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A B S T R A C T

At the interfaces of 2D materials, the solid-state condensed matter physics is closely intertwined with the mechanics in terms of adhesion/separation and friction as
well as deformation of 2D materials. With atomically thin 2D layers in atomically close proximity, the chemical, physical, and mechanical interactions simultaneously
evolve and influence each other, leading to a wide range of topological structures and properties across nano- and micro-scales. Can the study on the mechanics of
interfaces help to understand the physics and chemistry at the interfaces of 2D materials or vice versa? This Opinion aims to highlight the recent mechanics research
on such material interfaces, where a multiscale, multidisciplinary effort is most effective moving forward with plenty of challenges and opportunities.

1. Introduction

Two-dimensional (2D) materials are a relatively new class of thin
materials consisting of a single layer or a few layers of covalently
bonded atoms, including graphene, hexagonal boron-nitride (hBN), and
transition metal-dichalcogenides (TMDs, e.g., MoS2 and WSe2). Over
the last decade, there has been an enormous surge of interest in the
unusual, and technologically useful, properties of the 2D materials.
More recently, a new paradigm for material design has emerged by
stacking different 2D materials on top of one another [1–3]. The re-
sulting layered structures, often called van der Waals (vdW) hetero-
structures, feature strong intralayer covalent bonds and relatively weak
interlayer vdW interactions. These highly anisotropic interactions pro-
vide vdW layered structures with tunable collective properties via the
vertical stacking sequence and the relative twisting or straining be-
tween the layers [4–11]. Furthermore, a plethora of opportunities could
be opened by applying mechanical loads to such structures, including
bending, stretching, twisting, and hydrostatic pressure [8,12–14]. Such
an unprecedented level of tunability has led to several observations of
new phenomena (e.g., ‘magic-angle’ superconductivity [5] and pseu-
domagnetic fields [12]) and propelled these vdW materials into a wide
range of technological applications (e.g. phototransistors, light-emitting
diodes, etc.) [1–3]. In order to fulfill the promising applications of the
2D materials and their heterostructures, it is critically important to
understand the mechanics at the interfaces of various 2D materials,
where the solid-state condensed matter physics is closely intertwined
with the mechanics in terms of adhesion/separation and friction as well
as deformation of 2D materials [15–18].

In this Opinion, we review recent research on the mechanics of 2D
material interfaces. Our primary focus is on the recent theoretical and
experimental advances towards the understanding of the normal and

tangential interactions at the interfaces of 2D materials, including 2D-
3D interfaces between 2D materials and 3D bulk substrates (Section 2)
and 2D-2D interfaces between various 2D materials (Section 3). These
discussions aim to highlight how the physical, chemical, and mechan-
ical interactions simultaneously evolve and influence one another at 2D
material interfaces, and how such interweaving leads to a wide range of
topological structures and properties. The multiscale and multi-
disciplinary nature of the interfaces offers both grand challenges and
ample opportunities for future research.

2. 2D-3D interfaces

2.1. Normal interactions: Adhesion and separation

Interactions in the normal direction of an interface are often de-
scribed as adhesion or adhesive interactions. As an atomically thin 2D
material approaches to or separates from the surface of a 3D substrate,
it experiences a normal traction (σ) that depends on the normal dis-
tance (δn) between the 2D material and the surface (Fig. 1A). The in-
terfacial potential energy (Φ )n is minimized at an equilibrium separa-
tion ( =δ δn 0) with zero traction and vanishes when the 2D material is
fully separated from the substrate ( → ∞δn ). The adhesion energy (Γ0) is
then defined as the change of the interfacial potential energy (per unit
area) between the equilibrium state ( =δ δn 0) and the separated state
( → ∞δn ), also called work of adhesion or work of separation depending
on the processes related to either approach or separation. Ideally, if
these processes are thermodynamically reversible, the works of adhe-
sion and separation would be identical. However, in practice, the two
are often different, known as adhesion hysteresis, suggesting energy
dissipation and irreversible mechanisms (e.g., snapping) during the
approach/separation processes. To measure the adhesion energy of 2D
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materials to 3D substrates, several experimental methods have been
developed, such as pressurized blister tests [21,22], double cantilever
beam (DCB) tests [19,23], nanoparticle intercalation [24,25], buckle-
delamination [26–29], spontaneous nanobubbles [30], and na-
noindentation [20,31,32]. Strictly speaking, the measurements by the
tests involving pressurized blisters, DCB and buckle-delamination ty-
pically measure the work of separation, while nanoparticle intercala-
tion and spontaneous nanobubbles yield the work of adhesion. Adhe-
sion hysteresis is commonly observable in nanoindentation experiments
with loading and unloading cycles (Fig. 1B). Table 1 summarizes the
reported measurements of the adhesion/separation energies between

various 2D materials and 3D substrates.
In addition to the adhesion energy, further insights into the un-

derlying mechanisms of the interactions at the 2D-3D interfaces can be
gained from the traction-separation relations (TSRs) associated with
approach or separation. For example, the same adhesion energy may
result from completely different mechanisms with very different ad-
hesive strengths (maximum traction) and different ranges of interac-
tions. However, compared to the adhesion energy measurements, it is
generally more challenging to measure the interfacial TSRs, especially
for 2D materials because of the ultrathin membrane structure. Na et al.
[19] extracted TSRs for the interactions between wet-transferred, CVD
grown graphene and a silicon substrate from DCB experiments. Al-
though the measured adhesion energy is commensurate with vdW in-
teractions, the deduced TSRs extended to a much longer range
(> 100 nm) than those normally associated with vdW forces, sug-
gesting that interaction mechanisms other than vdW forces should be
considered. Suk et al. [20] conducted displacement-controlled na-
noindentation experiments on graphene, based on which the TSRs were
extracted for interactions between the diamond tip and graphene as
well as between graphene and the silicon oxide substrate. The TSRs
exhibited the characteristics of capillary forces with long tails in addi-
tion to the vdW forces at shorter ranges, despite the fact that the ex-
periments were conducted in a dry nitrogen environment.

Theoretically, adhesive interactions between a 2D material and its
3D substrate are often attributed to the ubiquitous vdW forces, without
specific chemical bonds. Typical values of adhesion energy due to vdW
forces are on the order of 100 mJ/m2, while the interaction strengths
can be up to 200 MPa and the range is limited to nanoscale (< 10 nm),
as predicted by density functional theory (DFT) calculations [41].
However, adhesive interactions over longer ranges have been observed,
for example, in the island blister test [42], where a structural pull-in
instability may be triggered by minute vdW forces over the long tail in
the associated TSR [43]. Moreover, there are growing experimental
evidences that suggest that other interaction mechanisms could be ac-
tive: (1) A wide range of values have been reported for the adhesion
energy of 2D materials (Table 1), from ~3 to ~7000 mJ/m2; (2) The
TSRs extracted from experiments had much lower strengths but longer
ranges compared to those predicted for vdW interactions [19,20]; (3)
The values of adhesion energy, strength, and range of the interactions
were found to be dependent on the loading conditions such as the
mode-mix [35,36] and loading rate [38,44].

Theoretical understanding on the underlying mechanisms of the 2D-
3D interactions beyond vdW forces remains limited. Among others, the
effect of water was considered for wet adhesion of graphene [45],
which could extend the interaction range by capillary bridging, but the

Fig. 1. (A) Schematic of the interaction potential energy between graphene and a 3D substrate. Inset is adopted with permission from [19]. (B) Measured loa-
ding–unloading force profiles from displacement-controlled nanoindentation with a diamond tip indenting monolayer graphene on silicon oxide in a dry nitrogen
environment. Figure is adapted with permission from [20].

Table 1
Measurements of 2D-3D interfacial adhesion/separation energies (G for gra-
phene, A and S denote adhesion and separation, respectively).

