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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) materials such as graphene and molybdenum disulfide et al. offer significant new pros-

2]? _mate_rials pects for electronics, optics, and biosensing applications due to their unique physical and chemical properties.

Ié‘r_‘gam_‘ The controlled manipulation of such materials to create three-dimensional (3D) architectures is an intriguing
rigami

approach to favorably tuning their properties and creating new types of 3D devices with small form factors.
However, 2D materials exhibit extremely low bending stiffnesses compared with traditional functional materials,
therefore, it is rather challenging to obtain stable 3D structures under van der Waals (vdW) interaction despite
the easier out-of-plane manipulation. The centuries-old paper-shaping techniques named as ‘kirigami’ and
‘origami’ may provide a potential solution to this deadlock. The general idea is that through pre-patterning and
mechanical deformations, 2D materials can be reshaped and transformed into 3D structures on demand, which
extends the application of kirigami/origami from conventional functional films to atomically thin nanosheets.
This kind of shaping and structuring strategy not only integrates 2D materials with 3D micro/nano-structures in a
controllable manner, but also offers a new paradigm for tailoring the properties of 2D materials, thus enabling
more functions beyond the capability of planar geometry. Such 3D micro/nano-architectures containing engi-
neered 2D materials can provide a platform to explore the frontier physics and produce micro/nano-devices with
improved performance or unprecedented functionalities. Hence, it is necessary to review the recent progress in
this emerging field, which combines the exemplary kirigami/origami strategy with promising 2D materials to
increasingly inspire the multidisciplinary applications. This review focuses on 2D materials kirigami/origami,
including intrinsic and engineered properties, mechanisms, methods and applications. The research challenges
and opportunities are also discussed to promote future theoretical and technological studies in this blooming
interdisciplinary field.

3D structures

1. Introduction

Two-dimensional (2D) materials that are only single or few atoms
thick often exhibit extraordinary properties, e.g. very large specific
surface areas, quantum-confined intrinsic electronic properties, and
excellent stimuli-responsiveness [1-4].

One feature that especially benefits from the small atomic thick-
nesses of these 2D materials is their pronounced band tunability, which
gives rise to the possibility of tuning their electronic and photonic per-
formance effectively by mechanical deformations [5-7]. Indeed, the
reported strain-induced tunability has attracted great interest and
opened up a diverse range of next-generation devices (field-effect
transistors, optoelectronic devices, and devices for storing energy, to
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name but a few). To achieve tunable properties, much effort has been
made to ensure that the inherently planar geometries of 2D materials are
assembled macroscopically on a three-dimensional (3D) scale.
However, the atomically-thin nature of 2D materials turns out to be
both a blessing and a curse. On one hand, the bending stiffnesses of 2D
materials tend to be extremely low, which means they are more easily
bent or folded to form 3D structures compared to thicker or bulk ma-
terials. In other words, shaping and structuring 2D materials requires
only a small amount of energy, which is important from a practical
standpoint when facilitating low-power, highly-sensitive devices. On the
other hand, their ultrathin nature means that 2D materials are too soft to
support their own weight, which makes them highly susceptible to
destruction and renders them unlikely candidates for directly creating
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stable 3D structures. For example, hollow 3D graphene structures with
ultrathin walls readily collapse into multifolded structures. In addition,
strong van der Waals forces between nanosheets of 2D materials are
difficult to control in general and often result in aggregation and
restacking. Consequently, manipulating 2D materials to create 3D ar-
chitectures with controllable geometries is currently very challenging.

Origami, the art of paper shaping, is one possible strategy that could
be considered to achieve the creation of nano-, micro-, and macro-sized
3D objects via the folding of the initially-planar sheets. By simply
imposing pre-designed patterns of creases, complex 3D architectures
should be possible by the continuous and direct 2D-to-3D trans-
formation of the sheets via folding, bending and twisting. This kind of
shape-changing strategy has been demonstrated for various materials, e.
g. metallic conductors, semiconductors, dielectrics, oxide insulators,
hydrogels, piezoelectric ceramics, etc. [8]. In recent years, the origami
concept has been extended to the realm of graphene and other 2D ma-
terials which are actually ideal origami materials due to their excellent
mechanical strength, intrinsic flexibility, and strain-engineered
behavior. As a result, many genuinely 3D structures (tubes, wrinkles,
cages, etc.) have been fabricated from 2D materials by exploiting the
origami approach. Furthermore, another strategy called ‘kirigami’ that
similarly originates from the papercraft technique can introduce the cut
patterns into the assembly and enrich the architectures of shaped and
structured 2D materials.

