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1.  Introduction

Engineered two-dimensional (2D) layered materials 
such as graphene, hexagonal boron nitride (hBN) 
and molybdenum disulphide (MoS2) offer exciting 
opportunities to design new materials with superior 
multi-functionality. The mechanical behavior of 2D 
materials is governed by their extremely high in-plane 
stiffness and strength combined with their atomic 
thickness and bending flexibility. Their interaction 
with other layers or substrates is governed by van der 
Waals forces, which determine their shear, friction and 
fracture behavior. Layered 2D crystals can be tailored 
by their stacking and stitching architectures to obtain 
unique combinations of properties (mechanical, 
electronic, optical, thermal) for applications in a broad 

spectrum of applications ranging from electronics, 
mechanical devices to biology [1]. Owing to their 
unique mechanical characteristics, using simple 
mechanical exfoliation with a scotch tape, a defect free 
2D crystal monolayer can be isolated [2]. In fact, the first 
isolated [3] and most examined 2D material, graphene, 
owes its discovery to its mechanical strength and low 
interlayer friction, which allowed an atomic layer to be 
mechanically exfoliated while withstanding the stresses 
during this severe process. More recently, transition 
metal dichalcogenides (TMDs) started gaining 
popularity due to their versatile semiconducting 
electronic structure [4]. Homostructures, which 
have layers of the same nature, such as bi and tri-layer 
graphene, are interesting because they exhibit layer- 
and geometry-dependent properties. The discovery 
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Abstract
The mechanical behavior of high quality two-dimensional (2D) crystals offers exciting opportunities 
for new material design, such as the combination of extremely high in-plane stiffness and bending 
flexibility, compared to existing three-dimensional (3D) material forms. By combining different 2D 
crystals vertically or by in-plane stitching, unusual properties can arise due to nonlinear mechanical 
interactions between them. Van der Waals forces between vertically stacked crystals give rise to a wide 
range of useful phenomena such as layer-number dependent friction, superlubricity, creasing, and 
spatial modulation of elastic properties through Moiré structures. In the present article, we review 
and explain the mechanical behavior of 2D materials and heterostructures (graphene, hexagonal 
boron nitride, transition metal dichalcogenides). Linear elastic properties of these 2D crystalline 
monolayers are well-studied using membrane nanoindentation towards their application in nano-
electro-mechanical systems (NEMS) devices. On the other hand, a more thorough understanding of 
friction, fracture and stress transfer mechanisms between 2D layers and with the substrate or matrix 
is still lacking. More in-depth understanding of geometry-dependent behavior could enable the 
application of these materials in multi-functional composites. We discuss emerging opportunities 
achievable by assembling 2D heterostructures to tailor their mechanical behavior, and perhaps even 
break the traditional bounds limiting the properties of the bulk homostructures. Furthermore, to 
accelerate the design and discovery of the infinite combinations of new 2D heterostructures, we 
construct a crowd-sourced searchable online database to record and exploit the studies reporting on 
the complex arrangements of these crystals.
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and exploration of 2D materials like graphene and 
TMDs has led to the proposition of in-plane or 
multilayer stacks of such materials, referred to as 
horizontal or vertical heterostructures, respectively 
[5]. The term ‘heterostructures’ may be used to refer 
to assembly of 2D crystals that are different in nature, 
such as alternating layers of graphene and hBN shown 
in figure 1. Heterostructures are clearly attractive for 
electronic device fabrication, where one needs device 
layers to serve a diversity of functions (conductor, 
semiconductor, insulator).

Heterostructures can also have tailored mechani-
cal behavior due to their nonlinear interactions. Fig-
ure 1 shows a schematic of the periodic modulation of 
elastic properties realized by the alternating assembly 
of graphene and hBN. This modulation could result 
in modified friction and fracture behaviour, and could 
possibly transform graphene and hBN, from brit-
tle homostructures to high strength and toughness 
heterostructures. The study of the mechanical behav-
ior of 2D materials is particularly valuable for several 
future directions. The combination of extremely high 
stiffness with large flexibility provides a great poten-
tial for their use in flexible ultrathin electronics and 
2D kirigami [6], where large strains are encountered. 
They also represent attractive candidates for compos-
ite materials as the next generation multifunctional 
reinforcing fillers. Proper application of these mat
erials relies on better understanding of their fracture 
mechanics, which is still lacking. Further, mechanics-
induced tuning of the electronic and optical properties 
of 2D materials can be achieved by the application of 
stress or strain [7]. For example, by the application of 
1% of tensile strain in single layer MoS2, a transition 
from direct to indirect optical gap was observed [8]. In 
electronic device applications, 2D materials are sup-

ported by a substrate, while they are fully embedded 
in matrices in the case of composite materials. There-
fore, a comprehensive discussion of 2D materials must 
include the effect of the substrate on their mechanical 
behavior.

Due to the enormous interest in graphene, sev-
eral review papers exist focusing on the mechanics of 
graphene [9], mechanical behavior of 2D materials,  
[10, 11] membranes and resonators made from 2D 
materials [12], in situ techniques for testing mechani-
cal properties [13], fracture properties of graphene 
[14], graphene nanocomposites [15], friction in gra-
phene [16, 17] and 2D materials [18]. Buckling insta-
bilities to architect 2D materials into 3D geometries 
have been recently reviewed [19, 20]. Herein, we aim to 
digest the current mechanical behavior studies by find-
ing commonalities, lessons learnt and the path forward 
towards their applications. This is accomplished by 
(i) detailing the fundamentals of membrane nanoin-
dentation theory and its use in mechanical charac-
terization. (ii) We explain the inter-dependencies of 
the properties such as the roles of friction, strength 
and toughness. (iii) We create thorough comparison 
tables (see tables 1–4) presented in the present review, 
and online version which the authors will keep updat-
ing with new results online, as explained later in the 
corresponding section. In the tables, priority is given 
to experimental measurements, but for the cases where 
no experimental values are available we report theor
etical results. The material properties tables are avail-
able online (2Dmechanics.com), and we invite the 
community of scientists to contribute to them. We 
believe that crowd-sourcing up-to-date data is crucial 
for the development of new 2D heterostructures given  
the infinite number of combinations that may arise 
in the next years. (iv) We identify an emerging area to 

Figure 1.  Material design based on 2D materials and heterostructures. (a) Monolayers of graphene and hexagonal boron nitride 
(hBN). (b) 2D vertical heterostructure of alternating monolayers of graphene and hexagonal boron nitride. (c) Diagram showing 
the periodic Young’s modulus in the 2D heterostructure of (b) and (d) periodic in-plane heterostructure of graphene and hexagonal 
boron nitride containing a crack.

2D Mater. 5 (2018) 032005



3

C Androulidakis et al

tailor the mechanical behavior by the combination 
of different 2D crystals in heterostructures, and the 
potential opportunities in nanomechanical devices 
and multifunctional high toughness reinforcements.

2.  Elements of the mechanical behavior of 
2D materials

The behavior of 2D materials at atomic and near-
atomic scales is different than their bulk three-
dimensional (3D) counterparts in a variety of ways. 
Firstly, 2D materials, being atomically thin, challenge 
the definitions of many intuitive material properties 
that are classically described. One major point of 
discussion is what ‘thickness’ means for a single 
layer of atoms. This question ripples into definitions 
of stress, which is a key factor in determining many 
material properties. A variety of definitions for stress 
in atomistic-scale systems have been proposed, leading 
to a variety of reported material properties. To avoid 
confusion and making controversial assumptions 
about these definitions, in this review we present 
values as they are reported in the literature. This leads 
to a variety of different unit conventions being used for 
properties reported herein.

A crucial issue in atomically thin materials is the 
presence of out-of-plane nanoscale ripples, which sta-
bilize these monolayers of crystalline atoms and affect 
their elastic properties. It is found that suspended gra-
phene monolayers contain ripples of ~1 nm height 
and less than 25 nm periodicity as a results of thermal 
fluctuations and elastic strains [21]. Graphene exhibits 
a negative thermal coefficient [22] and lower in-plane 
stiffness [23] which can be related to this non-flat 
structure. Thus, these tiny out-of-plane deformations 
are often referred to in the literature as ripples or cor-
rugations. These are distinct from larger buckling 
deformations which can take place from 100 nm to 
several microns due to interaction with another sub-
strate which are referred to as wrinkles [24, 25] or 
crumples [19]. In both cases, these out-of-plane defor-
mations need to be taken into consideration when the 
mechanical behavior is studied.

For vertical stacks of 2D materials, layers are held 
together by van der Waals interactions. Interlayer 
shear becomes an important factor for such material 
systems, and is a major contributing factor to the dif-
ferences between the properties of 2D and bulk 3D 
material forms. Further, due to their thin nature, 2D 
materials may readily deform out-of-plane by buck-
ling or wrinkling whether free or supported on sub-
strates. These out-of-plane deformations can be 
extremely small, in the sub-Ångstrom scale, yet they 
significantly alter the effective properties. For example, 
out-of-plane wrinkling may lower the measured elas-
tic modulus of a single layer graphene [23] but increase 
toughness [26] or chemical activity. All of these factors 
are important in considering the modeling, testing, 
and reporting of properties of 2D materials. While the 

particular mechanics of vertically stacked hetero- and 
homostructures may be different, as governed by phys-
ical and chemical interactions, both kinds of stacked 
architectures are governed by similar interactions and 
plagued by the same confusions.

A variety of methods are used to isolate, grow, and 
test these materials, and the methods used to produce 
samples can have profound impacts on the quality 
and properties of the material. Common methods for 
obtaining 2D layers are exfoliation [3] and chemical 
vapor deposition (CVD) [27, 28]. CVD takes advan-
tage of chemical reactions to cause the precipitation 
and/or epitaxial deposition of 2D material layers on a 
flat catalyst such as a metal foil. CVD synthesis of 2D 
materials is a promising route to mass production of 
2D materials, however the quality of material pro-
duced is often lower than that obtained from mechani-
cal exfoliation from high quality crystals [29], and 
single crystal domain sizes are usually smaller. Thus, 
CVD synthesis of high quality 2D materials remains an 
impactful area of research. Recent advances enable the 
synthesis of wafer scale MoS2 and WS2 on insulating 
SiO2 of high spatial homogeneity over the whole sub-
strate [30]. Wafer-scale 2D TMDs can be synthesized 
by CVD then vertically stacked using a programmed 
vacuum stack (PVS) process [31]. Using this tech-
nique, nine wafer-scale vertical layers heterostructure 
of alternating MoS2 and WS2 can be assembled with 
high quality interface and constant distance between 
adjacent layers of 0.64 nm [31]. Obtaining high qual-
ity CVD growth of 2D materials rivaling that of exfo-
liation samples is key before the utilization of 2D mat
erials in nanoscale devices and flexible electronics.

Direct multi-step synthesis of vertical stacks of 
2D materials is also possible, such as growth of hBN 
on exfoliated graphene or graphite [32, 33]. Similarly, 
synthesis and stitching of in-plane heterostructures of 
graphene and hexagonal boron nitride can be achieved 
by CVD [34]. More scalable synthesis routes of 2D 
materials can be realized by liquid exfoliation [35], 
however the resulting materials usually demonstrate 
lower quality than mechanical exfoliation and CVD, 
and lower control on their stacking architecture.

