corresponding with the change in compression
from (a) assuming a constant surface traction at the membrane and
substrate interface. The final (red) stress profile has higher max stress
and slope than the initial (black) profile. (c,d) Similar schematic and
stress profile where the max stress at the center has exceeded
threshold σthr which corresponding to the adhesion energy resulting in
the membrane locally delaminating to generate a new fold.
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in Figure 5d, after new fold generation is complete, the stress
profile splits into two new profiles with half the period. The
energetics and dynamics of this sequence is complex.
Importantly though, we note that membrane delamination is
an instability similar to Euler buckling,48,63 wherein the onset is
predicted from the point at which a solution becomes unstable,
rather than from energy conservation between the initial and
final shape of the structure.66 As a result, it is unnecessary to
account for the energetics or dynamics of the folding process
or self-adhesion of the membrane in the fold to predict the
onset of delamination.
The delamination will occur at the point of highest stress.

From energy conservation, the threshold compressive stress
σthr for the onset of delamination is related to the adhesion
energy per unit area Γ between the substrate and the 2D
membrane63

E
1

2 2D
thr

2σ = Γ
(3)

where E2D is the 2D Young’s modulus of the membrane.
Whether slip or delamination will occur is determined by

whether the slope of the stress profile reaches τthr or the max
stress reaches σthr first. As indicated in Figure 5c,d, for longer
fold periods and lower compression, delamination will occur
first, while for shorter fold periods, slip will occur first. The fold
period ltransition corresponding to the transition from new fold
generation to growth of existing folds arises from combining
eqs 1−3 at the interfacial and delamination thresholds

l
E

2
2thr

transition
thr 2Dτ σ= = Γ

(4)

Equation 4 and the experimental measurements of ltransition
from Figure 4 (1000 ± 250 nm in graphene, 550 ± 20 nm in
MoS2) determine the value of τthr for each 2D material. Using
the 2D modulus72,73 and adhesion energy,35,69−71 the
maximum interfacial static friction before slip is determined
to be τthr = 3.0−4.6 MPa in graphene and τthr = 5.2−10.2 MPa
in MoS2. The corresponding compressive stress and strain on
the adhered region before delamination will be σthr = 1.4−2.3
N/m and εthr = 0.4−0.7% for graphene and σthr = 1.4−2.8 N/
m and εthr = 0.8−1.6% for MoS2. The numerical values are
summarized in Supporting Information Table S1. These values
are similar to the onset of slip of 1.2−1.5% in systems under
tensile strain.34−36,41

This model is formulated so that the only critical parameters
are σthr and τthr, and the evolution of the folding morphology
depends on the initial conditions and compression history. As
with many crumpling phenomena, the transition depends on
the initial fold structure present and the compression history
and can occur at different values of these parameters; thus
there is no global threshold value for substrate strain, fold
height, or fold spacing for the transition from new fold
generation to growth of existing folds. Moreover, surface
traction is a measure of the effective force acting on the
membrane, and the model does not consider the origin of the
surface traction which is substrate material-dependent. We
expect this model to be generalizable to the compression of
isotropic, thin, flexible membranes under uniaxial compression
on a soft substrate, which possesses low friction interfaces to
allow slip the membrane on the substrate surface.
As we continue to increase the compression of the substrate,

we observe an additional transition in fold morphologies in the

monolayer graphene. Figure 6a−c shows the enlarged images
of a single graphene fold under increasing compression from 5

to 19%, while Figure 6d shows the corresponding cross-
sectional height profiles. At small compression, the fold has a
narrow profile of a standing fold. At higher compression, the
height drops from 10 to <5 nm, and a second short peak
appears adjacent to the initial peak. We associate this new
profile with a fallen fold where the additional layers lay over
the underlying monolayer. Both standing and fallen folds are
often observed in graphene conformally grown on a rough
copper foil that is subsequently transferred onto flatter
substrates24 or by differential shrinkage during cooling in
graphene grown on silicon carbide.74 These previous studies
found that there is a critical height at which fallen folds become
more energetically favorable24,37,38 than the standing fold. In
those cases, the folds are induced by an extra slack in the
graphene, whereas here we controllably induce falling of the
folds. Indeed, under varying compression, we observe a
transition of the standing fold (Figure 6a) to a fallen fold
(Figure 6b), which subsequently keeps broadening in width
upon further compression (Figure 6c). The whole process is
shown schematically in Figure 6d.
Figure 6f−h shows a sequence of optical images of the

evolution of several folds on a single piece of graphene under
increasing compression. Because the standing folds are very
narrow, they are difficult to see optically. However, the fallen
folds are easy to see as they lead to a change in contrast from
the three layers stacked on top of each other. These images
show that, rather than all folds falling simultaneously at a
particular compression, the falling transition is related to the
height of the individual folds. From eleven different folds
measured through a range of strains, the average height of the
folds before falling was 8.5 ± 2.3 nm. In general, in buckle-
delamination features, the falling transition will depend on the
aspect ratio of height to width.24,38 However, in the case of the