Fig. 1 summarizes the main 2D materials (graphene, hexagonal
boron nitride (h-BN) and transition metal dichalcogenides (TMDs)) that
have been shown to be capable of being assembled into various out-of-
plane structures via different methods, ranging from simple ones
(folding [9], rolling [10], wrinkling [11] and buckling [12]) to more
complex kirigami/origami-based schemes [13,14]. These predictable,
controllable, and scalable approaches to generating 3D structures not
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only provide an innovative perspective to tailor the properties of the
shaped and structured 2D materials but also inspire the creation of
high-performance devices in a wide range of applications [15-26].
Over the past few years, several excellent reviews on origami and
kirigami have been published [27-31], ranging from comprehensive
ones to specific ones. However, as a frontier concept, 2D materials ori-
gami/kirigami is only mentioned and briefly discussed as a section in
some reviews [28-30]. In fact, 2D materials integrated with origami/-
kirigami have been investigated extensively recently, which unveils the
potential of origami/kirigami assembly of 2D materials for novel ap-
plications in the multidisciplinary [19-26]. In particular, some major
breakthroughs have been made in the related frontier area and
demonstrated the promising prospect of 2D materials kirigami/origami,
e.g. atomically precise graphene nano-origami [32] and high-order
superlattices fabricated by rolling up van der Waals heterostructures
[33]. In recognition of the unique advantages and potential of 2D ma-
terials integrated with origami/kirigami, it will be rather instructive to
summarize the latest research progresses on 2D materials kirigami/or-
igami and articulate their significance to interdisciplinary researchers.
In this review, we focus on the kirigami and origami approaches to
shaping and structuring 2D materials. In order to discuss the feasibility
of 2D materials kirigami and origami, the relevant mechanical proper-
ties of 2D materials are firstly introduced. Then, some emphasis is placed
on the driving forces for triggering the process of mechanical assembly.
The following section describes the creation of diverse geometries from
well-defined planar patterns via different shaping and structuring
schemes of 2D materials, covering the basic elements of kirigami/or-
igami assembly (folding, rolling, wrinkling, buckling) and more complex
designs. Thereafter, we summarize the unique properties and promising
applications of 2D-to-3D transformation in fields such as flexible elec-
tronics, energy harvesters, sensors, actuators, robotics, and
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metamaterials. Finally, the challenges and future directions of this
research area are outlined.

2. Mechanical properties of 2D materials

The mechanical properties of 2D materials used are one of the first
elements when considering the suitability of the material for structural
transformation as they play a fundamentally important role in deter-
mining the feasibility and stability of the kirigami/origami assembly.
Atomically-thin 2D materials exhibit exceptional mechanical properties
in comparison to their bulk counterparts. In particular, their mechanical
properties make them ideal for fabricating nanoscale structures and
tailoring their properties for various frontier applications.

However, the mechanical properties of 2D materials are affected by a
wide variety of factors, which makes this research area rather compli-
cated (from the atomic mechanisms underlying their transformations to
their use in actual applications). In order to comprehensively investigate
this key aspect of the research, a great deal of effort has been paid to the
characterization of various significant mechanical properties, e.g. elas-
ticity, fracture properties, and interfacial properties [34-36]. Many of
the methods traditionally used to determine the mechanical character-
istics of bulk materials cannot be adopted to characterize 2D materials.
Therefore, new methods have had to be developed to realize even
straightforward measurements in 2D materials, for example, in-situ
microscopy techniques [35]. In this section, the mechanical properties
of 2D materials are described in detail to demonstrate both the advan-
tages and disadvantages for 2D materials kirigami/origami in terms of
mechanics. We also highlight the opportunities and challenges of
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shaping and structuring 2D materials via mechanical deformation or
manipulation.

2.1. Elasticity

The elasticity of 2D materials describes their most basic mechanical
behavior when they experience elastic deformation (i.e. when the
deformation is small enough that the material returns to its initial state
upon removal of the applied stress). It is worth noting that some 3D
morphologies created from 2D materials can be obtained via bottom-up
elastic deformation, which ensures both the integrity and reconfigur-
ability of the desired structures during the process of kirigami/origami
assembly. It is the in-plane and out-of-plane moduli corresponding to
stretching and bending in the elastic regime that are the critical pa-
rameters needed to interpret the in-plane stiffness and bending rigidity
of such materials, respectively.

The elastic properties of monolayer graphene were first measured by
Lee et al. based on a method of nanoindentation conducted by atomic
force microscope (AFM) [37]. As shown schematically in Fig. 2a, the
AFM tip can be used to apply load to a graphene monolayer suspended
over a circular well and the load is usually applied at the center of the
well to achieve nearly uniform stretching. The graphene monolayer
clamped over the circular hole was in a tautly-stretched state and the tip
load could be estimated at the center point [37]. The data from
AFM-induced nanoindentation produced in the monolayer graphene
flake over holes of different diameters (Fig. 2b) were recorded and used
to generate force-displacement curves (Fig. 2c), thus revealing the
elastic characteristics of graphene. A series of nanoindentation tests
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Fig. 2. The elasticity of 2D materials. (a) Schematic illustration of the measurement of elastic properties by AFM-based nanoindentation. (b) Images of suspended
graphene for measuring elastic properties [37]: (i) scanning electron microscopy (SEM) image, (ii) AFM image. (c) Loading curves as the test results of monolayer
graphene with different tip radii and film diameters [37]. (d) 2D elastic modulus of graphene modulated by defect concentration [45]. (e) Thickness-dependent
bending stiffness of multilayer 2D materials directly measured by pressurized bubbles, between the values of theoretical prediction for perfectly glued (D ~ N%)

and ultra-lubricated (D ~ N) cases [61].
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were analyzed to show that monolayer graphene had an outstanding
elastic modulus corresponding to an average 2D Young’s modulus of 342
+£30Nm .