The structural characteristics of common 2D crys-
tals are presented in table 1. For the case of graphene 
there exists a large number of studies including both 
experimental and atomistic simulations, while other 
2D materials are the subject of several current invest
igations. We note that the interlayer thickness is com-
monly used to report the thickness of a monolayer of a 
2D material. For example, a single layer of graphene is 
often assumed to have a thickness of 0.334 nm, while 
reported measurements of thickness using atomic 
force microscopy (AFM) range from 0.4–1.7 nm [36].

3.  The nanoindentation method

Over the past several decades, nanoindentation on the 
freestanding films via transverse loading has played 

2D Mater. 5 (2018) 032005
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an important role in characterizing the mechanical 
response to external forces in thin film materials. 
Normally, the elastic modulus and hardness can be 
determined from direct load-displacement response 
measurement by nanoindenters or atomic force 
microscopes [43–45]. Well-developed theoretical 
models exist to estimate yield strength, residual stress, 
fracture toughness, work hardening exponent, and 
rate-dependent properties from raw indentation data. 
Figures 2(a) and (b) depict schematics of two typical 
nanoindentation scenarios for measuring the elastic 
properties of freestanding 2D materials. These are 
namely the linear strip and the clamped membrane 
geometries. For a doubly-clamped linear thin strip 
with initial length l, width w and thickness t, as shown 
in figure  2(a), a normal load P can be applied by a 
wedge indenter tip; h is the strip deflection distance. 
Assuming the strip is effectively clamped on both ends, 
P is a line load and the effect of bending stiffness is 
negligible for an ultra-thin film, we can consider the 

state of elastic deflection of such thin strip as the result 

of balance between the work done by the indenter (Ph) 

and the stretching energy in the strip 
(

EAl
(

h
l

)4
)

, where 

A = wt. To be specific, the transverse external load 
is balanced by the local tension built in the strip via 
deflection [46]. In addition, the strip is usually subject 
to a uniform residual stress σr , which is usually the 
biaxial tensile stress over the film when it is clamped. 
Therefore, the energy balance can be simplified as:

Ph ∼ EAl

(
h

l

)4

+ σrAl

(
h

l

)2

.� (1)

Figure 2(b) shows a scanning electron microscope 
(SEM) image of freestanding fixed-end graphene 
strips [47]. Sample preparation is more complex for 
linear strips than circular membranes due to the need 
of patterning the graphene; however the results are 
more straightforward to interpret due to the linear 
stress field. An AFM cantilever applies force to the mid-

Table 1.  Structural characteristics of 2D materials.

2D material Crystal structure

Layer thicknessa  

(interlayer spacing) (nm)

Mass density 

(kg m−3) Lattice vector (Å)

Graphene Hexagonal 0.334 (0.4–1.7) 2200 [37] 2.42

MoS2 Trigonal prismatic 0.65 5060 [38] 3.18 [39]

h-BN Hexagonal 0.325 2100 2.5 [39]

WS2 Trigonal prismatic 0.65 7500 [40] 3.18 [39]

WSe2 Trigonal prismatic 0.7 9320 [41] 3.31 [39]

MoSe2 Trigonal prismatic 0.65 6900 [38] 3.31 [39]

WTe2 Trigonal prismatic 0.65 9430 3.54 [39]

Black phosphorus Puckered 0.5 [42] 2690 —
MoTe2 Trigonal prismatic 0.65 7780 3.55 [39]

a The thickness of a single layer is usually the interlayer spacing but a range of thickness has been reported depending on the 

measurement as mentioned in the text.

Figure 2.  Nanoindentation experiments on 2D membranes or ribbons. (a) Schematic of doubly-clamped thin strip (ribbon) 
indented by a wedge tip. (b) Freestanding monolayer graphene strips across gold electrodes [47]. (c) A typical force verse deflection 
curve. The red line presents that force is cubic to deflection. Inset shows a schematic of AFM cantilever indentation [47]. (d) 
Schematic of clamped circular membrane indented by a spherical tip. (e) Suspended monolayer graphene over holes for AFM 
nanoindentation [48]. (f) Typical force-deflection curves from circular membrane indentation for 2D materials. Inset shows the 
linear-cubic membrane behavior [49]. Reproduced with permission from [47–49].

2D Mater. 5 (2018) 032005
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Table 2.  Load-displacement relations governing the elastic response of freestanding thin films by nanoindentation. (P is transverse load, h is deflection distance, A is cross-sectional area, l is the initial length of strip, σr  is the residual stress, 
w is the width of strip, t is film thickness, a is the initial radius of membrane, υ is the Poisson’s ratio, c is the indenter’s radius.)

Model Elastic behavior Indenter Materials E σmax σr Ref.

Doubly-clamped beam/strip P = π4AEh3

8l3

+π4AEt2h
6l3

+π2Aσrh
2l

Wedge tip Al/0.5 wt% Cu thin film (t  =  547 nm) 75.3 ± 1.0 GPa — 28.7 ± 0.6 MPa [46]

P = 8wE2Dh3

l3

+
8wσ2D

r h
l

Wedge tip Monolayer Gr 335 ± 20 N m−1 — 0.08 − 2.4 N m−1
[58]

P = 8wtEh3

3l3 + 4wtσrh
l

AFM tip Monolayer Gr 800 GPa — — [47]

Circular clamped membrane P = E2Dq3a
(

h
a

)3

+πaσ2D
r

(
h
a

)
AFM tip (R  =  16.5, 27.5 nm) Monolayer Gr 342 ± 30 N m−1 42 ± 4 N m−1 0.07 − 0.74 N m−1

[44]
AFM tip (R  =  12 nm) Monolayer MoS2 180 ± 60 N m−1 15 ± 3 N m−1 0.02 − 0.1 N m−1

[59]
AFM tip (R  =  50 nm) ~2 layer h-BN 223 ± 16 N m−1 8.8 ± 1.2 N m−1 — [60]

AFM tip Bilayer MoS2 300 ± 13 N m−1 — — [49]
Monolayer WS2 177 ± 12 N m−1 — 0.15 ± 0.03 N m−1

Bilayer MoS2/WS2 314 ± 31 N m−1 — 0.25 ± 0.05 N m−1

Bilayer MoS2/Gr 467 ± 48 N m−1 — 0.35 ± 0.05 N m−1

P = Eq3at
(

h
a

)3

+πatσr

(
h
a

)
AFM tip (R  =  25 nm) Monolayer GO (t  =  0.75 nm) 256.4 ± 28.2 GPa 5.3 ± 1.2 650 ± 300 MPa [61]

P =
[

4πE
3(1−υ2)

(
t3

a2

)]
h

+(πσ2D
r ) h

+
(

q3Et
a2

)
h3

AFM tip ~5 layer MoS2 330 ± 70 GPa — 0.13 ± 0.10 N m−1
[51]

P = E2Dq3a
(

h
a

)3

+
2πσ2D

r
ln a

c
h

AFM tip Monolayer Gr 55 N m−1 ~35 GPa 0.085 N m−1
[62]

Note: q = 1/ (1.05 − 0.15υ − 0.16υ2).

2D
 M
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dle of a linear graphene strip and induces out-of-plane 
deflection. A typical force-deflection curve of a dou-
bly-clamped thin strip is shown in figure 2(c), and it 
is found that the applied force is cubic in the imposed 
deflection [47]. The detailed relation between applied 
force and thin strip deflection can be derived from 
either equation (1) or using force balance within the 
elastic regime [46]. Table 2 lists relations commonly 
used to extract the elastic modulus and residual stress 
of 2D materials. Notably, these relations are limited 
to long, thin and narrow strips that accommodate 
normal deflection by stretching without consider-
able bending [46]. However, as the number of layers 
increases, bending also contributes to strip deforma-
tion. Senturia added the bending contribution to the 
force-deflection relation by assuming a cosine shape 
strip deformation [50], as listed in table 2.

The most widely used route to extract the elastic 
properties of thin film materials is a circular drum-
like structure, as shown in figures 2(d) and (e). This 
geometry is simpler to obtain and test. A circular 
membrane with radius a is clamped on its edge to a 
rigid substrate support. The normal central load P is 
applied by a sharp indenter tip or AFM cantilever with 
radius of curvature c, and central deflection h is meas-
ured. Such freestanding clamped circular membrane 
structures can be fabricated in experiments simply 
by direct exfoliation of thin film materials onto a pre-
patterned substrate with circular holes [44, 48, 51, 
52], as shown in figure 2(e). Similar to the aforemen-
tioned thin strips, the effect of bending stiffness can be 
ignored for ultra-thin membranes and the point-load 

assumption is used for c/a � 1. These assumptions 
significantly simplify the data analysis, and the defor-
mation of circular drum-like membranes is related to 
the load P by balancing the work done by the indenter, 
the stretching energy, and the clamp induced strain 
energy [53]:

Ph ∼ Et
h4

a2
+ σrth2.� (2)

Table 2 also lists the typical elastic force-defor-
mation relations for the circular clamped membrane 
structure. These relations show the combination of lin-
ear and cubic response of h to the normal force P. For 

the limit of small indentation depths, h̃ = h
a

√
E
σr

� 1, 

the stress in the membrane is close to the pre-tension 
from the initial state prior to indentation, and there-
fore leads to the linear force law [54]. For large inden-

tation depths, h̃ = h
a

√
E
σr

� 1, it is found that P ∼ h3 

[53, 55–57]. The typical force-deflection curves for 2D 
materials shown in figure 2(f) verify the linear-cubic 
transition during indentation [49]. For monolayer 
graphene, MoS2, WS2 or bilayer heterostructure mem-
branes such as MoS2/Gr and MoS2/WS2, the stretch-
ing behavior dominates the membrane deformation. 
From equation (2) and relations listed in table 2, the 
elastic modulus and residual stress can be extracted 
by carefully curve fitting the cubic and linear terms 
independently. Table  2 summarizes the typical elas-
tic properties of 2D materials from clamped circular 
membrane nanoindentation. For thicker membranes, 
for example 5–25 layer MoS2, bending stiffness effect 

Figure 3.  The estimated pretension from nanoindentation experiments. (a) Summary of typical pretension ranges for various 
2D materials. (b) Experimental data of 2D modulus and pretension for various 2D layers and heterostructures [49]. (c) 
Nanoindentation of suspended graphene monolayers over holes, (d) the corresponding force-displacement curves for tips of 
different diameter and (e) the experimental results for the in plane stiffness E2D and the value of Young’s modulus considering the 
thickness of graphene ~0.334 nm [44]. Reproduced with permission from [44, 49].

2D Mater. 5 (2018) 032005
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also contributes to the membrane deformation by 

adding one more linear term 4πE
3(1−υ2)

(
t3

a2

)
h to the 

force-deformation relation [51, 55].
As listed in table  2, there are different analytical 

models for the nanoindentation on a freestanding thin 
film material, with varying degree of accuracy. Here, 
we highlight some important considerations affecting 
the results obtained from nanoindentation.

3.1.  Nanoindentation initial linear response
Both the pre-tension state and bending behavior of 
a clamped thin membrane lead to linear response 
under the applied force. Whether or not one accounts 
for bending stiffness will subsequently change the 
residual stress value. Single and bilayer 2D materials 
possess negligible bending stiffness. However, they 
usually exhibit varying pre-tension states, as shown in 
figure 3(a). A recent study from Vella and Davidovitch 
[53] claims that there is no true linear response, 
but rather a logarithmic response in the point load 

limit when h̃ = h
a

√
E
σr

� 4 c
a log

(
a
c

)
. Direct curve 

fitting to relations in table  2 may cause erroneous 

estimation of pre-tension. We refer the interested 
reader to the Vella [53] study for further details 
on the linear response encountered in membrane 
nanoindentation. Moreover, the error in determining 
the pre-tension in the linear terms in table 2 via curve 
fitting could also result in variations of the nonlinear 
part, and subsequently to the Young’s modulus 
[63]. Lin et  al reported a full 3rd order polynomial 
relation to improve the precision in data processing by 
considering the offset in P and h in table 2 by the zero-
displacement point [63].