Interface Adhesion Energy (mJ/m2) Method Ref

G–SiO2 93 ± 1 (A) Spontaneous bubbles [30]
567.14 (A) Nanoparticle [33]
276–453 (A) Nanoparticle [34]
310–450 (S) Pressurized blisters [21]
460 ± 23 (S) Nanoindentation [31]
580 ± 20 (S) Nanoindentation [32]

G-Si 151 ± 28 (A) Nanoparticle [24]
357 ± 16 (S) DCB [19]

G–Cu 210–510 (S) Pressurized blisters [22,35,36]
720 ± 70 (S) DCB [23]
750 ± 38 (S) Nanoindentation [31]

G-Cu (foil) 740–1530 (S) Pressurized blister [37]
6000 (S) DCB [38]

G–Pt 4021(A) Nanoparticle [33]
G–Au 7687(A)
G–CaF2 104 (A) Spontaneous bubbles [30]
G-Ice 124 ± 30 (A)
G-Epoxy 3400 (S) DCB [38]
G–PMMA 2.8–84.4 (S) Buckle delamination [27]
G-Glass ~10–140 (S) Peeling [39]

MoS2–PDMS 18 ± 2 (S) Buckle delamination [26]
MoS2–Al2O3 101 ± 15 (A) Spontaneous bubbles [30]
MoS2–SiO2 82 ± 1 (A) Spontaneous bubbles [30]

482.48 (A) Nanoparticle [33]
170 ± 33 (S) Buckle delamination [28]

MoS2–SiOx 42 ± 20 (A) Pressurized blisters [40]
220 ± 35 (S)

MoS2–Si3N4 429 (A) Nanoparticle [33]
252 ± 41 (S) Buckle delamination [28]

MoS2–Pt 690 (A) Nanoparticle [33]
MoS2–Au 1207 (A)
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adhesion energy remained low. Discrete, short-range interactions due
to reactive defects on the surface of silicon oxide were also suggested as
a potential cause for the ultra-strong adhesion of graphene [46].
Clearly, the interfacial chemistry (e.g., water molecules, bonding types
and density) could be important to understand the adhesive interac-
tions [27,39,45]. Higher adhesion energy could also result from mixed-
mode conditions with coupled normal and shear interactions, as a well-
known toughening mechanism related to asperity locking of rough
surfaces [35,36]. Indeed, the effective adhesion energy of graphene was
found to depend on the surface roughness [47], with apparently higher
adhesion energy for monolayer graphene than few-layered graphene
[21,48]. The adhesive interactions between an ultrathin 2D material
and a rough surface of a 3D substrate could lead to conformal, partly
conformal or non-conformal morphology, depending on the bending
rigidity of the 2D material and the roughness characteristics [47]. In-
terestingly, the adhesive interactions between CVD graphene and its
seed copper foil were found to be particularly strong, with a separation
energy of ~6000 mJ/m2 [38], much larger than expected from typical
vdW forces. The CVD graphene conformed to the copper surface and
formed regular ridges. The root-mean-square (RMS) roughness was
about 10 nm within each copper grain, but increased to about 800 nm
at millimeter scales. More recent measurements from blister tests
[37,49] have shown that the graphene/seed copper interfacial tough-
ness increased with increasing roughness. In contrast, for thin copper
films deposited on silicon, the surface roughness was much smaller and
so was the adhesion energy of graphene grown on such copper films
[23,50,51]. Thus, the effects of surface roughness and its scale depen-
dence could be important for quantitative understanding of the 2D-3D
adhesive interactions.

The rate effect on adhesion has facilitated the selective transfer of
graphene from a seed copper foil [38]. However, the underlying me-
chanism is not well understood. One hypothesis is related to an inter-
phase region that develops in the epoxy or other materials close to the
graphene, where inelastic and rate-dependent deformation processes
may occur. Alternatively, a thermally activated separation process
could be at play, which would lead to both rate and temperature de-
pendence of adhesion [52–54]. A recent study [44] suggested rate-de-
pendent decohesion modes in graphene sandwiched interfaces, where
the apparently rate-dependent adhesion energy was attributed to the
deformation and damage of graphene during separation of the inter-
faces.

Moreover, how do the 2D-3D adhesive interactions depend on
temperature? For monolayer graphene and other 2D materials, thermal
rippling is inevitable at a finite temperature [55,56]. When supported
on a substrate, although the adhesive interactions could considerably
reduce thermal rippling, the presence of stochastic thermal rippling
leads to an entropic repulsion. As a result, the effective adhesion energy
would decrease with increasing temperature, as predicted by a statis-
tical mechanics analysis and molecular dynamics (MD) simulations
[57,58]. Alternatively, temperature-dependent traction-separation re-
lations were also predicted by a thermally activated kinetic bond rup-
ture model [54], offering another potential mechanism for the tem-
perature dependence. However, to the best of our knowledge,
temperature-dependent adhesion of 2D materials has not been observed
experimentally.

Different interfacial chemistries have been exploited for the effec-
tive control of graphene-substrate adhesion. For example, Miskin et al.
[39] measured the work of separation between graphene and a glass
substrate whose surface was modified with monolayers of pyrene bu-
tyrate and acetate groups. They found that the work of separation de-
pended on the density of pyrene groups, ranging between ~10 mJ/m2

for an unmodified glass and a maximum value of ~140 mJ/m2 (with
40 mol % pyrene butyrate). By peeling and re-adhesion, they observed a
significant, rate-independent adhesion hysteresis. Dai et al. [27] used
the buckle-delamination method to study adhesion of pristine graphene
and oxygen-functionalized graphene to a PMMA substrate. They

reported a much higher adhesion energy (~84.4 mJ/m2) for the func-
tionalized graphene than the pristine graphene (~2.8 mJ/m2). These
works have demonstrated the possibility of tunable adhesive interac-
tions at the 2D-3D interfaces.

2.2. Friction and shear interactions

Interactions in the tangential direction of an interface can be de-
scribed as friction or shear interactions, where shear tractions are
transmitted as a result of relative sliding in terms of displacement or
velocity or both. Two types of experiments have been conducted to
investigate the friction and shear interactions between 2D materials and
3D objects. First, lateral force measurements using atomic force mi-
croscopy (AFM), also called friction force microscopy (FFM), have been
conducted to characterize single nano-asperity sliding friction on sur-
faces coated with monolayer or few-layered 2D materials [59–63].
Second, shear interactions between 2D materials and their substrates
have been examined by inducing relative sliding via stretching of the
substrates [64–68], pulling 2D materials [69], and pressurized micro-
blisters [70,71]. Moreover, interlayer friction and shear interactions
between various 2D materials have also been studied extensively and
are discussed in Section 3 as part of the 2D-2D interactions.

The FFM measures the lateral force as a nanoscale AFM tip slides on
a surface in contact mode, typically with a constant normal force ap-
plied. Filleter et al. [59] observed atomic stick–slip friction by FFM on
both monolayer and bilayer graphene grown epitaxially on SiC. Com-
pared to the friction on bare SiC (with a carbon-rich surface), the
average lateral force was reduced by an order of magnitude on a
monolayer graphene and further reduced by a factor of 2 on a bilayer
graphene. They suggested that the friction contrast arose from a dra-
matic difference in the electron–phonon coupling, with evidence from
angle-resolved photoemission spectroscopy. Lee et al. [60] compared
the frictional characteristics of graphene, MoS2, NbSe2, and hBN, ex-
foliated onto a silicon oxide substrate, to their bulk counterparts. Their
FFM measurements revealed that friction monotonically decreased as
the number of layers increased for all four materials (Fig. 2B), while the
trend was suppressed for the 2D materials on an atomically flat mica
surface. Both graphene and MoS2 exhibited atomic stick–slip friction,
with an unusual “strengthening” effect (Fig. 2A). While the absolute
value of the measured friction force depends on many factors, including
tip size, shape and composition, applied normal load, environment, and
scan speed, the trend of decreasing friction with increasing thickness
was found to be robust over a wide range of experimental conditions.
They attributed this trend to the effect of out-of-plane puckering
(Fig. 2C), as a result of low adhesion of the 2D materials to the substrate
and increasingly high flexibility (low bending stiffness) of the 2D ma-
terials as the thickness decreases. Similar effects were observed in FFM
experiments on CVD-grown graphene on copper [62] and chemically
modified graphite [61]. Evidently, adhesion plays an important role in
the nanoscale single asperity friction on the layered 2D materials,
where the high flexibility of 2D layers makes it possible to deform
significantly under the AFM tip, subject to both adhesive and frictional
forces with the tip and the substrate. If the tip adhesion is relatively
high, the top 2D layer could become delaminated as the tip is retracted,
leading to an abnormal “negative” friction coefficient as observed on
chemically modified graphite [61].

In addition to the noted effects of electron–phonon coupling and
puckering, MD simulations have shown that the surface roughness of
the substrate could also lead to thickness-dependent friction [73]. By
simulating a capped carbon nanotube sliding on suspended graphene,
Smolyanitsky et al. [74] suggested that the total lateral force resulted
from two main contributors: one due to the pinning forces between the
tip and graphene, and the other due to the deformation field within and
outside the contact zone. It was found that the lateral energy corruga-
tion resulted from the elastic strain energy associated with the de-
formation field in addition to the interactions between the tip and the
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top layer graphene [75,76]. Li et al. [72] conducted MD simulations to
study the friction of a Si tip sliding on graphene supported by an
amorphous Si substrate. Their simulations reproduced the observed
strengthening effect and the thickness dependence, which they attrib-
uted to two key factors: the local pinning forces acting on the interfacial
atoms and the overall commensurability of the interface. It was noted
that the highly flexible 2D materials can dynamically adjust their
configurations to change the strength and coordination of the local
pinning forces as the tip slides (Fig. 2D). It remains unclear how these
competing ideas may be correlated or corroborated.