Other experiments involving nanoindentation [38,39] and other
techniques (e.g. pressurized blister tests [40]) also showed that the
elastic modulus of pristine graphene was surprisingly high, a phenom-
enon that was ascribed to the effect of intrinsic ripples in some cases
[39]. Similar experimental studies were extended to investigate the
mechanical properties of other 2D materials and also observed high
elastic moduli, e.g. 180 + 60 Nm ™! for monolayers of molybdenum
disulfide (MoS5) [41] and 220-510 Nm™! for the hexagonal boron
nitride (h-BN) films [42]. The intrinsic superior stretchability of 2D
materials ensures that they can sustain considerable tensile strain as load
capacity is increased, which facilitates the in-plane manipulation of 2D
materials for shaping and structuring.

It has been found that the existence of defects in 2D materials is
usually unavoidable and has a remarkable effect on their elastic prop-
erties. According to some predictions, defects can generally cause the
degradation of the elastic modulus [43,44]. It was surprising that a
systematic investigation demonstrated that the elastic modulus of gra-
phene could also be enhanced by controlling the introduction of defects
[45]. The control on the defects density was realized by bombarding
graphene samples (previously prepared for AFM mechanical testing)
with known doses of Ar" ions. Fig. 2d shows the relationship subse-
quently obtained between the elastic moduli of the graphene samples
and defect density. It was clear that the 2D elastic modulus of graphene
firstly increased as defects were introduced until a maximum value (550
Nm 1) was reached at a defect density corresponding to 0.2 % of atoms
missing. Further increase in the defect concentration led to a decrease in
the 2D elastic modulus.

Structural defects in MoS; can also tune its mechanical properties,
but the effects are more complex than those in graphene because of its
binary elemental composition and three-atom layered structure [46,47].
For instance, grain boundaries in MoS, can behave as weak links that
induce a remarkable weakening of the elastic modulus [48].

The engineered elastic properties of 2D materials by introducing
defects has been investigated in-depth in other defect-dependent studies
[49,50]. Such studies offer an opportunity for improving the ability of
2D materials to undergo elastic deformation in a controllable way. It is
also shown that defects may occur during the fabrication or transfer
process of 2D materials, thus causing unavoidable detrimental effects.

The traditional membrane models employed to interpret the above
experimental results commonly neglect the effect of the material’s
bending moduli. Nevertheless, the influence of bending moduli is
necessary to be included in a more rigorous analysis, which can obtain
more precise results and elucidate the thickness-dependent elastic
properties. The bending modulus also plays an important role in
describing the flexibility of 2D materials with different thicknesses.
However, it has always been challenging to directly measure the
bending rigidity of 2D materials and the underlying mechanisms are full
of controversy [51-53].

An estimate for the bending modulus of monolayer graphene was
initially derived from the phonon spectrum of graphite, giving a value of
~1.2 eV [54]. The bending rigidity of convex, pre-buckled, graphene
membranes was later determined from the critical electrostatic voltage
that actuated the ‘snap-through’ phenomenon [55]. The bending rigid-
ity of bilayer graphene was obtained by the above method as ~35.5 eV.
Reassuringly, this value fell between two extreme theoretical values: 3
eV, for the case of two monolayers assumed to be independent [56]; 160
eV, for a coupled, plate-like, bilayer [52]. Meanwhile, the rough esti-
mate for the bending rigidity of the graphene monolayer was still quite
low (~7.1 eV), in spite of the high uncertainties.

As might be expected, the bending moduli of 2D materials become
increasingly more significant in multilayer systems. In theory, the me-
chanical behavior of 2D materials will transform from membrane-like to
plate-like as the thickness is augmented. This proposition has been
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verified by the mechanical investigation of pressurized graphene bub-
bles [57] and other 2D materials with thickness effects [58,59]. How-
ever, the out-of-plane elastic behavior of such materials remains
somewhat puzzling as more complex factors like interlayer sliding need
to be considered [60].

Recently, Wang et al. [61] directly measured the bending rigidity of
multilayer van der Waals (vdW) materials based on pressurized bubbles.
A layer-dependent function was introduced to explain the surprising
result that the bending rigidities (D) of graphene, h-BN, and MoS,
increased in the order: Dgraphene< Dh-BN< Dwmos,, which was in conflict
with classical plate theory (Fig. 2e). The bending rigidity of 2D materials
measured naturally increased as the thickness increased, and all of the
values shown in Fig. 2e lay between two theoretical limits (i.e. the
perfectly-glued and ultra-lubricated cases) due to the interlayer shear
effect. Although the bending rigidity of multilayers could be stiffened by
interlayer shear interactions, it was found that the above 2D materials
were still flexible enough to be formed into various out-of-plane struc-
tures via buckling, wrinkling, scrolling, and folding.