3.2.  The maximum stress in clamped circular 
membranes
Besides the elastic properties of thin film materials, 
nanoindentation can also be used to study the fracture 
strength (i.e. the maximum stress underneath the 
indenter tip) of the freestanding membrane [44, 48, 
55, 61]. For a clamped circular membrane indented 
by a spherical indenter tip, the maximum stress can be 
expresses as [44, 55, 64]

σ =

√
PbreakingE

4πct
� (3)

where Pbreaking is the lateral force at the plastic onset 
point and c is the tip radius of the AFM probe. 
Table 2 also lists the typical strengths estimated from 
equation (3). However, the modulus E is ambiguous 
here, since equation  (3) is derived from the linear 
elastic analysis, while ignoring nonlinear elasticity or 
plastic deformation of membrane. This usually results 
in an overestimated strength [44]. By ignoring the 
plasticity of 2D membrane, we usually take E as the 
intrinsic 2D elastic modulus.

3.3.  Indenter size effect
The classical Schwerin-type solutions [65], listed in 
table  2, of the indentation by a point-load assume 
c/a → 0 and neglect the contact regime between 
indenter tip and deflected membrane. The zero tip 
radius results in a singularity associated with infinite 
predicted stress under the indenter. This results in 
significant errors when trying to estimate if the film 
deforms beyond elastic regime or ruptures [57]. Lee 
et al [44] examined the AFM tip radius effect when 
loading freestanding graphene membranes to the 
breaking point and found that the elastic properties 
determined from the force-deformation response 
are insensitive to tip radius, while the breaking force 
is mainly a function of tip radius, due to the extreme 
stress concentration [44]. Typically, larger indenter 
radii result in higher membrane breaking forces. 
Vella [53] also points out that the classical Schwerin-
type relations lead to more accurate estimates of the 
properties when c/a increases. Notably, in most of the 

indentation experiments, c
a ∼ O

(
10−2

)
. According 

to Vella’s simulations, for shallow indentation depth, 

namely h̃ ≡ h
a

√
Et/σr ∼ O

(
10−1

)
, tip size induced 

error can be negligible. However, for the intermediate 

indentation regime h̃ ∼ O(1), the relative error turns 
to be prominent as c/a decreases, which matches up 
the conclusions in [57].

3.4.  The clamping boundary conditions
Once the thin films are suspended on a substrate, 
surface forces, which are related to van der Waals 
interactions between the substrate surface and 
supported regime cause the adhesion of thin films to 
the supporting substrate. In doubly-clamped thin 
strips and circularly clamped membranes, analysis is 
simplified by assuming the thin films are effectively 
adhered to the rigid supports. Nevertheless, in the 
experiments, sliding of deflected membrane on 
the supporting substrate is usually inevitable at 
large deformation, and especially for multilayer 2D 
materials. Wang et  al [66] measured an interlayer 
shear stress of 40 kPa in bilayer graphene and found 
the interfacial shear deformation between monolayer 
graphene and supporting SiO2 substrate through 
the pressurized blister experiment, showing a much 
higher interfacial shear stress of 1.64 MPa. Similarly, 
Wei et al [67] demonstrates that multilayer graphene 
sheets dissipate energy through interlayer slippage 
during nanoindentation. This interlayer slippage 
could magnify uneven stress state among individual 
Gr layers, subsequently leads to premature failure 
of multilayer films. The neglect of the appropriate 
consideration on thin film slippage therefore calls 
into question the validity of the resulting mechanical 
properties, especially for the maximum stress. 
Equation (3) should be modified and scaled to estimate 
the strength of the multilayer [67, 68].
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4.  Mechanical properties of 2D materials 
and heterostructures

4.1.  Modulus and strength
Monolayer graphene flakes are deposited on substrates 
having holes, and their properties are characterized by 
nanoindentation (figure 3(c)). Using the AFM, force-
displacement curves are measured until the graphene 
is fractured (figure 3(d)). Based on these curves the 
2D stiffness and strength (E2D, σ2D) are estimated to 
be 342 N m−1 and 55 N m−1, respectively [44]. The 3D 
parameters can be derived by considering the thickness 
of graphene to be the interlayer distance of graphite 
~0.334 nm, with the corresponding values being 1 
TPa and 130 GPa for Young’s modulus and intrinsic 
strength, respectively [44]. Although the mechanical 
properties of graphene are now well-established (for 
example the value of 1 TPa for Young’s modulus is 
accepted by the vast majority of the community), 
stretching uniaxially a suspended pristine single 
layer of graphene until fracture remains a challenge. 
The modulus of graphene can also be estimated 
from the shift of the 2D Raman peak due strain to be 
1 TPa [69]. This method does not necessarily need 
a measured thickness for graphene, validating the 
nanoindentation measurement. Similar values of the 
Young’s modulus are obtained by various atomistic 
approaches such as ab initio calculations [70] and MD 
simulations [71, 72].

Similar experiments can be performed on thicker 
graphene flakes with thickness of two and three layers. 
While there are no significant differences regarding the 
stiffness, a small decrease in strength with the increase 
in thickness is observed, which is attributed to the 
higher strain concentration on the outer monolayer 
[68]. Further investigation of bilayer and trilayer gra-
phene flakes subjected to loading-unloading cycles 
reveals that interlayer slippage also occurs in few-layer 
graphene flakes, leading to a repeatable dissipation of 
energy [67].

In practical applications, graphene produced 
by CVD will be used, and thus understanding the 
mechanical properties of CVD graphene is necessary. 
Monolayer graphene synthesized by CVD contains 
defects such as grain boundaries and wrinkles, formed 
during growth [27]. Studies show that the wrinkles 
and grain boundaries, which are inherent in the struc-
ture of the CVD graphene, can significantly decrease 
the in-plane stiffness and strength of graphene [62]. 
In some cases, high quality CVD graphene can be as 
strong as exfoliated graphene (modulus of 1 TPa and 
strength in the range of 90–99 GPa) by taking special 
care in the transfer process to avoid damage or rippling 
[48]. Moreover, the intrinsic crumpling in graphene 
structure lowers its stiffness [23] and can cause a non-
linear response under biaxial stress [73].

Besides these experimental demonstrations, there 
are theoretical studies reporting intriguing findings 
on the effect of defects such as grain boundaries on the 

strength of graphene [74, 75]. In both studies [74, 75], 
tilt grain boundaries are introduced in the graphene 
structure and the density of defects increase with the 
increase in the tilt angle (tilt angle was defined as the 
mismatch angle between the right and left grains [74]). 
In Grantab et al [74] the MD simulations show that the 
fracture strength increases with the increase in the tilt 
angle and therefore with the increase of the defect den-
sity. These unintuitive results can be explained by iden-
tifying the initial critical bond length (critical bonds 
are these that first break under tension) and its corre-
lation with the induced prestrain in these bonds. The 
larger angles create smaller critical bond lengths which 
are closer to that of pristine graphene, and the higher 
the angle, the lower the initial prestrain which accom-
modates better the defects and hence, the strength 
is higher in these cases [74]. In the paper by Wei et al 
[75] a wider range of tilt angles is examined with MD 
simulations, and the results in this study show that the 
defects can either strengthen or weaken the graphene, 
depending not only on the density of the defects, but 
also their detailed arrangement.

Another intriguing finding is that a defect content 
up to 0.2% in the structure of single layer graphene, 
can increase the modulus up to 550 N m−1, while fur-
ther defects start to decrease the modulus [76]. These 
results are explained using the thermodynamic theory 
of thin membranes, which takes into account anhar-
monic effects. The anharmonicity results in a coupling 
between in-plane and out-of-plane fluctuations, such 
that the in-plane stiffness is proportional to the inverse 
length of the flexural phonons. To explain the counter-
intuitive increase in the stiffness with small amounts 
of defects, the authors hypothesize that the presence of 
defects in the graphene structure suppresses the long 
wavelengths encountered in large samples hence caus-
ing an increase in the E2D [76]. This also suggests that 
the suppression of the thermal fluctuations has a criti-
cal effect on the negative thermal expansion coefficient 
(TEC) and on the elastic constants of graphene [77]. 
In order to test this hypothesis, suspended graphene 
drumheads are tested under pressure by nanoindenta-
tion [77]. The applied pressure induces a homogene-
ous strain in the graphene drumheads, ensuring the 
flattening of the thermal fluctuations. Indenting these 
pressurized membranes, indeed shows enhancement 
in the E2D and Poisson ratio as well, which is explained 
by the thermodynamic theory of thin membranes [77]. 
Strain dependent elastic properties have also been pre-
dicted by MD simulations [78]. The decrease in TEC 
of graphene is also confirmed by similar experiments 
performed on suspended graphene and MD simula-
tions [79].

Shekhawat and Ritchie [80] studied the statistical 
variation of the strength of polycrystalline single layer 
graphene containing defects such as grain boundaries 
and triple junctions by taking into account the grain 
size and the strain rate of the loading. Using Kramer’s 
theory, combined with extreme values statistics, they 
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derive the following expression for the survival prob-
ability of the graphene loaded with strain rate ε̇ up to 
a stress σ [80]:

S (σ |L,µ, ε̇ ) = e
− L2

.
ε̇0

µ2ε̇ (
σ−σ0

ν )
m

.� (4)

Where L is the linear size of the polycrystalline 
graphene, μ is the linear size of the grain, m is the 
Weibull modulus, ε̇0 is a reference strain rate for 
normalization, σ0 is the rescale location and ν is 
the scale parameter. The rescaled parameters σ0, 
ν and m are true materials properties, while the 
effect of structural parameters on strength (system 
size, grain size and loading rate) is captured by the 
non-linear parameter ~L2ε̇0/µ

2ε0 in equation  (4). 
The simulations performed for L  =  64, 128, 256, 
512 Å and μ  =  16, 32, 64 Å. Fitting to the results of 
MD simulations for various combinations of the 
parameters L, μ, ε̇, the Weibull modulus of m  =  10.7 
is estimated. This Weibull modulus indicates moderate 
amount of variability of the graphene properties 
compared to ceramics. Equation (4) suggests that the 
strength of a polycrystalline graphene depends on the 
ratio ~L2/μ2 and it varies even for a given grain size.

The nanoindentation method is also used to 
measure the mechanical properties of several other 
2D materials and for a range of thicknesses. Mono 
and bi-layer MoS2 were found to possess modulus 
of 270 and 200 GPa (assuming an effective thickness 
for a mono-layer MoS2 of ~0.65 nm), with the corre
sponding strengths being 22 and 21 GPa, respectively 
[59]. Similar results have been obtained for monolayer 
MoS2 and WS2 synthesized by CVD [49]. Although the 
fracture of MoS2 is brittle, it is possible to induce plas-
tic deformation before fracture. The emission of dislo-
cations and their influence on the crack propagation 
is examined by in situ transmission electron micros-
copy for single layer MoS2 with 1% sulfur deficiency 
[81]. These experiments reveal the plastic zone near 

the crack tip having 2–5 nm width in vacuum, while 
under corrosive environment the plastic zone can be 
as large as 5–10 nm. In MD simulations of nanoidenta-
tion experiments, plastic deformation occurs in single 
layer MoS2 due to phase transformation at a pressure 
of ~36 GPa under the tip [82].