Friction on chemically modified graphene was found to be higher
than that on pristine graphene [77–81], where the change in the me-
chanical properties of graphene through chemical modification is likely
less influential than the change in the local chemistry at the interface.
For example, the near-surface energy corrugation increased sig-
nificantly on a fluorinated graphene, largely due to the change in the
bonding state of carbon from sp2 to sp3 [82] and the introduction of the
highly polarized fluorine atoms [79]. As a result, both the static coef-
ficient of friction and the average kinetic friction force increased sub-
stantially. It was also suggested that an increase in atomic-scale
roughness on the surface of chemically modified graphene could in-
crease friction [83]. However, surface roughening through chemical
modification was observed to saturate at low coverages, and thus
cannot fully explain the observed increase in friction. For graphene
oxide [80,81], the higher friction was attributed to a greater number of
intercalated functional groups leading to an increase in the interfacial
shear strength. Thus, the interfacial chemistry and the associated me-
chanochemical interactions between the sliding surfaces should have a
strong influence on the friction properties of chemically modified gra-
phene and other 2D materials. Moreover, the mechanochemical inter-
actions between the scanning probe and the 2D layers could also have a
significant impact on the atomic scale wear during repeated sliding
[84–86].

The effect of humidity was found to be insignificant in the FFM
measurements on monolayer graphene [60,87], possibly due to the
inert and relatively hydrophobic surface of graphene. However, it was
found that humidity could lead to load-dependent friction hysteresis,
with larger friction measured during unloading compared to loading for

a given normal load [88]. MD simulations suggested that the friction
hysteresis resulted from the water contact angle hysteresis at the tip-
graphene interface. More recently, Gong et al. [89] showed that gra-
phene exhibited higher overall friction and hysteresis in higher hu-
midity conditions, with no hysteresis observed under dry conditions. In
general, exposure to the ambient environment could lead to oxidation
of the surface and change of surface energy, influencing both adhesion
and friction.

FFM measurements of friction on 2D materials can be strongly af-
fected by the supporting substrates [63,90,91]. When placed on top of
crystalline substrates with similar lattice structures, 2D materials often
form moiré superstructures with periodic surface undulation and local
straining [92]. FFM signals on such surfaces often exhibit notable long-
wave modulation coinciding with the periodic superstructures [93,94],
which may be attributed to the height undulations [95]. As noted
earlier, both the adhesion strength and the substrate surface roughness
can affect the friction behavior of 2D materials. Zeng et al. [96] found
that increasing adhesion of graphene to the substrate by plasma treat-
ments of the substrate surface led to reduced friction, likely due to the
suppressed puckering effect. Spear et al. [97] studied the effects of
surface roughness and chemistry on the friction properties of monolayer
and few-layer graphene using silica nanoparticle films with controlled
nanoscale roughness and chemically modified surfaces. Their results
emphasized the effects of graphene-substrate interactions and the tip
size on the friction measurements of rough surfaces [91].

As a powerful tool for characterizing nanoscale friction of 2D ma-
terials, FFM measurements depend not only on the intrinsic interactions
at the 2D-3D interfaces but also on the mechanical properties of the 2D
materials as well as the supporting substrates and the probe tip.
Moreover, the environmental effects such as humidity and temperature
could be important as well as the surface roughness of the substrate, tip
size/shape, and scan velocity. It is unclear what fundamental properties
of the 2D-3D interfaces may be extracted directly from the FFM ex-
periments. The static and kinetic friction coefficients in classical theory
are apparently not applicable at the nanoscale, as the friction force
often depends on the normal load nonlinearly. The atomic stick–slip
behavior as measured by FFM could be related to the lateral energy
corrugation near the surface of 2D materials. Meanwhile, the lateral

Fig. 2. (A) FFM measurements of thickness-dependent friction on graphene, showing friction force as a function of scan distance, with stick–slip motion and an
unusual “strengthening” effect. The numbers on the right indicate the corresponding numbers of graphene layers. (B) Normalized friction on graphene with different
layer thicknesses. (A and B) are adapted with permission from [60]. (C) Schematics of deformation of a 2D material subject to adhesion and friction forces under an
AFM tip. Figure is adapted with permission from [62]. (D) A schematic showing the evolution of interfacial pinning forces. Figure is adapted with permission from
[72].
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energy corrugation varies with the normal load, which may be related
to the normal traction-separation relations for adhesive interactions at
the interface. Thus, a 3D energy landscape near the surface may be used
to describe both adhesion and friction interactions, although such an
energy landscape could evolve dynamically in response to tip sliding
and deformation of the 2D materials as well as the substrate and en-
vironmental effects. Furthermore, to scale up from the nanoscale single-
asperity friction, it may be possible to define an interfacial shear
strength as a key parameter for the shear interactions across a 2D-3D
interface at larger scales. For example, a continuum mechanics analysis
based on the Maugis–Dugdale or “transition” model was used to fit the
measured friction forces versus normal loads on SiO2 and graphene,
from which the work of adhesion and interfacial shear strength were
deduced [98]. Similarly, the Derjaguin–Mueller–Toporov (DMT) model
was used to compare the shear strength and the work of adhesion of
graphene on different substrates such as SiO2 and Ni(111) [87]. Given
environmental conditions, the interfacial shear strength would likely
depend on the normal load (traction) and sliding rate. The substrate
surface roughness may have a profound effect on the shear interactions,
potentially size-dependent due to the statistics of the surface topology
from atomistic to nano- and microscales. Further studies may help
bridging the nanoscale friction by FFM measurements to shear inter-
actions at micro- and macro-scales.

Besides FFM, shear interactions between 2D materials and their 3D
substrates have been examined by deforming either the substrates or
the 2D materials to induce relative sliding. Measuring the deformation
of the substrate-supported 2D materials could then be used to infer the
shear tractions at the 2D-3D interfaces. For example, monolayer gra-
phene on a stretchable substrate can be strained by stretching the
substrate (Fig. 3A), which transfers an axial stress into the graphene
through interfacial shear tractions. By measuring the strain distribu-
tions in the graphene, e.g., by Raman spectroscopy (Fig. 3B), the in-
terfacial shear traction between graphene and the substrate can be
deduced from a shear-lag analysis [64–67]. In particular, Jiang et al.
[65] assumed a linear relation between the interfacial shear traction
and the relative sliding displacement followed by a constant traction as
the interfacial shear strength in their analysis of microscale monolayer
graphene flakes on a stretchable PET substrate. They obtained values of

the graphene-PET interfacial shear strength between 0.46 and
0.69 MPa, much lower than those (~24 MPa) deduced from FFM
measurements for the graphene-SiO2 interface at the nanoscale [98].
Similar experiments by Xu et al. [66] found that the interfacial shear
strength between graphene and the PET substrate is size-dependent,
decreasing by two orders of magnitude when the graphene sample
length was increased from ~20 µm to 10 mm. While the underlying
mechanism remains unclear, the effect of multiscale surface roughness
could be the key to understanding the size-dependent interfacial shear
strength. Other studies found that the graphene-polymer interfacial
shear strength was tunable by the number of H-bonds [27,67]. Inter-
estingly, the interfacial shear interactions were related to cracking of
polycrystalline CVD graphene on copper foil under tension [68], where
regularly spaced cracks in graphene were observed. The spacing be-
tween the cracks decreased with increasing strain applied to the copper
foil until a minimum spacing was reached. The minimum crack spacing
(~3 µm) was related to the graphene-copper interfacial shear strength
by the shear lag analysis, yielding a value of ~0.49 MPa.

Kawai et al. [69] investigated the friction behavior of graphene
nanoribbons (GNRs) on an Au(111) substrate (Fig. 3C) using dynamic
AFM in UHV at a low temperature (4.8 K). By dragging the GNRs back
and forth in a controlled manner, they reported static friction forces in
the order of 100 pN for GNRs with lengths ranging from 3 to 22 nm
(Fig. 3D), and the static friction force per unit length was found to
decrease with increasing length. With an estimated width of ~2 nm for
the GNRs, the interfacial shear strength between graphene and the Au
(111) substrate can be estimated from the measured static friction
forces at ~16 to ~0.5 MPa. At the nanoscale with the atomically
smooth Au(111) surface, the size dependent friction may be attributed
to the pinning effect at the nanostructured edges of the GNRs.