In general, the unique elastic properties including high in-plane
stiffness and low flexural rigidity are collective characteristics com-
mon to 2D materials and render these ultrathin nanomembranes
shapeable. It is important to emphasize that the coexistence of in-plane
stiffness and low flexural rigidity endows 2D materials with certain
advantages that favor a diverse range of deformations and structural
transformations, thus avoiding the disruption of the crystal lattice dur-
ing the 3D assembly process. Nevertheless, their flexibility may also
have a detrimental effect on the stability of the 3D structure after the
assembly process, especially in cases involving liquid phases. For
example, 3D hollow structures will be liable to collapse during the usual
drying processes. In addition, the complicated effects of defects on
elastic properties not only remind us that the quality of 2D materials
used can determine the assembly result (to a large extent), but also open
up the possibility of directing and controlling the defects to regulate the
properties of 3D structure constructed.

2.2. Fracture properties

As shown schematically in Fig. 3a, when the load applied by the AFM
tip gradually increases, the test material will begin to deform non-
linearly and fracture eventually occurs. Given the possible large defor-
mation of shaped 2D materials, the fracture strength or toughness of 2D
materials used need to be carefully considered to avoid the structure
failure and guide the mechanics design.

For example, Fig. 3b shows morphologies of three different nano-
bubbles with different degree of deformations, which were formed by
applying programmable AFM tip bias to graphene grown on a Ge (110)
surface [62]. In this specific case, Ge-H bonds existing at the interface
between the graphene and Ge (110) surface were broken by absorbing
energy from the negative tip bias, thus generating hydrogen molecules
to fill the graphene nanobubbles. Furthermore, the change of tip bias
could vary the numbers of Ge-H bonds broken and the amount of
hydrogen molecules, thus regulating the deformation of the graphene
nanobubbles. The graphene nanobubbles produced therefore exhibited
strain distributions and corresponding line profiles that evolved as the
applied bias increased, as shown in the upper panel of Fig. 3c. It is
evident that the deformation degree of shaped 2D materials can be tuned
by the extent of the strain produced. Meanwhile, the fracture strength
and toughness of 2D materials set limitations on the desired deforma-
tion, requiring an appropriate strain range to avoid the potential frac-
ture like crack propagation (Fig. 3c, lower panel) [63].

Graphene and other 2D materials are highly susceptible to defects (e.
g. vacancies, dislocations, and grain boundaries). These defects will also
have a remarkable effect on the fracture behavior of 2D materials ac-
cording to various mechanisms [64,65]. For example, Fig. 3d shows the
schematic illustration of two typical grain boundaries that occur in
graphene with different lattice orientations and tilted angles. Such
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Fig. 3. Fracture properties of 2D materials. (a) Schematic illustration of largely deformed 2D materials when the load of AFM tip increases. (b) AFM images of
programmable graphene nanobubbles with tunable deformations [62]. (c) Line profiles extracted from graphene nanobubbles with parabolic/Gaussian fitting
showing two different deformation stages [62] and usual crack propagation in graphene [63]. (d) Two types of grain boundary in graphene [66] and stress-strain
curve of graphene influenced by grain boundary [67]. (e) Tensile stress-strain curves and fracture strength for polycrystalline graphene modulated by grain size,

shown as (i-iii) different grain sizes [38,70] and (iv) nanocrystalline [72].

typical defects composed of pentagon/heptagon rings can either
enhance or weaken the strength of the graphene [66,67]. On the one
hand, the strength of graphene can be enhanced by the increasing defect
density of grain boundaries with large tilt angles [66]. On the other
hand, both the tilt angle and specific arrangement of defects will influ-
ence the relationship between the strength and defects. Therefore,
strength increases monotonically with tilt angle when ‘armchair’ defects
are involved, but this is not the case with ‘zigzag’ ones [67].

As polycrystalline 2D materials with abundant grain boundaries are
generally easier to produce (especially when large-scale manufacturing
processes are involved), they have attracted enormous research interest
[68]. For the example, the strength of polycrystalline graphene is not
only affected by the grain boundaries but also by the grain size. Fig. 3e
shows a comparison of the results of fracture tests performed on poly-
crystalline graphene samples grown by chemical vapor deposition
(CVD). The results obtained from a sample consisting of large or small
grains are shown in Fig. 3e (i) and Fig. 3e (ii), respectively [38].
Nanoindentation on samples with well-stitched, large-grain, grain
boundaries therefore produced a slightly higher fracture load (3370 +
340 nN) compared to those with small-grain grain boundaries (2590 +

380 nN). Both of these values were comparable with pristine graphene.
The grain-size dependency of the fracture load of polycrystalline gra-
phene was further explored using molecular dynamics simulations,
leading to the establishment of the pseudo-Hall-Petch [69] and inverse
pseudo-Hall-Petch relationships [70], according to different models.

Fig. 3e(iii) shows stress—strain curves for polycrystalline graphene
samples with different grain sizes. It is observed that the fracture
strength in this case increases as the grain size increases, thereby
following the inverse pseudo-Hall-Petch relationship [70]. This
behavior is also consistent with the results of previous experimental
measurements [71]. Recently, the effect of grain size on the strength of
nanocrystalline graphene samples was explored using an ultrafast
quenching technique [72]. Fig. 3e(iv) shows that the fracture strength of
nanocrystalline graphene films can be regulated by the grain size and
also follows an inverse pseudo-Hall-Petch relationship. This behavior is
opposite to that found in nanocrystalline metals.