Suspended mono and bilayer molybdenum disele-
nide MoSe2 synthesized by CVD are tested by uniaxial 
tension in situ in a SEM chamber. The samples exhibit 
brittle fracture, with an average strength of 4.8 GPa, 
while the average elastic modulus is found to be 
177.2 GPa, which is in agreement with results obtained 
by theoretical calculations [83]. Multi-layer (~five to 
fourteen layers in thickness) WSe2 are also examined 
by indentation, and the obtained elastic modulus and 
strength are 167 GPa and 12.4 GPa, respectively [84].

Recently, mechanically exfoliated hBN flakes con-
sisting of one to nine layers in thickness were tested, 
and the elastic modulus and strength were found to 
be 865 GPa and 70.5 GPa, respectively [85]. Although 
hBN’s strength is lower than graphene’s, its strong 
interlayer adhesion offers a unique advantage: there is 
no significant decrease in modulus and strength with 
the increase in thickness as shown by these experi-
ments. Earlier experiments on hBN flakes produced 
by CVD with thicknesses between 1–2 nm measured 
lower modulus than the theoretical value and the 
results from exfoliated samples. These lower values are 
attributed to possible stacking faults created during 
the CVD synthesis [60].

Black phosphorous (BP) is an interesting 2D crys-
tal, also known as phosphorene [86]. Its puckering 
structure (figure 4(d)) gives intriguing mechanical 
properties with high anisotropy.

First principles calculations predict that a sin-
gle layer of BP has a Young’s modulus of 41.3 GPa 
perpendicular to the pucker and 106.4 GPa paral-
lel, to it respectively [89], while in another study the 
values of 44 GPa and 166 GPa are theoretically cal-

Figure 4.  The structure lattice of borophene corresponding to geometries of (a) triangular, (b) v1/6, and (c) v1/5 adapted from 
[87]. (d) The puckered structure of phosphorene adapted from [42]. (e) The buckled structure of single layer silicene from [88]. 
Reproduced with permission from [42, 87, 88].
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culated with the corresponding strength being 8 GPa 
and 18 GPa, respectively [90]. In a recent study [90] 
on thicker phosphorenes (two to four layers), a slight 
decrease in elastic modulus with the increase in thick-
ness is observed. Experimental results obtained by 
nanoindentation are also reported for multi-layer BP. 
Aligned BP samples with thicknesses of 15–25 nm 
were tested by indentation with the corresponding val-
ues for the stiffness/strength being 27.2/2.21 GPa and 
58.6/4.22 GPa for perpendicular and parallel to the 
pucker, respectively [91]. These samples do not show 
signs of thickness dependence. BP samples over cir-
cular holes with thickness of 14.3–34 nm are tested by 
Wang et al [92]. A high elastic modulus of 276 GPa for 
the thinner BP samples is measured, which decreases 
with increasing thickness, and saturates at 89.7 GPa 
for samples with thickness of ~30 nm and more [92]. 
The effect of exposure to ambient conditions (we note 
that the results from [91, 92] are under ambient condi-
tions too) on the mechanical properties of BP is exam-
ined, and the results show that samples with thickness 
of  ⩽6 nm present a significant reduction of the elastic 
modulus while for samples with thickness  ⩾7 nm the 
effect is minor [93].

The mechanical properties of borophenes were 
recently investigated by first-principles calculations 
[87]. Borophenes can have various lattice phases, such 
as triangular, hollow planar, and washboard buckling 
(figures 4(a)–(c)). The lattices are characterized by 
the hollow hexagon (HH) concentration ν, which is 
given by ν  =  m/N with m being the number of HH in 
a unit cell of N triangular lattice. The ν for the exam-
ined lattices with the corresponding results are sum-
marized in table 4 and details can be found elsewhere 
[87]. Besides the triangular phase, E2D is the range of 
161 to 216 N m−1 for all lattices with small anisotropy 
for some cases. The triangular phase presents a more 
intriguing mechanical behavior due to the buckled 
structure that gives a very high in plane stiffness of 
399 N m−1, which is higher than the corresponding 
value for graphene [44].

Several other 2D materials with buckled structures 
exist (figure 4(b)) such as silicene [94–96], stanene 
[96, 97] and germanene [96, 98], which have also been 
examined by MD. The theoretical studies are in gen-
eral agreement to each other with representative values 
for E2D for the armchair and zigzag directions being 
61.7/59 N m−1, 25.2/23.5 N m−1 and 44/43.4 N m−1 for 
silicene, stanene and germanene, respectively [98].

Bilayer heterostructures consisting of graphene/
MoS2 and MoS2/WS2 have been examined using nano-
indentation [49]. The results show that the E2D is 
slightly less than the sum of the in-plane stiffness of the 
single layers indicating not perfect shear interactions 
between the different layers (figure 3(b)). MD simula-
tions are performed in order to examine the mechani-
cal properties of bilayer and trilayer heterostructures 
consisting of graphene and MoS2 for uniaxial ten-
sion [99] and nanoidentation [100] type of loadings; 

both studies show that the modulus and strength of 
the heterostructures is much higher than the modu-
lus of MoS2 because of the enhancement provided 
by graphene. Another heterostructure consisting of 
graphene/stanene/graphene is examined using MD 
simulations [101]. The results show that the modulus 
and strength of the heterostructure are 0.62 TPa and 
67 GPa for the armchair direction, while for the zig-
zag the values are 0.54 TPa and 80.9 GPa, respectively 
[101]. Hybrid in-planar sheets consisting of hBN and 
graphene are examined by MD simulations. For hBN 
embedded with in graphene sheets with various con-
centrations, stress strain curves are obtained by simu-
lations [102]. In both cases, small mixing of the two 
crystals results in a drop in the yield strength of the het-
erostructure but results in plastic behavior [102]. The 
modulus drops with the increased mixing ratio but the 
decrease is small [102]. Results obtained by DFT also 
show a decrease in the modulus of hybrid hBN/gra-
phene even in the absence of defects at the interface of 
the crystals [103]. The effect of grain boundaries com-
posed of 5–7 defects in the interface of hBN/graphene 
is also examined by MD simulations [104, 105]. It is 
found that the tensile strength of the heterostructure 
increases monotonically with the increase of the mis-
match angle at the interface [104], similar to the case of 
graphene [74]. Finally, analytical formulae based on a 
molecular mechanics approach have been derived for 
the prediction of the stiffness and Poisson’s ratio of 
various stacked combinations of single layer 2D crys-
tals [106]. The highest modulus is obtained for com-
binations of graphene/hBN and the lowest for MoS2/
stanene [106].

4.2.  Poisson’s ratio and auxetic behavior
We observe from table 4 that except some extremes, the 
range of the Poisson’s ratio for various 2D materials 
is 0.08–0.27. The knowledge of the Poisson’s ratio is 
needed for the derivation of the elastic properties from 
nanoindentation experiments. Poisson’s ratio can be 
simply obtained from the bulk material or estimated by 
MD calculations. The Poisson’s ratio for phosphorene 
lies outside the aforementioned range due to its 
highly anisotropic structure with values of vxx  =  0.40 
and vyy  =  0.93 for the directions perpendicular and 
parallel to the pucker, respectively (figure 4(d)) [107]. 
Furthermore, monolayer phosphorene exhibits 
auxetic behavior; when stretched (or compressed) 
parallel to the pucker a negative Poisson ratio of 
vyz  =  −0.027 is obtained in the out-of-plane direction 
due to its particular structure [107].

Auxetic behavior can be achieved in single layer 
graphene by introducing double vacancy defects of 
type 5-8-5 [108]. The induced defects in graphene 
result in a wrinkled/crumpled structure which under 
tension flattens out. Owing to this geometry, a clear 
auxetic behavior is achieved, which can also be con-
trolled by the amount of introduced defects [108]. 
Similar results have been obtained and for rippled 
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single layer graphene that in addition to the aux-
etic behavior presents high strength and toughness 
[109]. Moreover, MD simulations showed that nega-
tive Poisson’s ratio can be an intrinsic property of 
graphene when stretched up to tensile strain of 6% 
[110]. Another intriguing behavior presents the boro-
phene with the triangular lattice phase (figure 4(a)) 
[87]. When the direction of tension is transverse to the 
ridges, Poisson’s ratio is zero, while it takes a negative 
value when the tension is applied parallel to the ridges. 
This is related to the buckled structure of the sheet 
where the buckling amplitude tends to decrease when 
the sheet is stretched and the ridge-to-ridge distance 
increases causing expansion lateral to the direction 
of the applied tension. Negative values of Poisson’s 
ratio possess a monolayer Be5C2 too, due to its buckled 
structure [111].

4.3.  Bending rigidity
The bending rigidity (B) of 2D materials is another 
important property, crucial to the formation of out-
of-plane deformations such as wrinkles, ripples, and 
crumples, which modify the properties of 2D materials 
[19, 20]. For example, the wettability of MoS2 can 
be controlled by the magnitude of the applied strain 
that induces crumpling [112] and in few-layer black 
phosphorus the optical properties can be altered by 
bending-dominated rippling [113]. B has important 
implications on the E2D values measured using the 
nanoindentation and pressurized blister experiments. 
For monolayers (and for few-layers depending on the 
case, see section 3), the very low resistance to bending 
justifies the membrane behavior (i.e the contribution 
of the bending energy is negligible) [10].

The bending rigidity values of 2.75 eV and 1.87 eV 
were measured for a single layer graphene in the zig zag 
and armchair directions respectively [114]. These val-
ues agree well with those obtained by the phonon spec-
trum of graphite [115] (~1.2 eV), ab initio (~1.6 eV 
[116]) and DFT (~1.44 eV [117]) calculations, as 
well as by empirical potentials considering the effect 
of dihedral angles (~1.4 eV [118]). We also note that 
recent studies suggest that the bending stiffness of sin-

gle layer graphene is size dependent, and is found to be 
considerably higher for large area graphene sheets due 
to the thermal fluctuations [6, 119]. The thermal fluc-
tuations and static ripples induce an effective thicken-
ing of the membrane in a similar way that a piece of 
paper tends to be more rigid when it is crumpled than 
flat [6]. This result is in agreement with the predictions 
of membrane theory [120] which is commonly used 
in biology and soft matter. Atomistic simulations [78] 
also suggest that not only the bending modulus, but 
all the elastic constants are size dependent and can be 
related to analytical expressions based on membrane 
theory. In this regard, the commonly used theory of 
Föppl–von Karman plates needs to be revised in order 
to be applicable in micron-sized graphene [121]. The 
Gaussian bending rigidity of single layer graphene has 
been estimated to be ~1.52 eV from MD [117] and 
~1.62 eV from a continuum model [122].

It is valuable to discuss the contrast between the 
bending rigidity in 2D materials versus 3D bulk mat
erials. Based on continuum mechanics, the origin of B in 
plates is due to the tension/compression developed in the 
cross section due to bending on both sides of the neutral 
surface and is given by the following relation [123]:

B =
Eh3

12 (1 − ν2)
.� (5)

Where E is the Young’s modulus, h is the thickness 
and v is Poisson’s ratio. For example, applying the 
above relation 5 to a graphene monolayer (where it 
should not be applied) gives a value of ~20 eV which 
is one order of magnitude larger than the B values 
obtained based on atomic-level calculations (see 
below) [123]. Continuum mechanics cannot be 
applied to the estimation of B in the case of atomically 
thick 2D materials. The physical origin of B in a single 
layer graphene is due to the carbon bonds torsional 
stiffness and the bond-order term associated with the 
dihedral angles [118] which differs from the tensile/
compression seen above/below the neutral surface in 
continuum thin plates [123].