Deformation of 2D materials by pressure difference has been used to
characterize mechanical and interfacial properties, including adhesion
[21,22] and shear [70,71]. By pushing the suspended graphene into a
circular micro-chamber under variable external pressures (Fig. 3E), Kitt
et al. [70] showed that the supported graphene outside the chamber
was stretched and slid over the substrate. Based on Raman spectroscopy
and a continuum membrane model, they extracted the pressure-de-
pendent sliding friction (interfacial shear strength) between the silicon

Fig. 3. (A and B) Schematic of a graphene monolayer on a PET substrate being stretched, with strain distributions in graphene measured by Raman spectroscopy
(symbols) and predicted by a nonlinear shear lag analysis (lines). Figures are adapted with permission from [65]. (C and D) Schematic of lateral manipulation of
graphene nanoribbons on an Au(111) substrate, with the measured static friction force (Fstat) (black) and Fstat per unit length (red) versus the GNR length. Figures are
adapted with permission from [69]. (E and F) Cross-section schematic showing a microchamber etched into the underlying Si substrate and the supported graphene
atop, and an optical image of a trilayer graphene-sealed microchamber; Sliding friction (shear strength) extracted as a function of applied pressure (left) and as a
function of the radial strain at the edge of the microchamber (right). The size of each data point represents the radius of the microchamber. Figures are adapted with
permission from [70].
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oxide substrate and mono-, bi-, and trilayer graphene (Fig. 3F). The
interfacial shear strength for trilayer graphene was found to be pro-
portional to the applied pressure, yielding a positive coefficient of
friction (~0.12). In contrast, the friction shear strength for monolayer
and bilayer graphene did not follow a linear relation and instead was
found to be inversely proportional to the radial strain in the graphene.
The strain dependence was attributed to the high surface conformation
enabled by the low bending rigidity and strong adhesion of graphene to
the substrate. The shear strength for monolayer graphene ranged from
0.1 to 1.5 MPa, with no clear dependence on the chamber radius
(1.2–5 µm). More recently, Wang et al. [71] reported measurements of
both the interfacial and interlayer shear strengths of graphene based on
pressurized micro-bubbles. By controlling the internal pressure, they
observed continuous growth of an interfacial shear zone outside the
bubble edge and extracted an interfacial shear strength of ~1.64 MPa
between monolayer graphene and the silicon oxide substrate, whereas a
much lower interlayer shear strength of ~0.04 MPa was obtained from
bilayer graphene bubbles.

2.3. Mixed-mode interactions

Mechanics at the 2D-3D interfaces is generally complicated with
coupled normal (adhesion) and tangential (friction/shear) interactions.
Such coupling effects have been noticed in interfacial fracture experi-
ments to measure the adhesion energy or interfacial toughness of 2D
materials [35,36,99] as well as in the FFM experiments to measure
nanoscale friction of 2D materials [60–62,87,91]. An intimate re-
lationship between adhesion and friction may be established for the 2D-
3D interfaces by considering the effects of mixed-mode interactions
during adhesion/separation and sliding processes.

Following the mixed-mode fracture mechanics of bi-material inter-
faces [100], the phase angle (ψ) of the mode-mix can be defined by the
ratio of the shear traction (τ) to the normal traction (σ) at an interface,
i.e., =ψ τ σtan / . The mode-mix ranges from pure mode I (opening
mode, =ψ 0) to pure mode II (shearing mode, = ± °ψ 90 ) in fracture
experiments where the normal traction is tensile ( >σ 0). For sliding
friction, typically with a compressive normal traction ( <σ 0), the phase
angle of interaction mode-mix ranges from 90° to 270°, with a phase
angle of 180° for pure contact mode with no shear ( =τ 0). For example,
the pressurized blister tests are inherently mixed mode with both
normal and shear tractions at the interface. As a result, it is possible to
determine both the adhesion energy [21,22] and the interfacial shear
strength [70,71] of 2D materials by the blister tests. By varying the
mode-mix in their blister tests with a backing layer, Cao et al. [35]
showed that the interfacial toughness between graphene and substrates
(Cu and Si/SiO2) increased with increasing shear components, similar
to interfacial fracture between bulk materials, likely due to the effect of
asperity locking with the substrate surface roughness [101]. On the
other hand, the pressure-dependent interfacial shear strength between
graphene and the SiO2 substrate [70] is an evidence of mixed-mode
interactions in the regime of negative normal tractions ( < <° °ψ90 270 ).

The traction-separation relations (TSRs) used to describe the ad-
hesive interactions ( =ψ 0) may be extended to mixed-mode interac-
tions. For example, Cao et al. [36] extracted the mixed-mode TSRs from
pressurized blister tests, where CVD-grown monolayer graphene backed
by a photoresist film was transferred to a highly polished copper sub-
strate. A range of mode-mix phase angles (− < < −° °ψ84 27 ) were
achieved by varying the photoresist thickness. Combining measure-
ments of the blister deformation profiles and normal crack opening
displacements with a cohesive zone model, mixed-mode TSRs were
deduced for the graphene-copper interface. While these results de-
monstrated the mixed-mode interactions during fracture of the gra-
phene-copper interface, further studies are needed to unveil the cou-
pling mechanisms and to unify the normal (adhesive) and shear
(frictional) interactions within a general framework of mixed-mode
interactions at the 2D-3D interfaces.

3. 2D-2D interfaces

As a common feature among various 2D materials, the relatively
weak vdW interactions are the primary forces acting between adjacent
layers in contrast to the strong intralayer bonding, rendering a family of
highly anisotropic vdW layered materials [102]. The interlayer binding
energy as calculated from various DFT methods ranges from 20 to
120 meV/atom for a variety of 2D materials, about two orders of
magnitude weaker than the intralayer binding energy. The equilibrium
interlayer separation is typically 3–7 Å. However, direct measurements
of the 2D-2D interactions are challenging, especially for the interactions
between different types of 2D materials in vdW heterostructures [1–3].
In this section, we discuss recent advances in the study of the me-
chanical interactions between 2D materials and related interlayer
phenomena of vdW structures.

3.1. Interlayer adhesion and normal interactions

3.1.1. Interlayer adhesion
The interlayer adhesion energy due to vdW interactions is typically

expected to be on the order of 100 mJ/m2, consistent with an interlayer
binding energy of 20–120 meV/atom. As listed in Table 2, measure-
ments of the interlayer adhesion energy are relatively scarce. Liu et al.
[103] presented an experimental method to measure the graphene-
graphene interlayer binding energy (190 ± 10 mJ/m2) with a se-
quence of delicate mechanical manipulations by sliding, twisting and
bending of highly oriented pyrolytic graphite (HOPG) flakes. The in-
terlayer adhesion leads to a self-retraction phenomenon, based on
which Wang et al. [104] measured an interlayer adhesion or cleavage
energy of graphite, with a value of 370 ± 10 mJ/m2 for the in-
commensurate state of bi-crystal graphite and a slightly higher value of
390 ± 20 mJ/m2 for the ideal ABAB stacking. Similarly, by measuring
the shear force at the onset of sliding of HOPG mesa structures, Koren
et al. [105] reported an interlayer adhesion energy of 227 ± 5 mJ/m2.
Such measurements typically assume negligible friction between the
layers, which may be justified for incommensurate stacking with su-
perlubricity as discussed further in Section 3.2. Alternatively, the pre-
sence of spontaneously formed nanoblisters in layered 2D materials
offers an indirect method for a quick estimate of the interlayer adhesion
energy by measuring the aspect ratios of the nanoblisters [30,106]. A
particular convenience of this method is that nanoblisters commonly
form when transferring and stacking 2D layers due to contamination in
the form of gas molecules or liquid trapped between the layers
[107,108]. Based on measurements of the nanoblisters in various 2D
materials including vdW heterostructures, both interfacial (2D-3D) and
interlayer (2D-2D) adhesion energies were determined (Fig. 4A) [30],
ranging from 50 to 250 mJ/m2. Remarkably, even atomic-scale blisters

Table 2
Measurements of 2D-2D interlayer adhesion/separation energies of various 2D
materials (G for graphene; A and S denote adhesion and separation, respec-
tively).

2D Materials Adhesion Energy (mJ/
m2)

Method Ref

G–hBN 126 ± 20 (A) Spontaneous
nanoblisters

[30]
hBN–hBN 129 ± 4 (A)
MoS2–hBN 136 ± 11 (A)
G–MoS2 140 ± 26 (A)
MoS2–MoS2 174 ± 18 (A)

G–G 86 ± 16 (A) Spontaneous
nanoblisters

[30]

221 ± 11 (S) Atomic intercalation [109]

G-G 190 ± 10 (A) Deformation over a step [103]

Graphite-Graphite 227 ± 5 (S) Shearing [105]
370 ± 10 (S) [104]
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as created by neon atom intercalations could be used to measure ad-
hesion energy of graphene atop HOPG (Fig. 4B) [109]. These mea-
surements have benefited from a simple analytical model considering
the mechanics of 2D materials including bending and stretching de-
formations [110,111].

Recently, Li et al. [112] probed the vdW interactions between three
pairs of 2D materials (graphene-graphene, graphene-hBN, and gra-
phene-MoS2) using a graphite-wrapped AFM tip (Fig. 4C). They found
that, compared to graphene-graphene adhesion, graphene-hBN adhe-
sion is weaker and graphene-MoS2 adhesion is stronger. The critical
adhesion forces were measured from force-distance curves (Fig. 4D),
typically with a jump-in during approach and a pull-off during retrac-
tion. However, because it was not possible to precisely determine the
contact area between the graphite-wrapped AFM tip and the substrate,
the adhesion energy between the 2D materials could not be determined
quantitatively. Nevertheless, the relative strengths of the adhesive in-
teractions among the three pairs were found to be consistent with the
prediction based on Lifshitz theory [112], considering the effect of
material dielectric functions on the 2D-2D vdW interactions. Based on
the relative adhesion strengths, it was demonstrated that MoS2 could be
used as a manipulator to pick up graphite or graphene from hBN sub-
strates [112].