Figure 6. Collapse of folds at higher compression. (a−c) Sequence of
topography images zoomed in onto a single graphene fold under
increasing compression of 5, 15, and 19% respectively. Scale bar = 0.5
μm. (d) Corresponding height profile of the same fold at different
compression indicated by the black red and blue lines shown
respectively in (a−c). (e) Schematic of the transition from a standing
to fallen fold corresponding with the region shown in (d). (f−h)
Optical microscope images of monolayer graphene under increasing
compression of 9, 15, and 19%, respectively. Arrow marks fallen folds
appeared by different contrast. Scale bar = 2 μm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b20909
ACS Appl. Mater. Interfaces 2020, 12, 10801−10808

10805



hairpin geometry fold, the height of the fold is the only critical
parameter because the width of the fold is a constant.
We note, as discussed earlier and shown in Supporting

Information Figure S7, the measurement of the fold height and
width of the folds with AFM is less accurate than the
measurement in spacing due to the tip interactions and scan
response, with nanoscale feature width being especially difficult
to measure accurately. As a result, caution should be used in
overinterpreting the accuracy of the height and we only present
the critical height as opposed to an aspect ratio. Furthermore,
we note that AFM measures the static states between
transitions induced during the straining, not the dynamics of
the folding process. Following the established dynamics of
many mechanical instabilities, we hypothesize that the falling
of the fold is instigated at a point of lower stability, such as at a
bump on the substrate, a point of intersecting folds, or at the
edge of the membrane, then zips along the fold until it reaches
some point of higher stability.
We follow previous models to calculate the relative energy of

standing versus fallen folds24,38 (details in Supporting
Information Section S3). We note that the analysis of standing
to fallen fold transition is different from the mechanical
instabilities such as the onset of delamination or slip presented
earlier. The relative total energies between initial and final
states in the standing to fallen fold transition, rather than the
point at which a particular state becomes unstable, govern the
transition. The analysis shows that the standing fold is always
dynamically stable but is energetically unfavorable compared
with the fallen fold above the critical height. Above the critical
height, small perturbations, inhomogeneous strain, or thermal
fluctuations may induce the fold to fall into the more
energetically favorable morphology. From the above calcu-
lations, the threshold height in graphene is predicted to be 6
nm, which occurs ∼5% compression in this study. From the
same analysis, the critical height of MoS2 is ∼19 nm, which will
only occur at compressions above those induced in this study.
We note that these models do not include the influence of
important factors like substrate roughness, folds not being
perfectly perpendicular to the direction of strain, induced
shears, or pre-existing corrugations, all of which could
effectively stiffen the membrane and lead to the significant
variation we observe in the critical height.

4. CONCLUSIONS
To summarize, we observe and explain two different stress
release mechanisms occurring in 2D materials graphene and
MoS2 under compression: (i) slip to enlarge existing folds and
(ii) delamination to generate new folds. Furthermore, in
graphene, we observed the transition of fold morphologies
from standing to fallen folds with increasing substrate
compression. We show that these transitions in behavior are
material-dependent and sensitive to interfacial properties such
as adhesion and maximum static friction with the substrate.
Moreover, the transitions between fold delamination and slip
and from standing to fallen folds depend on the local features
of fold spacing and height rather than global parameters like
substrate strain. This understanding of the origins and
evolution of 3D deformation with systematically varied levels
of compression gives the potential to control the nanoscale
fold structure of 2D atomic membranes, which is a critical step
in deterministically engineering stretchable, foldable 3D
systems based on 2D materials. For example, these results
show that crumpled 2D devices, which often depend on high

compression >100%, likely contain multilayer folds. Next steps
include understanding the impact of rate dependence and
substrate properties on adhesion and the resulting morphology,
extending the model to incorporate biaxial compression, and
studying the mechanics of 2D membranes from hetero-
structures which exhibit slip and superlubricity at the interfaces
between layers as well as at the substrate.
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