The bending rigidity of some single layer TMDs 
based on experiments is in a range of 10–16 eV for 

Figure 5.  Schematic of the experimental setup used for measuring the shear modulus of single layer graphene from [136]. DPO 
stands for double-paddle oscillator. Reproduced with permission from [136].
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WSe2, WS2 and MoS2 [114] (see table 4), without sig-
nificant direction dependence. The experimental 
value for MoS2 agrees well with those obtained by MD 
simulations [124] and by theoretical analysis based on 
empirical interaction potential [125]. For a single layer 
black phosphorus, the resistance to bending is highly 
anisotropic with the values for B of ~4.8 and ~7.9 eV for 
the direction perpendicular and parallel to the pucker, 
respectively [126], using the valence force field model 
to describe the atomic interactions. Similar results 
obtained by atomistic simulations and also deviations 
from the classical plate model were observed which is 
reflected into a directional dependent thickness [127]. 
For a monolayer of hBN, molecular dynamic simula-
tions predict the bending stiffness to be 0.86 eV [128] 
and 1.54 eV [129], while values obtained by density 
functional theory are 0.95 eV [130] and 1.29 eV [131]. 
Relatively large bending rigidity of 38.63 eV possesses 
a single layer of silicene as a result of its buckled struc-
ture; an effective bending stiffness and bending inertia 
is created resulting in higher effective stiffness [132].

For the case of the bending rigidity of multilayer 
flakes there are only a few reported results that focus 
on graphene. Experiments on electrostatic actua-
tion of buckled graphene reveal a value of 35.5 eV for 
the bending rigidity of a bilayer flake [123]. Simula-
tions by a density functional-based tight-binding 
(DFTB) method for multi-layer graphene give high 
bending rigidity for a bilayer of 162.7 eV, 660.3 eV for 
a trilayer [116]. The values for thicker graphenes are 
high enough and the plate phenomenology is restored 
for graphene consisting of three layers and more, con-
sidering that there is not interlayer sliding [116]. In 
contrast, the values obtained by experiments on self-
folding multi-layers on a substrate with non-linear 
mechanics are significantly lower, being ~3.35 eV and 
6.92 eV for a bilayer and trilayer, respectively [133]. 
Values for thicker flakes are presented in table 4.

Plate continuum mechanics can also cause inac-
curacies when used to determine the bending rigid-
ity of multilayer flakes [116, 123]. Bending experi-
ments on multi-layer graphene, hBN [134] and MoS2 
[135] revealed modes of failure related to interlayer 
phenomena such as ripples, kinks, delamination and 
shear sliding depending on the number of layers. This 
indicates the crucial role of interlayer interactions on 
the bending and shear properties of 2D materials, and 
the need for through in-depth understanding of this 
behavior.

4.4.  Shear behavior
Several 2D materials properties can involve shear 
stresses and strains in different loading geometries. 
The torsional shear modulus of monolayer graphene 
produced by the CVD method was measured 
experimentally by Liu et al [136]. The graphene was 
mounted to a high Q-factor single-crystal silicon 
mechanical double-paddle oscillator and the shear 
modulus was measured based on a resonant frequency 

shift. This technique offers high sinsitivity (see figure 5) 
and the shear modulus value is found to be 280 GPa. 
This experimental value is in good agreement with 
theoretical calculations [136]. Min et al [137] examined 
single layer graphene under shear deformations by 
molecular dynamic simulations. They found that 
wrinkles appear at shear strain of 0.024 while the shear 
strength was 10.5 GPa and 8.7 GPa for the zigzag and 
armchair directions, respectively. Using first principles 
density functional theory, Wei et al [90] calculated the 
shear modulus of phosphorenes consisting of one to 
four layer in thickness to be in the range 41–45 GPa.

In this section, we also consider the shear between 
layers in a vertical stack of 2D crystals. There is a very 
large variation in the reported values of interlayer 
shear, and the discrepencies between these values are 
poorly understood. Thus, more profound exper
imental and theoretical investigations are necessary 
in order to clarify the role of interlayer interactions 
under shearing of 2D materials. For example, on one 
end, it is observed that monolayers of graphene can 
slide with respect to the underlying highly ordered 
pyrolitic graphite (HOPG) due to the weak van der 
Waals bonds, a phenomenon often called superlubric-
ity [138, 139].

Chen et  al [133] estimated the bending stiffness 
and the interlayer shear modulus for few-layer gra-
phene based on the curve/folding characteristics of 
self-folding multilayers graphene on a substrate. The 
geometry of the folds was measured with AFM. They 
then applied a nonlinear mechanics approach to cal-
culate the bending rigidity B [133] and they found that 
shear modulus is in the range 0.36–0.49 GPa. They 
reported that the interlayer shear modulus depends on 
the number of layers of the samples [133]. The range of 
these values is close to early measurements of the shear 
modulus of much thicker (up to 2–3 mm) graphite 
samples with static and ultrasonic tests [140]. Based on 
Raman measurements for the shear mode of few layer 
graphene, the interlayer shear modulus governing two 
monolayers was estimated to be ~4.4 GPa [141] and 
with the same method the shear modulus for MoS2 
was estimated to be ~18.9 GPa [142]. Based on similar 
measurements on multilayered samples, the interlayer 
shear modulus for various layered crystals was calcu-
lated [143]. The reported values are MoS2 ~ 19 GPa, 
MoTe2 ~ 21.7 GPa, MoSe2 ~ 18.7 GPa and ~6.2 GPa for 
h-BN [143]. The value for hBN is in reasonable agree-
ment with the value of 7.9 GPa obtained by pressure 
derivatives [144].

Recently, the interlayer shear stress in freestand-
ing bilayer graphene was measured by pressurized 
microscale bubbles (bulge test) combined with Raman 
spectroscopy. Based on these experiments a low shear 
stress of 0.04 MPa is obtained [66]. In this work the 
shear zone and the linear stress built-up from the sup-
ported part of the graphene towards the suspended 
area was captured by Raman mapping. The shift of 
the G peak allows measuring quantitatively the strain 
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profile for the bilayer graphene and the interlayer shear 
between the single layers was extracted based on ana-
lytical modelling fitted to the experimental data. There 
is also a large variation in the reported interlayer shear 
strength of graphite and values in the range 0.25–7 GPa 
were reported [140, 145–149]. One reason for these 
differences [138, 139] is due to interlayer phenomena 
such as lock-in states occurring at certain angles with 
60° periodicity that suppress the self-retraction (this 
means that after releasing of the applied shear force the 
graphite planes return to their initial position) leading 
to higher shear. Another source has been claimed to be 
that there are differences due to the presence of many 
incommensurate states in samples of large dimensions 
that result in superlubric behavior and thus, to lower 
shear strength in such cases [146]. The interlayer shear 
strength of MoS2 was found to be ~25.3 MPa measured 
from experiments performed in a vacuum environ
ment [150] and from experiments in air at zero Hertz-
ian contact pressure for sputtering deposited MoS2 the 
value of 24.8 MPa was estimated [151].

It is evident that the interlayer interactions signifi-
cantly affect the bending and interlayer shear modulus 
and strength. There is a vibrational mode in the Raman 
spectra which stems for shear interactions between the 
layers. The shear modulus estimated from the Raman 
shear mode of graphene [141] is one order of magni-
tude larger than the direct measurements of shear dis-
placement [140]. This discrepancy indicates that more 
studies are needed to understand the type of interac-
tion between monolayers, few number of layers, and 
heterostructures [152, 153].

5.  2D materials’ interfaces

5.1.  Shear and stress transfer in graphene/substrate 
interfaces
In the previous section, the interlayer shear properties 
of homogeneous 2D crystals were presented. The 
knowledge of shear properties between 2D materials 
and the substrates is also crucial for practical 
applications in composites and flexible electronics. 

Owing to its importance, this area is now well-
established and several studies have measured the 
shear strength between graphene and polymer 
substrates for example. It is straighforward to measure 
the interlayer shear by in situ Raman spectroscopy 
during mechanical loading. One of the most common 
and simple techniques to study graphene (and 2D 
materials in general) under mechanical loads is by 
placing the crystal on a polymer substate and applying 
strain to the polymer. The strain on the graphene 
can be monitored by the position of the 2D [154] 
and G [155] Raman peaks which shift due to the 
applied strain. In this type of experiments, the strain 
in transferred to the graphene along the graphene/
polymer interface (figure 6), and by mapping flakes 
accros their length the stress transfer mechanism can 
be examined in detail. Furthermore, the magnitude 
of the shift of the 2D peak of a monolayer graphene is 
now well established—despite some small changes due 
to Poisson’s ratio mismatch and the laser wavelength 
that is used [69]. The 2D peak varies in the range 
~50–64 cm−1/% for uniaxial loading [154, 156]. The 
shift rate of a phonon mode is proportional to the 
Grüneisen parameter which is constant for the various 
types of mechanical loadings and its knowledge allows 
the quantification of level of strain in the crystal 
structure [154]. The value of the Grüneisen parameter 
has been estimated and validated by experiments 
on supported graphene under uniaxial [154] and 
biaxial stretching [157], suspended flakes [158–160], 
and ab initio calculations [161]. It is calculated based 
on the following expressions for either biaxial or 
uniaxial strain field for the 2D peak in graphene [154], 
respectively:

γ2D = −∆ω2D

2ω0
2Dε

or γ2D = − ∆ω2D

ω0
2D (1 − ν) ε

.� (6)

Where Δω2D is the shift of the 2D peak, ω0
2D is the 

frequency at rest, ε is the strain and ν is the Poisson 
ratio. We note that when the 2D material is supported 
by a substrate, the Poisson’s ratio of the substrate must 
be used in equation (6) [154]. Based on the above, the 

Figure 6.  (a) Cartoon showing the strain transfer mechanism and the interfacial shearing between a polymer matrix and embedded 
graphene. (b) Schematic representation of the strain applied in flakes of various length, compared to the external applied strain in 
the polymer matrix (dashed line). When graphene has a critical lc, the stres is fully transferred at its mid point. Below this length, 
the stress is not efficiently transferred to the graphene and interface slip takes place prematurely. Reproduced with permission from 
[164].
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strain on graphene can be captured by the frequency of 
the 2D peak and its shift under mechanical load.

To estimate the shear stress in the interface gra-
phene/polymer, the strain profile across the flake needs 
to be captured. The stress (or strain) is zero at the edge 
of the flake and increases towards the inner part where 
it reaches the maximum value. There is a minimum 
length required for the full build-up of stress (trans-
fer length) and twice its value gives the critical length 
for efficient stress transfer between the matrix and 
the graphene (figure 6). The stress build-up from the 
edges allows the estimation of the interfacial shear 
stress (ISS) using continuum analysis by the balance 
of axial and shear forces at the interface matrix/gra-
phene. These relations, originally developed for com-
posite materials, are known as shear lag theory which is 
applicable only for very low strain levels in graphene/
polymer systems [156, 162]. The shear stress can be 
estimated by the following expression which is derived 
by balancing the shear and axial forces at the interface 
(figure 6(a)) [156, 162, 163]:

(
∂ε

∂x

)
= − τt

tE
⇔ τt = −tE

(
∂ε

∂x

)
.� (7)

Where ε is the strain, τt is the interfacial shear stress, 
E is the Young’s modulus of graphene, and t is the 
thickness of the graphene. The slopes dε/dx can be 
extracted from the conversion of the Raman mapping 
to strain profiles as described above and the interfacial 
shear stress per strain level can be calculated from 
equation (7).