Enhanced in-plane stiffness and fracture strength with increased
grain size (i.e. the inverse pseudo-Hall-Petch effect) has also been veri-
fied in polycrystalline MoS, [48]. The relatively complex and fickle
circumstances imposed by defects will bring limitations and challenges
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when choosing a 2D material for shaping and structuring in practical
applications. Meanwhile, the grain boundary defects can enhance the
potential of polycrystalline 2D materials, namely providing the oppor-
tunity for the materials to be toughened by engineering the defects in a
controllable manner.

Besides conventional defects, micro/nanofabrication conducted in
2D materials enables the cut patterns, which can be viewed as another
kind of special ‘defects’ with larger sizes. These microscale defects can
play a creative role in the shaping and structuring of 2D materials. Such
an approach is generally referred to as kirigami. The first attempt to
introduce kirigami into graphene was performed in 2015 [13]. As
mentioned in that article, the ratio between the in-plane stiffness and
bending rigidity of graphene suggests that graphene can be stiffened by
ripples to such an extent that it resembles standard paper. As a result of
fabricating cut patterns, the toughness and stretchability of graphene
can be further enhanced, showing that graphene kirigami is able to be an
inspiring approach to designing novel mechanical metamaterials.

2.3. Interfacial adhesion and friction

The large surface to volume ratios of 2D materials has also attracted
enormous attention because surface forces play a significant role at the
interface. Whether these forces act at the interfaces between the layered
materials or between 2D materials and substrate, the effects of adhesion
and friction are intimately connected with any out-of-plane manipula-
tion attempted, and are especially important for the development of
transfer techniques. Interestingly, features induced during the synthesis

(a)
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and transfer processing of 2D materials originally thought to be detri-
mental (e.g. self-tearing [9], self-folding [60], and wrinkles [73]) have
been exploited to investigate the properties of the interfaces and
mechanisms underlying the out-of-plane deformation of 2D materials.
This information has helped build a more solid theoretical basis for
strain engineering and 3D manipulation.

Because of the relatively weak interlayer interactions in 2D mate-
rials, the competition between adhesion energy and bending rigidity will
induce a certain amount of local out-of-plane deformation, as shown
schematically in Fig. 4a. Fig. 4b also shows some experimental de-
formations corresponding to: (i) buckle delaminations [74] and (ii)
blisters [75]. These kinds of deformations provide valuable information
about the interfacial interactions. For example, utilizing the height
profiles of blisters naturally formed in 2D materials on different sub-
strates or vdW heterostructures, work of adhesion values extracted from
various systems are summarized in Fig. 4c, thus demonstrating the
interfacial adhesion between 2D materials and substrates [75].

Interfacial properties play a dominant role in determining whether
interlayer adhesion or separation occurs. Knowing the adhesion be-
tween suitably strained and structured layers can be used to achieve
selective delamination and facilitate the initialization of out-of-plane
deformation, thus guiding the assembly process. Moreover, weak
adhesion will be easily overcome in general, allowing even a small
disturbance to activate a considerable out-of-plane motion. For example,
as shown in Fig. 4d, self-tearing and folding of graphene nanoribbons
from graphene films on SiO; were thermally activated using a nano-
imprint, which allowed the competition between adhesion energy and
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Fig. 4. Interfacial properties of 2D materials. (a) Schematic illustration of the bubble delaminated from the substrate commonly existing in 2D materials. (b) Two
examples of out-of-plane patterns in 2D materials closely correlated to interfacial properties: (i) optical image of delaminations in an exfoliated MoS, flake [74] and
(ii) AFM image of blisters formed in graphene [75]. (c) Work of adhesion values for various 2D material interfaces estimated according to blister profiles [75]. (d)
AFM image of self-tearing and peeling of graphene induced by thermal activation and the corresponding schematic illustration [9]. (e) (i) Schematic illustration and
(ii-iv) AFM images of translation and rotation behavior of graphene nanoflakes on larger graphene surface [80]. All scale bars are 10 nm.
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exotic actuation to be leveraged [9].

In view of the fact that out-of-plane bending is required for layer
separation, interlayer shear and sliding at the interface will also make
important contributions to the synergistic effects. The quantitative
measurements of the bending rigidities of multilayer vdW materials
mentioned above indeed introduced the effect of interlayer shear in
order to interpret the finer features of the coupled bending/stretching
mechanism involved [61].

The layered structures and relatively low levels of interlayer friction
in 2D materials lead to them being widely used in tribological applica-
tions [76,77]. They are also of interest when interpreting atomic friction
mechanisms. The frictional properties of exfoliated 2D materials weakly
adhered to a substrate have been explored using friction force micro-
scopy [78]. The general trend is that thinner nanosheets are subject to
greater interlayer friction because they have enhanced sensitivity to
bending motion. Nanomechanical experiments involving more regu-
lated variables can provide a deeper insight into the underlying slippage
mechanisms. For example, the results of deflection tests on multilayer
graphene depended on stacking orientation and showed that the finite
shear strength between layers could account for the
thickness-dependency of the strength of the material [79].