The key to realizing the potential of vdW structures lies in the
ability to achieve the deterministic stacking of 2D layers in specific
sequences and orientations [1–3]. The fabrication would have to in-
volve extensive transfer processes [113], including exfoliation of 2D
materials from their bulk crystals and transfer from donor to target
substrates, where the adhesive interactions are at play. In particular, it

is believed that hBN can develop robust adhesion with other 2D ma-
terials [14]. A so-called vdW pick-up transfer method has been widely
adopted by using an hBN flake (instead of elastomer) as the stamp to
pick up a 2D material from its substrate and then transfer the hBN-
caped 2D material [107,113]. In contrast to polymer-based wet or dry
transfer methods, this method could lead to hBN-encapsulated vdW
structures with clean interfaces as the 2D materials were not directly
exposed to polymers throughout the transfer process [113,114]. Even
hydrocarbon and water contamination absorbed on 2D material sur-
faces during the exfoliation procedure could be suppressed by the 2D-
2D interactions into nano-blisters [30,115], which can be further
squeezed out via thermal or mechanical treatments [107,116,117]. In
addition, hBN flakes could act as an atomically flat insulator and thus
address a critical issue that the electronic performance of 2D materials
degrades significantly when supported by amorphous SiO2 [14]. This
technique was initially developed for hBN-encapsulated graphene de-
vices and has proved to be useful for building other vdW structures with
a number of different 2D materials in the stack [14].

3.1.2. Interlayer compression
In addition to adhesion and separation, where the interlayer vdW

forces are predominantly attractions, repulsive interactions between the
2D layers can be activated by compression. Several recent studies re-
ported a tight coupling between the interlayer deformation and the
physics and chemistry of the vdW structures [118–121]. For example,
Yankowitz et al. [13] employed a piston-cylinder pressure cell to con-
trollably tune the interlayer separation in graphene-hBN hetero-
structures (Fig. 5A). By increasing pressure to decrease the interlayer

Fig. 4. (A) Adhesion energy of various 2D-2D and 2D-3D interfaces determined by measured aspect ratios (height/radius) of nanoblisters. The inset shows a tapping-
mode AFM image of nanoblisters trapped between monolayer graphene and SiO2. Figure is adapted with permission from [30]. (B) The height profile along the scan
line A in the STM image (inset) of an atomic-scale blister formed by intercalating neon atoms into the graphene-graphite interface. Figure is adapted with permission
from [109]. (C) Schematic illustration of an AFM tip wrapped with a thin graphite layer in contact with BN, MoS2 or graphite. (D) Typical approaching and retracting
force–displacement curves measured by a graphite-coated AFM tip on BN, MoS2, and graphite. The inset enlarges the view to highlight the critical detaching forces.
(C and D) are adapted with permission from [112]
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separation, they observed a significant increase in the gate capacitance
(Fig. 5B) along with a superlinear increase in the bandgaps, indicating
pressure-enhanced electronic coupling between the 2D layers [13].
More recently, Yankowitz et al. [8] showed that hydrostatic pressure
could be used to tune the phase diagram of twisted bilayer graphene
and to shift the superconducting transition to higher twist angles and
higher temperatures. Moreover, it has been reported that the magnetic
order in atomically thin 2D magnets, e.g., CrI3, could be drastically
modified by pressure [120,121]. With a hydrostatic pressure up to
2 GPa, Li et al. [120] observed an irreversible interlayer anti-
ferromagnetic-to-ferromagnetic transition in CrI3, accompanied by a
monoclinic-to-rhombohedral stacking-order change. Before the struc-
tural change, the interlayer antiferromagnetic coupling could be tuned
up drastically by the hydrostatic pressure.

These appealing effects of interlayer coupling with physical prop-
erties of vdW materials make it necessary to understand repulsive in-
terlayer forces when the 2D layers are compressed into closer proximity
(e.g., <δ δn 0 in Fig. 1A). In this regime, the 2D-2D interactions could be
strongly influenced by the atomic structures of 2D materials and their
stacking orders. Atomic-scale deformation and structural transforma-
tion could be induced mechanically (e.g., by hydrostatic pressure or
indentation), leading to tunable electronic and magnetic properties. To
probe the mechanics of interlayer elasticity in vdW structures, Gao et al.
[122] conducted sub-ångström-resolution indentation measurements of
supported 2D materials including few-layered graphene and graphene
oxide films. They found that the interlayer elasticity was highly sensi-
tive to the presence of intercalated molecules in between the layers. In
particular, the interlayer elastic modulus of the graphene oxide films
depended on the relative humidity and reached a maximum with one

complete layer of water molecules intercalated between the graphitic
layers [122]. By the same indentation method, Gao et al. [118] showed
that epitaxial bilayer graphene on SiC(0 0 0 1) exhibited a diamond-like
transverse stiffness and hardness (Fig. 5C), along with a reversible drop
in electrical conductivity. Their DFT calculations suggested an in-
dentation-caused sp2-to-sp3 chemical transition in bilayer graphene,
producing a diamond-like film with increased stiffness (Fig. 5D). Si-
milarly, Yankowitz et al. [123] applied a local pressure with an STM tip
to aligned or nearly-aligned graphene on boron nitride and found that
modifying the interlayer separation could induce locally commensurate
stacking underneath the tip. Further studies should consider the inter-
play between pressure, interlayer registry, and the in-plane and out-of-
plane deformations of the 2D layers, with spatially non-uniform, mul-
tiscale features (such as strain solitons). A better understanding of the
interlayer forces would be particularly beneficial to achieve tunable
properties and functionalities of the vdW structures.

3.2. Interlayer friction and shear interactions

The fabrication and applications of vdW structures often depend on
and sometimes can benefit from the unique friction and shear proper-
ties of 2D-2D interfaces. Examples include the alignment of graphene
on hBN via self-rotation and the emerging devices based on twisted 2D
materials. An understanding of the interlayer shear interactions would
be of importance, in particular between monolayer 2D materials – such
as twisted bilayer homo- or heterostructures that have been the source
of recent excitements enabling a host of novel photonic and electronic
devices [4–11,124].

Fig. 5. (A) Schematic of a vdW heterostructure made of a monolayer graphene encapsulated between two hBN flakes under ambient and high pressure. (B) The gate
capacitance as a function of pressure, normalized to its value at 0 GPa for each device. Top inset: change in hBN interlayer spacing as a function of pressure predicted
by ab initio calculations (green curve), in comparison with measurements by X-ray diffraction (red curve). Bottom inset: increase of the hBN dielectric constant from
experiments (blue curve) and ab initio calculations (green curve). (A and B) are adapted with permission from [13]. (C) Indentation curves on 2-L epitaxial graphene
(red) and SiC (black), showing an ultrastiff phase in 2-L graphene at room temperature. Inset: schematic of the sub-ångström indentation on 2D materials. (D)
Indentation curves calculated by DFT, for a bare substrate (SiC) and for the same substrate coated with a 2-L diamond-like film (2-L-D) or graphene (2-L-G), as well as
a 5-L graphene (5-L-G). Circles show calculated data, and solid lines show fitting with a Hertz contact model. Inset: a spherical indenter (pale red) pressing on a
substrate (blue) coated with a thin film of a stiffer material (cyan). (C and D) are adapted with permission from [118]. Inset in (C) is adapted with permission from
[122].
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3.2.1. Interlayer friction and superlubricity
It has been well known that the interlayer friction is low in vdW

materials, a common feature due to weak vdW interactions between
atomically smooth crystal planes. For this reason, many of their bulk
counterparts, such as graphite, hBN (also called white graphite), MoS2
and WS2, have been used practically as solid/dry lubricants. However,
detailed characterization and understanding on the interlayer friction
and shear interactions between various 2D vdW materials have not
been achieved until recently, with the development of AFM-based
metrologies and the fabrication of large pristine single-crystal 2D ma-
terials [59,63,125]. Miura et al. [126] first reported measurement of
sliding friction between MoS2 flakes and bulk MoS2 substrates. They
found that the friction forces were proportional to the normal loading
forces, following classic Amontons-Coulomb law with an ultralow
friction coefficient of about 0.003. Adopting a similar approach, they
reported anisotropic friction of graphite flakes on graphite [127], with
a friction coefficient of approximately 0.001 for sliding along the
[1 2 3̄ 0̄] direction of the graphite basal plane. Using a home-built
friction force microscope, Dienwiebel et al. [128] measured atomic-
scale friction as a function of the rotational angle between two graphite
layers. They reported a periodic friction behavior (Fig. 6A): the friction
force was extremely small (below experimental error) except for narrow
ranges near the commensurate stacking states with an angular peri-
odicity of ~60° [128]. They attributed the ultralow friction to the in-
commensurability between the rotated graphite layers, an effect of
“superlubricity” as proposed originally by Hirano and Shinjo [129]. The
atomistic origin of the ultralow interlayer friction could be conceptually
understood by an egg-box foam model [125] or a glued ping-pong ball
model [130]. When two atomic planes slide against each other, some of
the atoms climb uphill and some go downhill such that the overall

friction force cancels out (as long as the planes are sufficiently large and
their contact is not too close to the commensurate registry). The term,
structural superlubricity, has also been used to describe the vanishingly
small friction with incommensurate crystalline contacts. Apparently,
such structural superlubricity has become a common feature of the
atomically smooth 2D-2D interfaces, as evidenced by recent experi-
ments based on graphite [105,131] and MoS2 [132,133] as well as a
number of vdW heterostructures, including graphene/hBN [6,134],
WS2 on graphene and hBN [135,136], graphene/MoS2, graphene/TaS2
and graphene/ReS2 [137]. Notably, the robustness of structural super-
lubricity can benefit from interfacial heterogeneities in the hetero-
structures due to the presence of lattice mismatch and hence intrinsic
incommensurability.