The first study of stress transfer was reported by 
Gong et al [162]. The Raman measurements indicate 
the local graphene strain, and the strain distribution 
across the length of the monolayer graphene is shown 
in figure 7(a). The shear-lag analysis was applied for 
strain up to 0.4%, but for higher strain (~0.6%) a 
different strain distibution is shown due to interface 
slipping. After slipping occurs, the stress is transim-
itted by friction, and the shear stress is in the range 
~0.3–0.8 MPa. More detailed work performed later 
by Jiang et al [156] and the strain distribution for vari-
ous levels of strain is presented in figure 7(b). Sliding 
occurs between the graphene and the polymer sub-
strate at 0.30% of tension and until this level the stress 
transfer can be described by the shear-lag theory. After 
sliding, the graphene continues to take up the tenilse 
strain with a constant interfacial shear. Using a non-

Figure 7.  Strain distribution across the length of a single layer graphene (a) embedded in polymers for strain level of 0.40%, the 
inset shows the shape of the graphene flake [162]. (b) For various strain levels for graphene on a PET substrate [156]. (c) The 
position of the 2D peak for various strain levels for a graphene on a PMMA/SU-8 substrate [163] and (d) the strain distribution of 
CVD graphene on PET for various strain levels with length of 10 mm [165]. Reproduced with permission from [156, 162, 163, 165].
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linear shear-lag analysis the values of 0.46–0.69 MPa 
are obtained for the interfacial shear strength. In a later 
study by Anagnostopoulos et al [163], a single layer 
graphene/polymer system was examined by collect-
ing Raman measurements with a very fine step in the 
nano-meter scale across the length of the graphene 
as can be seen in figure  7(c). The resutls shown in 
figure 7(c) reveal that doping at the edges can signifi-
cantly affect the stress transfer mechanism which also 
in this case deviates from the classical shear-lag theory. 
The ISS of 0.40 MPa is obtained in agreement with the 
previous studies [156, 162].

The stress transfer mechanism has also been 
examined for single layer CVD graphene on a PET 
substrate [165]. In this study, the effect of graphene’s 
length (parallel to the direction of loading as shown 
in figure 6(d)) on the interface shear was examined by 
selecting graphene with constant width of 2 mm and 
varying length ranging from 20 μm to 10 000 μm. The 
interfacial shear strength exhibits a size effect depend-
ing on the length of graphene and decreases with the 
increase in length. For a length of 20 μm, the shear is 
~0.314 MPa, and drops to ~0.004 MPa when the length 
is 10 mm. This high decrease of the shear strength 
with respect to the length of graphene is attributed to 
roughness, impurities and defects impeding the con-
formation of the graphene to the polymer. The smaller 
flakes are smoother and have less impurities, which 
result in better bonding and conformation of the gra-
phene to the substrate [165]. In similar samples, slid-
ing occurs at 0.5% applied strain to the PET, while the 
maximum local strain in the graphene is ~1.03% and 
debonding occurs at 2% [166].

The ISS in graphene/polymer materials is rela-
tively weak and affects the stress transfer efficiency 

which might cause a decrease in the level of reinforce-
ment provided by graphene. In order to improve the 
ISS Wang et al [167] chemically oxidized the graphene, 
and created H-bonds between the oxidized graphene 
and the polymer substrate. Using this chemical modi-
fication of the interface, the ISS increases from 0.6 MPa 
to a maximum of 1.7 MPa depending on the level of 
oxidation. Another way to increase the ISS in such 
composites is the creation of wrinkle corrugation in 
graphene with a conformal adhesion to the underly-
ing polymer [168]. The wavy graphene/polymer sur-
face creates mechanical interlocking, increases the 
ISS which results in more efficient stress transfer. This 
effect is very beneficial for wrinkled tri-layer graphene 
flakes on polymer, leading to more effective reinforce-
ment of polymer nano-composites with high volume 
fraction.

One of the most important outcomes of these 
studies is that the shear stresses in the interface gra-
phene/polymer are quantitatively measured, as well as 
the length of the graphene required in order to achieve 
efficient reinforcing to the polymer (figure 6) [164]. A 
more comprehensive discussion on the subject can be 
found elsewhere [15, 164]. It will be pointed out later 
that the study of interfaces is crucial also in designing 
materials of layer-by-layer in order to achieve high 
toughness using 2D materials and thus, our knowledge 
must be expanded for other 2D crystals and various 
interfaces.

5.2.  Friction and lubrication
The friction forces developed between solids impact 
the energy dissipation and fracture of structures across 
all scales. Friction studies in 2D materials are not only 
important for NEMS devices and composites, but also 

Figure 8.  (a) Schematic of the puckering effect [177] (reproduced with permission from [177]). The tip causes out-of-plane 
deformation during sliding on a graphene sheet. (b) The friction force during a scanning distance of 2 nm for a single layer graphene 
[178] (reproduced with permission from [178]). (c) and (d) Interaction of the AFM probe parallel and perpendicular to the wrinkles 
direction in CVD single layer graphene ((c) and (d) reproduced with permission from [176]).
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to provide new knowledge on the origin of friction at 
the atomic scale. For example, it is well known that bulk 
graphite [139] and MoS2 [169] are solid lubricants. At 
the nanoscale, 2D materials exhibit friction properties 
highly dependent on the number of layers, the 
environment and the support substrates. Frictional 
behavior of 2D materials is studied by friction force 
microscopy (FFM) [170]. Initial studies on mono and 
bilayer graphene on SiC(0 0 0 1) using FFM show that 
the friction is higher in monolayer graphene than the 
bilayer, due to a dramatic difference in the electron–
phonon coupling [171]. The same trend observed in 
another study as a result of the so called puckering 
effect [170]. When the tip slides over the graphene, 
van der Waals forces cause out-of-plane deformations 
which in turn increase the contact area between the 
tip and the graphene, leading to higher friction (figure 
8(a)). The low bending rigidity hence results in higher 
out-of-plane deformations and increased friction. 
The coefficient of friction and the bending rigidity are 
coupled in 2D materials and heterostructures. Another 
remarkable finding is the increase of the friction force 
during scanning. As the tip slides, it exhibits stick-slip 
motion, and the force after each slip increases in both 
forward and backward scanning directions, creating a 
tilted friction hysteresis loop. This behavior is thickness 
and substrate dependent, and vanishes for the bulk 
material (see figure 8(b)). The increased friction with 
the decrease in number of layers also holds for various 
2D materials such as MoS2, boron nitride and NbSe2 

as shown by FFM [170] and more recently in other 
materials like black phosphorus [172] and WSe2 [173].

A recent study explains in more depth the exper
imental observations for the thickness dependent fric-
tion and the strengthening effect in 2D materials by 
extensive MD simulations [174]. These simulations 
reveal that the puckering effect solely cannot cause 
these effects, but two more key mechanisms con-
tribute to this behavior. Due to van der Waals forces, 
the 2D monolayer is attracted to the tip and deforms 
out-of-plane during sliding. These phenomena can 
be explained by considering atomic-level interac-
tion mechanisms. The interfacial commensurability 
increases and the atoms are pinned more strongly to 
the tip to minimize their potential energy [174]. This 
effect is more pronounced in thinner flakes due to the 
lower bending stiffness which provides higher level 
of configurational freedom [174]. Another impor-
tant outcome of this work [174] is that wrinkling can 
increase significantly the friction forces.

Anisotropic friction is another important effect for 
these 2D crystalline materials. Monolayer graphene 
produced by mechanical exfoliation contains domains 
with anisotropic friction with a periodicity of 180° 
[175]. The anisotropic domains are distinguished by 
FFM measurements, and the friction properties can-
not be correlated to any detectable topographic char-
acteristic. This can be attributed to anisotropic sub-
Angstrom ripples and puckering effects resulting from 
the motion of the AFM tip with respect to the substrate 

Figure 9.  Experimental observation of Moiré patterns for graphene-on-hBN samples with different relative orientation angles. (a) 
Local resistance measured by conductive AFM for one of our graphene-on-hBN samples with an 8 nm Moiré pattern. Colour scale: 
from white to black is from 105 to 120 kΩ. (b) Same as in a for a sample with a 14 nm Moiré periodicity—the crystallographic axes 
of graphene and hBN are practically aligned. Colour scale: from 135 to 170 kΩ. (c) and (d) Young’s modulus distribution, measured 
in the PeakForce mode, for structures with 8 and 14 nm Moiré patterns, respectively. (e) and (f) Cross-sections of the Young’s 
modulus distribution taken along the dashed lines in (c) and (d), respectively, and averaged over ten scanning lines (approx. 2.5 nm). 
(g) Ratio between FWHM of the peak in the Young’s modulus distribution (as marked by arrows in (e) and (f)) and the period of 
the Moiré structure L, as a function of the period of the Moiré structure for several of our samples. The error bars are determined 
by the distribution of the sizes of the domains and domain walls measured over an area of 0.5 μm  ×  0.5 μm. (h) Young’s modulus 
distribution across an unaligned sample (angle between graphene and hBN  ∼15°). Scale bars for (a)–(d) and (h) are 10 nm. 
Reproduced with permission from [184].
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[175]. Anisotropic friction can be observed in FFM 
experiments on CVD monolayer graphene supported 
on Si/SiO2 substrate [176]. In this case, the transferred 
CVD graphene is anisotropic due to aligned wrinkling 
[176]. The friction anisotropy is found to be strongly 
affected by the orientation of the wrinkles as depicted 
in figures 8(c) and (d). The friction forces are higher 
when scanning perpendicular than parallel to the 
wrinkles; this behavior is explained by the larger con-
formability between the tip and the wrinkles in the 
perpendicular direction [176] (figure 8(c)).

Bulk graphite or TMDs are routinely used as solid 
lubricants [16]. However, at thicknesses near the 
atomic scale, understanding of their lubricative behav-

ior is lacking. Many questions are raised concern-
ing the behavior of these traditional lubricants in 2D 
configurations. Indeed, untraditional approaches can 
induce low friction by smart engineering of the gra-
phene geometry. For example, superlubricity is dem-
onstrated during the sliding of graphene nano-flakes 
on a graphene surface by STM measurements [179]. 
Similar superlubricity was observed during the slid-
ing of graphene nano-ribbons on gold surfaces, and 
the friction reduction showed size dependence with 
respect to the geometry of the graphene flake [180]. 
Superlubricity has also been observed in macroscale 
by sliding a graphene coated surface against a diamond 
like carbon (DLC) coated counterface and a friction 

Figure 10.  (a) SEM image of the in situ tensile test with the microdevice (b) SEM image of the graphene before testing (reproduced 
with permission from [191]). Schematic of the mechanisms of the (c) interlayer slippage and (d) the asynchronous cracking 
propagation in multi-layer graphene before and after fracture with the yellow arrows representing the direction of tension 
(reproduced with permission from [193]).
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coefficient of ~0.004 was estimated [181]. The friction 
coefficient is also extremely low between two incom-
mensurately stacked single layers MoS2 with its value 
being in the range of 0.8  ×  10−4–2.6  ×  10−4 [182].