Another important facet of 2D materials is that they can be manip-
ulated in directions parallel to the underlying surface when the adhesion
forces are sufficiently weak, as illustrated in Fig. 4e. The figure shows
AFM images of graphene nanoflakes on graphene after being
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manipulated using a frictional force microscope at low temperatures (e.
g. 5 K) [80]. The schematic illustration and corresponding AFM images
clearly shows the translation and rotation of an individual nanoflake
which was initiated by the movement of frictional force microscope tip
and was subsequently pushed forward by thermal fluctuations.
Furthermore, the nanoflakes were found to exhibit superlubric behavior
even at 5 K as long as they were in commensurate positions. These kinds
of experiments may inspire more shaping and structuring schemes to be
developed (perhaps initiated by microscope manipulation or other
external stimulus) which is beneficial to the nanoscale
assembly/self-assembly of 2D materials in particular.

3. Fabrication techniques

Considering the mesoscale involved, the shaping and structuring
processes cannot be achieved ‘by hand’ due to the limited space. Instead,
the transformations need to be triggered by some indirect driving force.
Here, we summarize several driving forces that can be used to stimulate
the shaping and structuring of 2D materials, including residual stresses,
responsive stresses, capillary forces, van der Waals forces, external
mechanical stresses, and other driving forces.

3.1. Residual stresses and responsive stresses

In multilayer systems, a strain mismatch between the different

Fig. 5. Residual stress and responsive stress. (a) (i) Schematic illustration of the fabrication process of rolled-up 2D materials by strain gradient. Optical microscopy
images of rolled-up tubes (ii) before and (iii) after releasing from the substrate [83]. (b) (i) Rolling process and mechanism of graphene driven by strain gradient in
heteroepitaxial InGaAs/GaAs bilayers [83]. (ii) SEM image of the rolled-up InGaAs/GaAs/graphene microtubes array. (iii) SEM image of a InGaAs/GaAs/graphene
microtube with the exposed starting mesas guiding the rolling direction. (c) Rolled-up MoSe; triggered by prestrained Cr/Pt layer [10]. (i-iii) Schematic illustration
of the rolling process of MoSe,. (iv—vi) SEM images of MoSe, tubes array, a single tube and the side view of the opening tube. (d) The reversible MoS, origami
leveraging different swell properties of the responsive polymer layer (SU8) [14]. (i) Two approaches to form the SU8 strained layers for the reversible MoS, origami
in the different solvent. Optical microscopy images of flower-shaped 2D patterns on the MoS,/SU8 bilayer (ii) before and (iii) after folding, (iv) corresponding SEM

image of flower-shaped 3D sturctures formed by folding.
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materials can lead to the generation of stress [81,82]. However, the thin
nature and weak vdW interactions between layers in 2D materials make
it very difficult to directly generate enough strain gradient for providing
driving force. As a result, a strained layer is needed to be combined with
the targeted 2D material to introduce pre-defined strain. The pre-defined
strain can then be released to guide the transformation of 2D materials
from planar shape to 3D structure. The specific driving force can be the
residual stress existing in the strained layer or the responsive stress
generated by the response of active materials to the external stimuli.

As shown schematically in Fig. 5a(i), a strained layer is employed to
provide driving force to roll up a 2D material into the tube after the
sacrificial layer is released, which is also shown in optical microscopy
images (before release, Fig. 5a(ii); after rolling, Fig. 5a(iii)). In such
experiments, 2D materials is usually transferred onto a strained heter-
oepitaxial bilayer (e.g. InGaAs/GaAs). The heteroepitaxial crystalline
bilayer experiences an internal strain gradient as it tries to accommodate
the lattice mismatch between the two layers. Transferring a 2D material
onto the strained bilayer thus creates a pre-strained multilayer system
with considerable mechanical strength. As shown in Fig. 5b, a CVD
monolayer of graphene was successfully rolled up along with the het-
eroepitaxial InGaAs/GaAs bilayer to form a iii-v semiconductor/gra-
phene microtube after the sacrificial layer (AlAs) was etched [83].

A multistep photolithography scheme should be used in actual
fabrication processes to assist in the production of the required arrays
and expose the mesas which provides the critical etching front for rolling
up the 2D material when the strain is relaxed. For example, when a GaAs
layer was epitaxially grown on an Ing Gag gAs layer, the upper layer
(GaAs) with smaller lattice constant became stretched to accommodate
the lattice mismatch [83]. On the other hand, the lower layer (InGaAs)
became compressively strained. The selective etching of the sacrificial
layer in such a heteroepitaxial crystalline bilayer system could be used
to trigger the strain relaxation, which caused the top layer (GaAs) to
shrink and the bottom layer (InGaAs) to expand. The consequent
opposite movement induced a bending moment which drove the rolling
up of the InGaAs/GaAs bilayers, along with the graphene layer on the
upper surface. The rolled-up process introduced the uniaxial tensile
stress in the rolled monolayer graphene. Therefore, this approach can be
used to regulate the strain in the rolled-up graphene by varying the
diameter of the microtube formed. In an earlier experiment, a strain-free
rolled-up CVD graphene monolayer was produced on an InGaAs/Cr
bilayer with a homogeneous radius of curvature [84]. In this case, the
in-plane lattice parameter of polycrystalline Cr was almost equal to that
of the GaAs. Therefore, the strain gradient generated at the InGaAs/Cr
interface was similar to that in an InGaAs/GaAs bilayer and produced
corresponding driving force.