To examine the friction of heterostructured interfaces under high
normal load in ambient conditions, Liu et al. [138] employed multi-
layer graphene-coated SiO2 microsphere (GMS) probes to slide on bulk
HPOG and hBN under high contact pressures (Fig. 6B). They reported a
friction coefficient of 0.003 on HPOG and 0.0025 on hBN, where the
ultralow friction was attributed to the overall incommensurability with
multi-asperity contact and randomly oriented graphene grains. The
experimental results suggested that superlubricity could be achieved at
the microscale with multi-asperity contacts of heterostructured inter-
faces. This method was recently extended to measure the friction of
other 2D heterostructured interfaces with single-crystalline contact,
using various 2D flake-wrapped AFM tips (i.e. graphite-, hBN-, MoS2-,
ReS2-, and TaS2-wrapped tips) [137]. A friction coefficient as low as
0.0001 was reported for the hBN/graphite interface. Remarkably, the
measured lateral force map between ReS2 flakes displayed hexagonal
patterns with atomic resolution [137].

The electronic properties of 2D heterostructures depend on the

Fig. 6. 2D-2D interlayer friction and shear interactions. (A) Average friction force versus rotation angle of the graphite samples, with ultralow friction for a wide
angular range between two narrow peaks at 0 and 61°. The solid curve shows results from a model calculation. Figure is adapted with permission from [128]. (B)
Friction force as a function of normal load for graphene/hBN measured by using a graphene-coated microsphere. The inset is a schematic of the friction test. Figure is
adapted with permission from [138]. (C) AFM images of a micro-patterned hBN wheel on graphene with three different orientations. Scale bars: 1 μm. (D) Schematic
of friction measurement using an AFM tip. (E) Tip deflection versus time in a translational push of the upper hBN, with three different regimes of friction: (i) tip-
substrate friction, (ii) static friction, and (iii) dynamic friction. (F) Tip deflection (an indicator of friction force) versus absolute angle, measured during continuous
rotation of the hBN wheel. (C–F) are adapted with permission from [6].
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interlayer coupling and can vary dramatically with relative rotation.
This effect was recently demonstrated by a device architecture with
rotatable hBN/graphene heterostructures (Fig. 6C), where friction of
the top hBN on graphene was measured (Fig. 6D–F) [6]. With a trans-
lational push, both static and steady-state dynamic friction were ob-
served (Fig. 6E). With continuous rotation, two peak friction forces
were observed with a separation of 60° (Fig. 6F), resembling the tran-
sition from superlubricity (incommensurate stacking) to a commensu-
rate state in graphite [128]. However, because of the lattice mismatch
between graphene and hBN, there should not be any true commensu-
rate lattices at any angle, and thus the increased friction should result
from a different origin, for which the moiré superlattice formed in the
rotated heterostructure was alluded to as a possible cause. In separate
studies, Song et al. [134] found that the friction anisotropy in the
graphite/hBN heterojunction was much smaller than that for homo-
geneous graphitic contacts. Their atomistic simulations revealed that
the friction anisotropy in the heterojunction originated mainly from the
internal lattice deformation of the 2D layers. More specifically, in the
aligned configuration, the heterostructure exhibited significant out-of-
plane undulations with soliton-like patterns. Such undulations rapidly
decay upon rotation to a misaligned configuration. In contrast, the ro-
tation angle dependence of friction between graphite and hBN was not
observed in the experiments using graphene-coated microspheres [138]
or graphite-wrapped AFM tips [137].

3.2.2. Interlayer shear
In addition to friction forces and friction coefficients, measurements

of the interlayer shear strength between different 2D materials have
been reported. Based on Raman spectroscopy and pressurized blister
devices, Wang et al. [71] obtained an average value of ~0.04 MPa for
the graphene-graphene interlayer shear strength, which is in the same
order as the inter-tube friction in multi-walled carbon nanotubes [139].
By in situ mechanical shearing tests on cross-section TEM samples of
MoS2 flakes, Oviedo et al. [133] obtained an interlayer shear strength of
25.3 ± 0.6 MPa in the [120] direction at zero normal pressure. While
this value compares closely with the shear strength of sputter deposited
MoS2 films at zero contact pressure [140], much smaller values
(~0.02–0.12 MPa) were obtained for the interlayer shear strength from
the friction tests between incommensurate MoS2 monolayers (contact
area ~0.3–7.9 µm2) using a Si nanowire force sensor [132]. Similarly
small values of shear stress were reported for microscale monocrystal-
line graphite/hBN heterojunctions (contact area ~9 µm2) [134]. No-
tably, the frictional shear stress for the graphite/hBN heterojunction
was found to be nearly independent of the normal load (up to 100 μN or
~11 MPa), but increased slowly with the sliding velocity in agreement
with the theory of thermally activated friction [141].

A simple relation between the shear strength and the friction force
may be written as: ∫= −F τ A μ σdA0 , where F is the friction force, τ0

is the shear strength at zero normal load, σ is the normal stress, μ is the
friction coefficient, and A is the contact area. However, in some friction
experiments including FFM, the contact area cannot be determined
precisely. It is also challenging to measure the normal stress, which may
not be uniformly distributed over the contact area, although the total
normal load ( ∫= −N σdA) can be measured. Theoretically, the normal
stress can be related to the normal separation by a traction-separation
relation due to interlayer adhesive interactions. The friction coefficient
then couples the normal (adhesive) interactions with the shear inter-
actions. Both the friction coefficient and the shear strength are aniso-
tropic in general. As shown in Fig. 6B, the friction coefficient is often
determined as the slope of the friction force versus the normal load
[138]. However, the contact area in this case may depend on the
normal load. Assuming a linear dependence, = +A A N q/0 , where A0
is the contact area at zero normal load, the friction force depends on the
normal load linearly as: = + +F τ A μ τ q N( / )0 0 0 . Thus, the slope of the

−F N curve is actually greater than the friction coefficient and depends
on the shear strength as well as the contact modulus (q). With a detailed

analysis of contact, adhesion and shear interactions, both the friction
coefficient (μ) and the shear strength (τ0) could be determined from the
friction experiments.

3.2.3. Modeling and simulations
To understand observed superlubricity between two graphite layers

[128], Verhoeven et al. [142] employed a modified 2D Tomlinson
model to calculate friction forces between a finite, nanometer-sized,
rigid graphene flake and a rigid monolayer graphene as the graphite
surface, assuming pairwise Lennard-Jones (LJ) interactions between the
two graphene layers. They found good agreement between the calcu-
lations and the experiments (Fig. 6A). Matsushita et al. [143] conducted
MD simulations of friction between clean graphite surfaces, where the
interlayer interactions were modeled by the LJ potential and the in-
tralayer interactions by a linear spring potential. They reproduced
atomic-scale stick–slip motion with relatively low friction coefficients,
as the bilayer system was kept in commensurate stacking with negli-
gibly small intralayer deformation. They argued that the low friction
coefficients resulted from the cancellation of the forces between two
types of lattice sites in graphene. More recently, it was found that the
pairwise LJ potential underestimated the energy corrugation for the
interlayer shear interactions in graphitic systems [144]. With a com-
bination of long-ranged vdW and short-ranged orbital overlap con-
tributions, Kolmogorov and Crespi [144] proposed a registry-dependent
interlayer potential (called the KC potential), which has since been used
widely in modeling friction and interactions between graphene layers
[145–148]. Similar interlayer potentials (ILPs) have also been devel-
oped for other 2D systems, such as graphene/hBN [149] and hBN/hBN
[150].