5.3.  Moiré patterns
One recent area of study that is gaining interest is that of 
Moiré patterns emerging on 2D heterostructures and 
their effects on local material properties. The Moiré 
phenomena have long been used in interferometry 
[183]. Moiré patterns and beats can be observed in 
layers of crystalline sheets with similar lattice constants 
and/or with relative twist angles between the layers. 
An example is shown in figure  9 for two hexagonal 
lattices (hBN and graphene) with lattice mismatch 
and rotations [184]. In real materials systems, Moiré 
patterns can be quantified using the so-called van der 
Waals dislocations, or interlayer dislocations [185]. 
These patterns give rise to regions of commensurability 
and incommensurability in the lattice stackings, which 
in turn result in changes in local properties. Both 
lattice mismatch and rotation change the periodicity 
of the commensurate-incommensurate regions, and 
so change the Moiré pattern and periodicity in local 
properties. AFM and scanning tunneling microscopy 
(STM) studies of Moiré patterns of graphene on 
hBN reveal dramatic differences in mechanical and 
electrical properties between the commensurate 
and incommensurate regions; examples are shown 
in figure  9, below, for local modulus change in two 
different Moiré pattern configurations achieved by 
varying the rotation of the graphene layer with respect 
to the hBN [184]. Computational and experimental 
methods are being used to help pave the way towards 
engineering local material properties by exploiting 
these effects [184–188]. Moiré patterns have been 
observed experimentally for graphene on hBN [184], 
SiC [187], and (1 1 1) facets of FCC metals [189].

6.  Toughness and composites

6.1.  Fracture toughness of 2D materials
Besides strength, toughness is a crucial property for 
the use of materials in structural applications, and the 
conflict between these two properties is well known 
[190]. Fracture toughness can be evaluated in the linear 
elastic regime by methods of fracture mechanics sush 
as the critical stress intensity factor of mode I (KIC), 
which is the crack driving force and the strain energy 
release rate (G). The fracture toughness of single layer 
graphene has been examined experimentally in situ 
by stretching of suspended pre-cracked flakes with a 
micromechanical device and a nanoindentor while it 
was monitored by real-time observation in a SEM as 
shown in figure 10 [191]. The measured energy release 
rate is 15.9 J m−2 with the critical stress intensity factor 
being 4 MPa  √ m [191]. This value corresponds to 
a brittle material, which is expected for graphene. 
The crack propagations is also examined in defective 

graphene using nanoindentation [192]. The results 
show that the defects confine the propagation of the 
cracks, through a mechanism that favors the cracks 
to follow directions where higher number of defects 
is present, contrary to pristine graphene where the 
cracks follow straight lines [192].

The fracture toughness of CVD graphene has also 
been indirectly measured by stretching the graphene 
supported on copper foil until fragmentation, and the 
calculated value is 16.5 J m−2 [199] similar to the other 
studies. Similar values have been obtained by MD [80, 
200] and molecular mechanics simulations [201] on 
polycrystalline graphene (in molecular mechanics clas-
sical mechanics is used to describe molecular interac-
tions). The dependence of the toughness on the grain 
size or the number of layers of graphene is not well-
understood. Intriguing results have been reported from 
experiments of pre-cracked multilayer graphene under 
tension that show that the multilayers have higher 
fracture toughness than a monolayer [192, 202]. In 
pre-cracked multilayer graphene specimens, although 
the initial crack tip was at the same position for each 
layer, the cracks propagate asynchronously in each 
monolayer, and with dissimilar crack paths (figures 
10(c) and (d)). This phenomenon can be attributed to 
the weak interlayer interactions, which also relaxes the 
crack driving force due to the interlayer slip therefore 
dissipating the elastic strain energy [193]. The over-
all behavior is reminiscent of laminate structures and 
layered materials [193]. The stress intensity factor for 
bi-layer is ~8.5 MPa  √m and in the range of 9.17–16.8 
for trilayer [193], values higher than the corresponding 
value for mono-layer 4 MPa  √m [191].

MD simulations reveal that a monolayer graphene 
can be toughened by the introduction of topological 
defects [26]. A ‘graphene ruga’, a curved sheet with 
sinusoidal morphology created by periodically distrib-
uted pentagons–heptagons, possesses higher tough-
ness than the pristine graphene due to an atomic scale 
crack bridging, accompanied by a decrease in modu-
lus and strength [203]. We note that the topic of frac-
ture of graphene has been discussed in other review in 
detail [14].

The fracture behavior of MoS2 has been studied 
both by experiments and theory. MD simulations 
were performed, appropriately tuned to describe the 
fracture of MoS2 [194]. The energy release rate com-

Table 3.  Fracture properties of various 2D materials.

2D material

Toughness  

(energy release 

rate) (J m−2)

Stress intensity  

factor KIC  

(MPa  √m)

Graphene (1L) 15.9 [191] 4 [191]

Graphene (2L) — 8.5 [193]

Graphene (3L) — 9.17–16.8 [193]

MoS2 33.48–39.73 [194] 1.3–1.8 [195]

h-BN 0.038–0.072 [196] 5.56/5.35 [197]

Black phosphorus 5.66–16.66 [198] —
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puted from the MD simulations is 2.09 eV Å−1 and 
2.48 eV Å−1 for the zigzag and armchair directions, 
respectively. The difference in the energy release rate 
makes the zigzag the predominant direction for crack 
propagation which was also observed in cracked 
CVD MoS2 sheets in a TEM. Wang et al [195] also 
studied the fracture mechanics of monolayer MoS2 
by MD simulations under mixed mode opening and 
in-plane shear. The effective energy release rate is 
found to be 1.3–1.8 MPa  √m for mixed mode load-
ing under different angles. Moreover, they observed 
that zigzag is the preferred direction for crack propa-
gation, which is in agreement with observation of the 
fracture orientation in monolayer MoS2 induced by 
thermal strain [204].

The fracture behavior of phosphorene studied 
by MD simulations [198]. The energy release rate is 
highly anisotropic and depends on the crack orienta-
tion. For the direction parallel to the pucker the energy 
release rate varies with the crack orientation from 5.66 
to 16.66 J m−2 while perpendicular to the pucker it is 
almost constant with value of ~5.66 J m−2.

Tabarraei et al used MD simulations to study the 
toughness and crack propagation path of monolayer 
hBN under mixed mode I and II loading [197]. In the 
zigzag direction the stress intensity factor is found to 
be 5.56 MPa  √m and 6.60 MPa  √m for the modes I 
and II, respectively. The mode I critical stress intensity 
factor of an armchair crack is 5.35 MPa  √m and 5.15 
MPa  √m for cracks with a boron and nitrogen atom 
at their tips, respectively. The mode II critical stress 
intensity factor is found to be higher than mode I, and 
depending on the tip configuration varies from 6.2 
MPa  √m to 7.2 MPa  √m [197]. Buckling also occurs 
when the mode II is the dominant load, as in the case 
of MoS2 [204]. Becton et al examined polycrystalline 
boron nitride monolayer by MD simulations [196]. A 
logarithmic relation between the energy release rate 
and the length of the grain size is obtained, with val-
ues in the range ~0.038 to ~0.072 J m−2 for lengths of 
~3–12 nm, which is smaller than the values for gra-
phene [196]. Finally we mention that fracture proper-
ties of several 2D crystals extracted based on a correla-
tion method that estimates the fracture compared to a 
reference crystal with known properties [205]. Based 
on this method an estimation of fracture properties is 
possible based on ratios of known properties like the 
Young’s modulus. The toughness measurements and 

predictions in the literature are summarized in table 3.

6.2.  Composites incorporating 2D materials  
and heterostructures
Materials having simultaneously high strength and 
toughness are needed in structural applications but 
these two properties tend to be mutually exclusive 
[190]. While this is particularly true for monolayers, 
it may not be the case for heterostructures. In this 
regard, biological materials like nacre can serve as 
model materials in order to achieve simultaneously 

enhancement in strength and toughness [206]. 
Herein we are mostly interested in nacre because 
its layered structure present similarities with the 
structure of the layered 2D crystals. We speculate 
that a great potential is expected in designing tough 
heterostructures where alternating layers, each having 
down to single atom thickness, can toughen materials 
by varying the potential energy ahead of the crack tip. 
These new concepts will rise in the next few years as 
the fabrication and assembly of 2D heterostructures 
becomes a more common practice. Nacre, exhibits 
an amplification in fracture properties that surpasses 
the corresponding properties of the constituents. 
This intriguing mechanical behavior stems from its 
‘brick and mortar’ structure along with other factors 
such as the geometry and the interfacial interactions 
[207–210]. The structure of periodically varying 
layers of different stiffness can be found and in other 
damage tolerant biological materials such as the 
bone and deep-sea glass sponges [211]. Inspired by 
these materials, Kolednik et al [212] studied how the 
layered assembly can be optimized in order to achieve 
high toughness without compromising the strength. 
Their main findings are (i) the thickness of the layers 
must be as small as possible, (ii) the difference in the 
moduli between the two layers must be high and (iii) 
the shear in the interface of the two layers must also 
be high. Since monolayer graphene is the stiffest and 
strongest known material, it fulfils the rules (i) and (ii) 
the best among all materials. For example, graphene 
laminated with very thin layers of a polymer or metal 
could potentially show great damage tolerance while 
retaining the high strength if a strong interface exists 
between the layers.

Due to the similarity in structure of layered mat
erials with nacre, 2D crystals offer opportunities to 
develop composites of high toughness and moreo-
ver can be engineered to design materials of tailored 
combinations of strength and toughness (figure 1). 
The amplification of toughness in few-layer graphene 
compared to single layer has already been demon-
strated [193]. Despite the weak interlayer bonding, 
more energy can be dissipated and increased fracture 
toughness beyond the sum of that of the individual 
mono-layers was observed [193]. Based on the analy-
sis of the previous paragraph, varying stiffness in a 2D 
heterostructure, for example graphene/MoS2 that have 
significantly different moduli is expected to further 
amplify the toughness in such structures. Interestingly, 
there is a large playground offered by the available 
variety in the properties of 2D materials (modulus, 
thickness, interlayer interactions etc) for engineer-
ing assemblies of 2D heterostructures with tailored 
combinations of strength and toughness and other 
mechanical properties as well. Incorporating thin lay-
ers of polymers (or even metals [213]) in LBL assem-
blies increases the opportunities for designing multi-
functional nano-composites. For example, a bilayer 
of metal/few-layer graphene produced in situ showed 
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that the enhancement in toughness is higher than the 
predicted values based on the rule of mixtures [213]. It 
is worth noting that another class of 2D materials such 
as metal-organic frameworks (MOF) offer opportuni-
ties for further multi-functionalities in heterostruc-
tures with 2D crystals [214]. Their modulus can be sig-
nificantly lower than the modulus of 2D crystals with 
values of 5 GPa [214].

Graphene-based laminates already demonstrated 
to be effective as the ‘brick’ constituent in layered 
materials integrated with polymers and promising 
results have been reported [215]. CVD derived single 
layer graphene integrated in layered assemblies with 
polymers, exhibits significant improvements in mod-
ulus and strength in a low content volume fraction  
[216, 217]. Although these results are promising 
regarding the enhancement in modulus, to our knowl-
edge the effect on toughness has not been examined.

In order to increase the toughness of the LBL 
assemblies, besides the stiffness variation, other fac-
tors need to be taken into account such as the overlap-
ping lengths of the ‘bricks’ [218]. The study by Wei 
et al [218] shows that the overlapping length is related 
to the mechanical properties of the constituents and 
the transfer of the shear stress, and there is a critical 
length that optimizes the toughness of the materials. 
Moreover, coarse grain simulations in multi-layer gra-
phene assemblies suggest that the overlap length is an 
important factor and different overlap ratios govern 
the optimization of the strength and the toughness 
of the resulting structure [219]. It is apparent that the 

load transfer through shearing is a critical factor for 
the design of composites as described in the previous 
sections, but our current knowledge is limited to gra-
phene/polymer systems.