Pre-strained layers deposited nonepitaxially on target nano-
membranes can also actuate the assembly process. As shown in Fig. 5c,
arrays of rolled-up MoSe; microtubes were successfully fabricated
through the self-rolling of a strained layer of Cr/Pt deposited by e-beam
evaporation [10]. MoSe; nanomembranes were firstly deposited on the
SiO4/Si substrate by high-vacuum co-evaporation. Then, the ‘windows’
were patterned onto the MoSe; nanomembranes for the rolling process
via photolithography and reactive ion etching. The next step was to
define the deposition area of the Cr/Pt strained layer, which also served
as electrodes. Upon the selective etching of the sacrificial layer (SiO2),
the strain gradient in the strained layer was sufficient to drive the rolling
of the MoSe; nanomembranes and formed microtubes, as observed by
scanning electron microscope (SEM) in Fig. 5c(iv—vi). The core
competitiveness in this example is the ability to control the key pa-
rameters involved in the deposition of the strained layer so that the
strain gradient can be modified to control the geometry of the 3D
product. The strain gradient in the strained layers can be controlled by
varying the growth rate, thus producing different levels of driving force.
The thickness of the strained layer is another key factor. For instance,
there is a critical thickness that determines whether the strain gradient is
sufficient to activate the assembly process. It also controls the winding
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numbers and diameters of the tubes produced. It should be noted that
although it is convenient to be able to control driving force via the
growth rate used to deposit the strained layer, the actual growth rate
employed should be chosen cautiously to ensure that no damage is
caused to 2D materials.

Physical or chemical reactions in suitably active materials may
produce the internal stress responsive to a stimulus, which allows smart
or reversible origami-like assembly processes to shape 2D materials
[29]. In other words, an external stimulus (e.g. temperature change,
application of light, contact with certain liquids, etc.) is able to change
the responsive stress between the interlayers of a multilayer structure,
thus behaving as a driving force for responsive deformation. As a result,
the formation of the predetermined 3D architecture can be triggered by
changing the environmental conditions. For example, it was shown that
swelling stress could be induced between bilayers of graphene and
graphene oxide (GO) with different swelling properties [18]. Upon light
illumination or heating, the active layer that swelled due to the
adsorption of water would shrink as it lost water. This generated a strain
gradient relative to the other layer which resulted in self-folding.

Note that light/heat-induced humidity responses, like the one
mentioned above, tend to be very sensitive and rapid, which means that
the corresponding device will have a high sensitivity and response
speed. It has been shown that the integration of graphene with shape-
morphing active materials like stimulus-responsive polymers can
realize the reversible transformation between the original 2D configu-
ration and the desired 3D structure in response to a solvent [85] or
temperature [86].

Fig. 5d shows mesostructures fabricated from a differentially photo-
crosslinked photoresponsive polymer material (SU8) and MoSy [14].
The reconfigurable mesostructures were fabricated through the revers-
ible swelling and shrinking of the SU8 in response to the solvent. The
schematic illustration in Fig. 5d(i) presents two different layer config-
urations for realizing self-folding. The first one has a bilayer configu-
ration consisting of two crosslinked SU8 layers, one is partially
crosslinked and the other is fully crosslinked. The second configuration
has a single layer of crosslinked SU8 wherein the extent of the cross-
linking follows a gradient (fabricated via exposure to a low dose of UV so
that the UV intensity decays exponentially as it penetrates the SU8). The
integration of active materials is becoming a more favorable approach to
shaping and structuring 2D materials because of its intelligent nature,
controllability, and reversibility. In particular, it is an inspirational
approach to 4D printing and creating smart devices.

3.2. Capillary forces

Capillary forces arise due to surface tension which originates from
the tendency of a liquid to shrink for the minimized surface energy.
These forces can be used to shape thin materials with small dimensions
and this approach is becoming a major driving force in the field.

When a liquid droplet makes contact with the surface of a thin film,
the capillary force acting at the interface is prone to induce the wrapping
of the thin film around the droplet. Another form is the metal ‘hinges’
that can be melted to produce a liquid ‘solder’ whose surface tension
causes the folding of two adjacent panels. Capillary origami was realized
as early as 2007 [87]. In that work, the authors used droplets of water to
cause the self-wrapping of polydimethylsiloxane (PDMS) sheets, tuning
the initial sheet pattern to generate various encapsulated designs. It was
later predicted theoretically (in 2009) that graphene nanostructures
could also be activated and guided to fold up using nanodroplets [88]. In
this case, molecular dynamics simulations were used to demonstrate
that the nanodroplets could help the planar graphene sheets to over-
come deformation barriers, resulting in conformal folding according to
the sites where the nanodroplets were deposited.