Early studies on interlayer friction often assumed rigid layers or
flakes with no intralayer deformation as in the 2D Tomlinson model
[142,147]. The in-plane deformation was considered in a 2D Frenkel-
Kontorova-Tomlinson (FKT) model by Gyalog and Thomas [153], who
investigated the mechanism of atomic friction between two atomically
flat surfaces with quadratic symmetry (square lattices). They predicted
interesting features such as the formation of domains and irreversible
jumps of topological defects during the sliding process but did not
consider any specific 2D materials. More recent studies have considered
both in-plane and out-of-plane deformations in bilayer graphene and
vdW heterostructures [145,146,151,152,154,155]. Using a multiscale
computational scheme, Kumar et al. [154] predicted that significant in-
plane strains and the out-of-plane deflections can be introduced by
interlayer forces in three bilayer structures (graphene-hBN, MoS2-WS2
and MoSe2-WSe2). An analytical form of periodic interlayer potential
was developed based on ab-initio DFT calculations and used in con-
junction with a nonlinear elastic plate model to predict both the in-
terlayer and intralayer deformations. Due to the hexagonal symmetry of
the interlayer potential, the bilayer graphene could form commensurate
domains with alternating AB/BA stacking separated by in-
commensurate domain walls (Fig. 7A), depending on the applied strain
[151]. Zhang and Tadmor [146] proposed a discrete–continuum (DC)
method for the interlayer potential in bilayer graphene that included
full atomistic resolution (discrete) in the short range with the KC po-
tential and a continuum integral approximation in the longer range.
Their simulations of twisted bilayer graphene showed that structural
relaxation led to localized intralayer deformations within each moiré
supercell (Fig. 7B) [145]. Although these studies did not focus on
friction or superlubricity, the interlayer shear interactions are essential
for the formation of the peculiar microstructures in bilayer 2D materials
and heterostructures.

Mandelli et al. [155] performed fully atomistic simulations of a fi-
nite graphene flake sliding on graphene and hBN substrates. They
showed that the commensurate graphene/graphene interface exhibited
stick–slip motion with size-independent friction coefficients. In con-
trast, the graphene/hBN interface transitioned from stick-slip motion to
smooth sliding as the flake size increased, which was attributed to the
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formation of moiré superstructure due to the lattice mismatch. Super-
lubricity set in as a result of smooth soliton-like gliding of the elevated
ridges (domain walls) in the moiré superstructure (Fig. 7C and D).
Moreover, negative friction coefficients were predicted for the gra-
phene/hBN heterojunctions, resulting from the normal load-induced
suppression of the out-of-plane distortions in the moiré superstructure
[152]. Interestingly, it was found that thermally induced out-of-plane
fluctuations led to an unusual increase of friction with temperature, in
contrast with the theory of thermally activated friction [141].

The sliding dynamics of the edge-pulled graphene nanoribbons on
rigid graphene and hBN monolayers was simulated recently by Ouyang
et al. [156], using nonequilibrium MD simulations. They found that the
interplay between the in-plane ribbon elasticity and the interfacial
registry resulted in anisotropic snake-like motions. A nonlinear de-
pendence of the friction force on the ribbon length was predicted, with
a linear increase followed by saturation of the friction force above a
characteristic length. Such sliding behavior is yet to be observed in
experiments.

3.3. Interlayer phenomena

A particular feature of 2D-2D interfaces is their atomic level
smoothness. This feature enables effective contact between 2D layers
and unique interactions associated with relative interlayer motions and
deformations in both normal and tangential directions. Recently de-
veloped nanoscale experiments and devices have highlighted that such

interactions are often coupled tightly with the physical and mechanical
properties of 2D materials, leading to a number of intriguing phe-
nomena that have rarely been observed otherwise. The fundamental
understanding of the 2D-2D interactions would help to demystify these
phenomena and to explore potential applications.

3.3.1. Strain solitons and moiré superstructures
The classical Frenkel-Kontorova (FK) model has been used to si-

mulate 1D commensurate-incommensurate transitions with a chain of
elastically linked atoms in a periodic potential field [157]. The
boundaries between commensurate phases can be described in terms of
topological defects called solitons, with concentrated chain deforma-
tion in the narrow regions. In 2D, the boundaries between commen-
surate domains are also called domain walls. For bilayer 2D materials,
with highly deformable atomic layers interacting with each other in
both the normal and shear directions, a slightly incommensurate
stacking as a result of relative twist or lattice mismatch may transition
to domains of commensurate stacking separated by domain walls or
strain solitons [92,158].

For bilayer graphene, the commensurate Bernal stacking (i.e., AB
and BA or AC) is most stable with the minimum interlayer potential.
When the two graphene layers are not stacked perfectly in the com-
mensurate state, the interlayer potential is higher and can be reduced
by forming commensurate domains with alternating AB and BA
stacking. The transition from one commensurate stacking to the other
can be described as a strain soliton consisting of an atomic-scale

Fig. 7. Modeling of strain solitons and
moiré superstructure in bilayer 2D mate-
rials. (A) In-plane strain patterns in a gra-
phene bilayer as the bottom layer is sub-
jected to different strains. Figure is adapted
with permission from [151]. (B) A contour
plot of the out-of-plane displacement in the
top layer of a twisted graphene bilayer after
relaxation. The inset shows a zoomed view
of the atomic structure of the AA domain at
the center of the cell. The graph on the right
shows the relative shift between the atoms
in the top and bottom layers along lines that
cross the AA (red) and SP (blue) domains.
Figure is adapted with permission from
[145]. (C–D) Colored maps of the average
carbon–carbon distance (in units of the
equilibrium bond-length) and out-of-plane
deflection after relaxation of a graphene
layer over hBN at zero normal load. Figures
are adapted with permission from [152].
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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registry shift with a translation vector [151,158] or as a partial dis-
location with a Burgers vector [161]. Depending on the direction of the
translation vector, two types of strain solitons have been identified
[158,159]: solitons parallel to the translation vector are characterized
by a shear strain, whereas solitons perpendicular to the translation
vector are characterized by a tensile strain (Fig. 8A and B). In addition,
pronounced out-of-plane deformation of the graphene layers has also
been observed [161], which could change the strain state near the so-
litons and thus impact the electronic properties. A recent study found
that the creation and annihilation of individual solitons in bilayer
graphene drumhead resonators led to stochastic jumps in frequency
[162], suggesting a high electromechanical sensitivity of the 2D re-
sonators to the dynamics of single soliton.

A variety of strain soliton patterns have been observed in bilayer
graphene [158,159,161], including triangular and irregular network
patterns (Fig. 8D and E), parallel lines, L-shaped (Fig. 8C), and closed
loops. Alden et al. [158] found that most of the domain walls in the
network pattern (Fig. 8D) were shear strain solitons, resulting from a
relative rotation between the two graphene layers. The observed tri-
angular pattern resembles a moiré pattern, but with a key difference in
that the graphene lattice has relaxed into locally commensurate phases
separated by relatively narrow boundaries (domain walls). Moreover,
they noted topological point defects at the intersections of the domain
walls, corresponding to AA-stacked graphene (similar to Fig. 7B). They
further observed soliton motion during in situ heating above 1000 °C,
with topological rearrangements to form more regular patterns [158].
More recently, Yoo et al. [160] reported atomic reconstruction in
twisted bilayer graphene and its impact on the electronic properties.

They observed a gradual transition from an incommensurate moiré
pattern (no relaxation) to a triangular pattern with alternating AB/BA
domains (Fig. 8E) as the twist angle decreased across a critical angle
(≈1°). The atomic reconstruction at a small twist angle (< 1°) induces
significant changes in the lattice symmetry and electronic structure,
opening a new pathway to engineering with continuous tunability.

More generally, a periodic 2D moiré pattern forms in bilayer 2D
materials with certain degree of incommensurability. For bilayer gra-
phene, the incommensurability may result from a relative twist or dif-
ferential straining of the two layers. In the case of bilayer hetero-
structures such as graphene on hBN, the lattice mismatch (~1.8%)
between hBN and graphene leads to a hexagonal moiré pattern
[14,92,152]. Moreover, depending on the relative twist angle between
the two crystals, graphene can either form a partially commensurate
state (for small angles) or remains largely incommensurate [92]. In the
partially commensurate state, the graphene lattice is stretched to match
the underlying hBN lattice in the commensurate areas that are sepa-
rated by domain walls. With both the lattice mismatch and the relative
twist, the domain walls may be described as strain solitons with mixed
shear and tensile/compressive strains (relative to the hBN lattice). Si-
milar moiré superstructures have been observed in other bilayer 2D
materials and vdW heterostructures [9,163,164], where the interplay
between the interlayer mechanical interactions and the intralayer de-
formation is critical for the commensurate/incommensurate structural
transition.