7.  Applications: atomically thin, multi-
functional and reliable flexible electronics 
based on 2D Kirigami

The principles discussed in this review could 
revolutionize flexible and biological electronics [220]. 
The transverse stiffness of atomically thin materials 
could be as small as biological cell walls, and as such can 
confirm to these walls to create hybrid bio-electronic 
interfaces. From a mechanics perspective, this extreme 
bendability can only be achieved owing to the atomic 
thickness of these materials combined with the van der 
Waals interaction among the layers. Stretching can be 
achieved by cutting slits into the materials, a technique 
inspired by the Japanese art of kirigami. However, 
which this offers untapped opportunities for material 
design, careful considerations should be directed to 
the mechanics, as well as the coupling between the 
mechanics and electronic properties. For example, 
it is known that sharp cracks could cause high stress 
concentrations, leading to crack propagation. While a 
monolayer of 2D materials (e.g. graphene) is known to 
be brittle, the concepts introduced in this paper point 
to the possibility of increasing the toughness by using 
heterostructures and carefully designed composite 
laminates [221] to dissipate and re-distribute this 

Figure 11.  2D materials Kirigami. Kirigami springs made of (a) paper and (b) graphene. (c) The graphene spring under tensile 
strain of ~70% (reproduced with permission from [6]). The stress–strain response of a (d) graphene (reproduced with permission 
from [222]) and (e) MoS2 kirigami (reproduced with permission from [223]), respectively. The scale bars in (b) and (c) are 10 μm.
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Table 4.  Mechanical properties of various 2D crystals. The derived method in the last column (experiment or theory) refers to the modulus and strength.

2D material (nL  =  No layers) E2D (Nm−1) E (GPa) Strength (GPa) Fracture strain (%)

Interlayer shear 

modulus (GPa) Bending rigidity (eV) Poisson’s ratio Method

Graphene 1L [44] 340 1000 130 30 — 1–2.4 [114, 125] 0.13–0.20 [70, 227–229] Exp.

2L [68] 698 1040 126 — 0.40 [133] 3.35 [133] « Exp.

3L [68] 986 980 101 — 0.49 6.92 « Exp.

4L [67] — 1020 — — 0.47 12.5 « Theory

5L [67] — 1020 — — 0.40 18.1 « Theory

6L — — — — 0.36 28.29 « Exp.

CVD (1L) [48] 324–328 1000 90–99 — — — « Exp.

MoS2 [59] 1L 180 270 22 6–11 — 9.61–10.2 [114, 125] 0.27 [230] Exp.

2L 260 200 21 6–11 19 [143] 74 [100] « Exp.

h-BN [85] 1–9L — 865 70.5 17 7.7 [231] 0.86–1.54 [128–131] 0.21 [131] Exp.

WS2 [49] 1L 177 272 — — — 13.4 [114] 0.21 [232] Exp.

WSe2 [84] ML 596–1615e 167.3 12.4 7.3 — 11.9 [114] 0.19 [232] Exp.

MoSe2 [83] 1L — 177.2 4.8 — 18.7 [143] 6.39–10.14 [233] 0.23 Exp.

MoTe2 1L 79.9–94.07 [232] — — — 21.7 [143] — 0.24 [232] Theory

WTe2 [234] 1L 71.29/106.54e — — 19 — — 0.26/0.38 Theory

Black phosphorus 1L [89] 23/92.3 41.3/106.4 — 48/11 — — 0.40/0.93 Theory

FL [92] — 46–276 2.1–25 8–17 — — « Exp.

Borophene [87] 1L (α  =  0)c 212/212 — ~22/13a ~9/15b — 0.79/0.79 0.14/0.14 Theory

Triangular 399/163 — 20.9/12.2a 8.7/14.3b — 4.76/1.39 −0.23/0 Theory

v1/5 196/208 — — — — 0.52/0.54 0.11/0.12 Theory

v1/6 189/210 — 16.4/15.4a 12.5/10.6b — 0.56/0.39 0.15/0.17 Theory

v1/8 216/222 — — — — 0.74/0.59 0.17/0.18 Theory

v1/12 208/161 — — — — 1.33/0.92 0.08/0.09 Theory

Silicene 1L 61.7/59 [94–96, 132] — 5.85–4.78a 18/9 — 38.63 [132] 0.29/0.33 [98] Theory

Stanene 1L 25.2/23.5 [96, 97] — 2.6/2.2a [98] 17/18d — — 0.36/0.42 [98] Theory

Germanene 1L 44/43.4 [96, 98] — 4.7/4.1a [98] 20/20.5d — — 0.29/0.35 [98] Theory

Be5C2 [111] 1L 32.68/130.03 32.9/130.89 — — — — −0.041/−  0.16 Theory

Bi2Se3 [235] 7–12L — 17.86–25.45 — 4–8.3 — — 0.27 [236] Exp.

a These values correspond to 2D stress in units N m−1.
b These strains correspond to the peak stress where phase transition occurs.
c All borophenes are monolayers but with different HH concentration as discussed in the main text.
d The tensile strain at the peak stress (not at fracture).
e With the ‘—’ we denote range of values between minimum and maximum while with ‘/’ we separate the armchair and zigzag directions.
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strain energy. These insights are still developing among 
scientists in the community, several research studies are 
underway to establish design rules for these materials.

Specifically, Kirigami has attracted significant 
attention as it allows the large stretching of 2D mat
erials and can find application opportunities in flex-
ible electronics. Graphene kirigami was prepared by 
cutting a polycrystalline single layer using optical 
lithography and stretched until 240% without signifi-
cant changes in the conductivity [6]. Other patterns 
were also created and very soft springs were realized 
as well hinges that survived more than 10 000 open 
and close loops [6] (figure 11(a)). The high resilience 
of the patterned graphene is due to its high bend-
ing stiffness as discussed in the corresponding para-
graph. The stress–strain response of graphene kiri-
gami has been examined by MD simulations [222]. 
Four regimes were observed (figure 11(b)). Initially 
the graphene elongates by flip and rotation of the cuts 
followed by stretching of the carbon bonds, which 
causes stress hardening. Applying further stretching 
initiates yielding at the tips of the interior cuts where 
stress is concentrated till the sample fractures at the 
final fourth stage [222]. The strain range of the four 
regimes was found to be dependent on the size of the 
cuts [222]. MoS2 [223] and hexagonal boron nitride 
[224] kirigami sheets under uniaxial tension have also 
been examined by MD simulations. For the hBN the 
response was found to be similar to that of graphene 
[224] with the four distinct stages are distinguished 
in the stress–strain curves as mentioned above, while 
the MoS2 kirigami presents three stages [223] (figure 
11(c)). Because of the significantly higher bending 
stiffness compared to graphene, the MoS2 does not 
present flip and rotation, but elastic bond stretching 
occurs from the first stage [223].

Further, heterostructures have attracted attention 
as potential materials for device applications, such as 
MEMS and NEMS [5, 225, 226]. Current production 
of MEMS and NEMS devices often follows a layer-by-
layer construction scheme. The Lego-like stacking of 
heterostructures held together by van der Waals forces 
makes them attractive substitutes for this scheme 
of device production, but allows for construction 
of devices at a much smaller dimension. Further, the 
excellent properties of 2D materials in many cases may 
outperform the traditional materials used in current 
device production. Many 2D materials have desirable 
electronic properties, and heterostructures of them in 
concert can be used to produce classical device comp
onents, such as diodes transistors, at small scales. Het-
erostructures also serve to enhance the properties of 
the 2D materials they are made of. For example, hBN 
can be used to stabilize graphene layers and construct 
atomically thin electronic devices. As such, hetero-
structures offer a wealth of opportunities to develop-
ing technologies for small scale electronic and flexible 
electronics, as the atomic thickness of 2D materials 

and heterostructures makes most of them very com-
pliant in bending. We refer the reader to the cited arti-
cles for discussion of electronics properties since it is 
out of the scope of the present review.

8.  Crowd-sourced searchable online 
database: 2Dmechanics.com

Research in the field of 2D materials is growing, and 
thousands of papers are published per year across 
all disciplines. In particular, the ideas of designing 
new 2D heterostructures present a myriad of creative 
opportunities in combining 2D crystals in various 
geometries. While, 2D heterostructures are relatively 
new, the number of publications is rapidly growing and 
expected to exponentially increase in the coming years. 
We propose an effective and simple tool to search this 
literature. As a part of this review, we have collected—
to the best of our ability—the measured mechanical 
properties of 2D materials and heterostructures (table 4). 
Further, we propose a semi-live update of this database. 
We will make table 4 available online as a free crowd-
sourced searchable online database for the benefit of the 
2D materials scientific community. Similarly, a database 
for 2D heterostructures is also available. The database can 
be freely accessed through the website 2Dmechanics.com 
which will be maintained by the authors. The idea of this 
database is to organize the literature: interested scientists 
can use Boolean operations to search for a specific 
mechanical property, and combinations of 2D crystals 
or heterostructures. The database will not only generate 
a list of the articles, but also the measured properties of 
interest extracted from those research articles. One can 
use this simple search engine and receive the relevant 
citations with an online link for immediate download 
from the corresponding journal website. For example if 
the bending rigidity of hBN is of interest, the user checks 
the boxes of ‘hBN’ and ‘bending rigidity’ and receives 
the relevant results. While this tool is conceptually 
valuable, its impact relies on active participation from 
the community. As such, an online form will be available 
for scientists to suggest the addition of new articles. 
These suggested articles will be revised and added to the 
database manually. This review’s authors will maintain 
the database.

9.  Conclusions

A myriad of opportunities are emerging at the 
intersection of 2D materials mechanics and 
electronics. With a potential impact ranging from 
multi-functional composites to flexible and bio-
electronics, insights into the design of materials 
engineered from the atomic to the micro and macro 
scales should lead to synergy between mechanics 
and electronic properties. In the present review 
the mechanical properties of 2D materials and 
heterostructures are summarized in an attempt to 
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capture the current progress in the field, as well as 
the route towards their applications. For the use 
of these materials in NEMS or composites, good 
understanding of their elastic, fracture and interfacial 
properties is crucial. Although there has been some 
progress towards comprehensive understanding of 
the mechanics of 2D materials, several important 
questions are still not adequately answered. For 
example, the interplay among these characteristics 
needs further development, such as the relations 
among geometry, number of layers, interlayer 
interaction, interface with the different substrates, 
friction and fracture behavior. The emerging field 
of 2D heterostructures is vastly unexplored from 
a mechanics perspective, while it offers several 
opportunities for the design of novel multifunctional 
nano-composites of tailored mechanical behavior. 
For example, while graphene is brittle, and offer little 
resistance to crack propagation from sharp corners 
encountered in kirigami and other architecture 
designs, vertical and horizontal heterostructures could 
mitigate these limitations. Biomimetic design of such 
composites provides a promising potential for the 
development of highly damage tolerant composites. A 
crucial step towards this goal, is the deep knowledge of 
their interlayer interactions, which is still at its infancy. 
With comprehensive understanding more exciting 
properties and applications of heterostructures can 
emerge. This includes 2D kirigami, which can be 
used to construct atomically thin flexible devices. The 
success of those and other future concepts critically 
depends on the mechanical integrity of these materials 
to enable the fabrication of reliable devices.
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