Recently, extensive efforts have been devoted to developing ex-
perimental control over the 2D moiré superstructures with unique
physical properties by twisting [6,160,165]. The twist angle between

Fig. 8. (A and B) Schematic illustrations of a shear and tensile strain solitons. (C) Near-field infrared image of an exfoliated bilayer graphene showing an L-shaped
domain wall, containing segments of shear and tensile strain solitons distinguishable by different infrared responses. (A–C) are adapted with permission from [159].
(D) Dark-field TEM image of a CVD-grown bilayer graphene, with three images taken from the [−2 1 1 0] diffraction angles indicated in the inset overlaid in red,
blue, and green, where each line is an AB/BA domain wall with its color indicating the direction of relative translation. Figure is adapted with permission from [158].
(E) Dark-field TEM image of a twisted bilayer graphene with a controlled twisting angle (0.1°), showing a triangular pattern with alternating contrast of AB/BA
domains. Figure is adapted with permission from [160].

Z. Dai, et al. Current Opinion in Solid State & Materials Science 24 (2020) 100837

12



the 2D layers has been exploited to tune the van Hove singularities
[166] and to uncover correlated insulating and superconducting states
in twisted bilayer graphene [4,5]. It has also allowed to observe the
Hofstadter butterfly in graphene on hBN [167]. Moreover, mechanical
straining could offer a versatile degree of freedom to control the 2D
moiré superstructures, reminiscent of strain engineering [16]. The ef-
fect of strain on 2D moiré patterns was notable in a recent work by
Zhang et al. [163] where the moiré pattern formed by stacking a lateral
WSe2–MoS2 heterojunction on top of a monolayer WSe2 was distorted
due to an inhomogeneous strain field. Using scanning tunneling spec-
troscopy, the distorted 2D moiré pattern was measured to determine the
full-field 2D strain tensor with the nanometer resolution [163]. It was
found that the lattice-mismatch strain in the lateral WSe2–MoS2 het-
erojunction was partially relieved by dislocations, with a distinctive
electronic structure at the interface. Alternatively, each layer in 2D
stacks may be strained independently (called heterostrain). Huder et al.
[168] showed that a small uniaxial heterostrain in the twisted bilayer
graphene, likely due to the pinning of the top layer at its boundaries
during growth, could lead to the emergence of flat bands, opening new
possibilities for straintronics based on 2D materials. More recently,
Edelberg et al. [169] showed that a uniaxial strain led to a commen-
surate-incommensurate transition in a multilayer MoSe2 system. By
straining the bulk MoSe2 substrate, they observed spontaneous forma-
tion of topological solitons in the top monolayer, forming a honeycomb-
like network pattern, which provided a unique route to achieve deeply
confined electron states in a strain-tunable array.

3.3.2. Thermally induced self-rotation and folding
Rich spontaneous mechanical behaviors have been observed in

layered vdW materials during thermal annealing, which may be further
related to the thermally activated motions of strain solitons [170–172].
For example, Wang et al. [170] reported self-rotation of a monolayer
graphene on hBN at a temperature of> 100 °C with a critical twist
angle of ~12°, below which graphene tends to rotate towards a relative
angle of ~0° (most stable) and above which graphene rotates towards
~30° (metastable). For graphene on hBN, the interplay between the
interlayer vdW forces and the intralayer elasticity results in graphene
self-rotating towards the stable or metastable crystallographic direc-
tions. Such thermally activated self-rotation could be macroscopic for
graphene flakes of tens of micrometers with tangential displacement of
hundreds of nanometers [171,172], which may be used for manu-
facturing of aligned vdW heterostructures.

As another example, spontaneous self-tearing and folding of gra-
phene ribbons were observed by Annett and Cross [173] after piercing a
graphene layer on a silicon oxide substrate by nanoindentation. They
interpreted the observation using a simple fracture mechanics model
that highlighted the thermodynamic driving force for formation of the
graphene–graphene interface with sufficient strength to overcome the
graphene-substrate adhesion and tear the graphene lattice. Such folding
could be useful for mechanical metrologies [174–176], vdW structure
fabrications [177], 2D material-based origami and composites
[178,179]. Extensive efforts have recently focused on how the folding
and unfolding of these atomically thin sheets as well as the resulting
physical properties can be controlled [124,178,180,181].

3.3.3. Bending with interlayer slip
Interlayer slip between 2D layers has a profound effect on the me-

chanical properties of multilayer vdW materials. In particular, bending
of few-layer graphene (FLG) leads to interlayer slip, and in turn, the
interlayer slip lowers the bending stiffness of FLG, according to a recent
work by Han et al. [182]. By laying FLG sheets over atomically sharp
hBN steps and measuring the bending deformation of FLG by high-re-
solution cross-sectional imaging, they obtained bending stiffness for
FLG up to 12 layers, with values lying between two theoretical limits
assuming either zero slip (super-glued) or frictionless (super-lubricated)
interlayer slip. Similar results were reported by Wang et al. [183] who

measured bending stiffness of multilayered graphene, hBN, and MoS2
by pressurized blisters. Interestingly, it was found that the bending ri-
gidity of the three types of 2D materials with comparable thickness
followed a trend (MoS2 > hBN > graphene) opposite to their in-
plane elastic moduli (MoS2 < hBN < graphene) [183], likely due to
different resistances to the interlayer slip among the three 2D materials.
Moreover, Han et al. [182] found that the bending stiffness of FLG
depended on the bending angle. Increasing the bending angle led to
more interlayer slip between the graphene layers and thus reduced
bending stiffness. Therefore, the flexibility of multilayer 2D materials
depends on the interlayer slip, and the amount of interlayer slip de-
pends on the bending angle in addition to the interlayer shear strength.
Such an intimate coupling could be exploited to achieve highly flexible
electronic materials with tunable stiffness.

4. Concluding remarks

This Opinion reviews recent experimental and theoretical studies on
the mechanics of 2D material interfaces, including normal (adhesion)
and tangential (shear/friction) interactions at the 2D-3D and 2D-2D
interfaces. The multiscale nature of the interfaces offers both grand
challenges and ample opportunities for future research.

For the 2D-3D interfaces, several experimental methods have been
developed to measure the adhesion energy, although significant dis-
crepancies among different measurements remain to be resolved. More
insights into the underlying mechanisms of the adhesive interactions
can be gained from the interfacial traction-separation relations (TSRs),
which however is more challenging to measure, especially for the
atomically thin 2D materials. On the theoretical side, understanding
remains limited on the underlying interaction mechanisms beyond vdW
forces. Further studies are needed to understand the effects of surface
roughness and its scale dependence, the rate effect, and the temperature
dependence, among others. It is also of practical importance to leverage
these effects in designing the interfaces with specific adhesive interac-
tions for applications of the 2D materials in nanocomposites and elec-
tronic/photonic devices.

FFM measurements have been used widely for characterizing na-
noscale friction of 2D materials, but it is challenging to extract the in-
trinsic properties of the friction and shear interactions at the 2D-3D
interfaces. Alternatively, shear interactions between 2D materials and
their 3D substrates have been examined by deforming either the sub-
strates or the 2D materials to induce relative sliding. Further studies are
needed to bridge the nanoscale friction by FFM measurements to shear
interactions at larger scales.

More generally, the mechanics at the 2D-3D interfaces often in-
volves coupled normal (adhesion) and tangential (friction/shear) in-
teractions, such as the mixed-mode interfacial fracture experiments
(e.g., pressurized blister tests) and the FFM experiments. Further studies
are needed to unveil the coupling mechanisms and to unify the normal
and shear interactions within a general framework of mixed-mode in-
teractions at the 2D-3D interfaces.

For the 2D-2D interfaces, measurements of the interlayer adhesion
energy are relatively scarce. In addition to adhesion and separation,
where the interlayer vdW forces are predominantly attractions, re-
pulsive interactions between the 2D layers can be activated by com-
pression, leading to an enhanced coupling between the layers with
tunable physical and chemical properties. Further studies should con-
sider the interplay between pressure, interlayer registry, and the in-
plane and out-of-plane deformations of the 2D layers, with spatially
non-uniform, multiscale features (such as strain solitons).

Detailed characterizations on the 2D-2D interlayer friction and
shear interactions have been achieved recently, where structural su-
perlubricity has become a common feature between various 2D mate-
rials. With more detailed analysis of contact, adhesion and shear in-
teractions in the friction experiments, both the friction coefficient and
the shear strength could be determined as the intrinsic properties of the
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2D-2D interfaces. Theoretically, registry-dependent interlayer poten-
tials have been developed to model friction and interactions between
2D layers. Recent studies have also considered both in-plane and out-of-
plane deformations in 2D bilayers and vdW heterostructures, predicting
the formation of peculiar microstructures (e.g., strain solitons and
moiré superstructures). Future studies are needed to relate the inter-
facial microstructures with topological defects to the friction behaviors
(stick–slip and superlubricity).

A number of intriguing phenomena have been observed in bilayer
2D materials and vdW heterostructures, resulting from the interplay
between the elastic deformation of 2D materials and the unique 2D-2D
interactions in both the normal and tangential directions. Future studies
are needed to demystify these phenomena based on the fundamental
understanding of the 2D-2D interactions and to explore potential ap-
plications, including strain engineering of the moiré superstructures in
vdW heterostructures.
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