Due to the relatively considerable size of capillary forces on the
micro/nanoscales, capillary origami can be adopted as a universal
approach to shaping and structuring 2D materials. It can therefore play a
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very important role in self-assembly over a wide range of sizes/appli-
cations. Fig. 6a shows schematically how the self-folding of 2D materials
can be triggered by capillary forces in the liquid phase and used to
construct 3D structures by appropriately designing hinges and rigid
panels. The pioneering application of capillary-force manipulation to
graphene resulted in the formation of high-quality carbon nanoscrolls
[89]. In this experiment, nanoscrolls were fabricated with assistance of a
solution of isopropyl alcohol. Fig. 6b shows the results of self-scrolling of
transition metal dichalcogenides (TMDs), where (i) shows the TMDs
before droplet intercalation, and (ii) shows the scrolls produced after
self-scrolling [90]. It was apparent that the applied liquid droplets
permeated into interface from the edge of 2D materials thus creating a
‘no-adhesion’ area, where the delamination process was initiated and
the capillary force facilitated the ensuing rolling-up process. Due to the
capillary forces from the droplets, the spontaneously-delaminated 2D
material experienced bending moments and started to undergo
self-scrolling. However, it needs to be emphasized that although this
kind of scrolling is a simple approach to producing high-quality nano-
scrolls with high yields, it is not controllable (in terms of rolling direc-
tion and geometries) unless the liquid flow is well guided.
Self-wrapping behavior can, nevertheless, inspire the shaping of 2D
materials around the liquid phase in a more controllable way. For
example, driven by the capillary force, graphene could be induced to
wrap itself around water to form multiwall nanoscrolls with the water
encapsulated within the nanochannel [91]. Moreover, as shown in
Fig. 6¢, atomically thin MoS; sheets could be folded into 3D shapes using
a micropipette with a droplet of liquid (driven by the competition be-
tween surface energy and bending energy) [92]. The bending stiffness of
the MoS; sheets was found to be such small that the capillary force from
the droplet was sufficient to make folds on a length scale of about
10-100 nm. Depending on the design of the 2D pattern, more complex
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3D architectures could be fabricated using a combination of rigid metal
panels and flexible MoS; hinges. Meanwhile, parallel folding of MoSz
sheets was realized by adding chloroform emulsions to deionized water
containing the patterned MoS; sheets instead of using a micropipette.
The self-wrapping approach makes a further step in the development of
capillary origami. Therefore, shaping and structuring 2D materials by
droplets is convenient in spite of its relatively weak controllability. It is
also a very promising technique when applied to massive self-assembly.
However, these kinds of wet assembly processes are limited as their
application is confined to the liquid environment and the advanced
drying techniques (e.g. critical point drying) will be required for the
subsequent structural stabilization.

When the meltable solder used to create ‘hinges’ experiences a phase
transformation, the surface tension produced can induce the self-folding
to complete the formation of an entire closed structure. As illustrated in
Fig. 6d, the self-assembly of a 3D graphene structure was realized by
applying hinges to certain parts of the 2D graphene net according to a
pre-designed pattern. Then, the self-assembly could be triggered when
the hinges became molten [93]. The hinges were poly(methyl methac-
rylate) (PMMA) and the panels were Al,Os, respectively. The net of
monolayer graphene was used to guide the folding of the panels into the
final polyhedron arrangement according to the surface tension gener-
ated by the molten PMMA. Fig. 6d(i) shows a schematic illustration of
the components before self-assembly and corresponding SEM image.
Fig. 6d(ii) shows the 3D configuration after self-assembly. These kinds of
hollow and closed polyhedrons integrated with graphene can be easily
designed by customizing the 2D pattern. Meanwhile, these polyhedrons
can be further utilized for potential optical applications.

Monolayer
graphene

After self-assembly 500 nm

Fig. 6. Capillary forces. (a) Schematic illustration of the fabrication process of 2D materials folding by capillary force. (b) Optical image of (i) monolayer MoS flakes
and (ii) MoS, nanoscrolls rolled by capillary force from the drop of ethanol on SiO,/Si substrate [90]. (c) The sequential images of the capillary origami of monolayer
MoS, by the droplet with different patterns of (i-iii) individual shapes and (iv—v) shape nets. The leftmost figure in each row shows the initial 2D precursors and the
following figures are shown in time series, all scale bars are 20 pm [92]. (d) Schematic illustrations and their corresponding SEM images of 3D graphene-based
polyhedrons fabricated via capillary force from the molten polymer hinges (i) before and (ii) after self-assembly [93].
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3.3. Van der Waals forces

Although van der Waals (vdW) interactions are relatively weak
compared with ionic or covalent bonds, they constitute a kind of
fundamental force that dominates many properties of nanomaterials. As
they play a significant role in the exfoliation and transformation of 2D
materials, vdW forces can be used as an effective tool to assist the
shaping and structuring of 2D materials in a natural way.

It was shown in some early theoretical studies involving molecular
dynamics simulations that vdW forces could be strong enough to form
carbon nanoscrolls by scrolling planar graphene sheets around a core
template structure such as a carbon nanotube, silicon nanowire, or
platinum nanocluster [94-96]. The vdW force between the core and the
nanoribbon could induce the nearby area to undergo self-wrapping and
the hybrid system gradually developed into rolling to create the nano-
scroll shell. In both cases, as vdW forces were strongly
distance-dependent, the diameter of the central part had to exceed a
certain critical value. Otherwise, the corresponding vdW force would be
insufficient to activate the self-scrolling and form a stable core/shell
structure.

It has also been found that the enhanced aggregation between
decorated particles is another way in which vdW forces can contribute to
the fabrication of nanoscrolls. For example, it was shown that graphene
oxide (GO) sheets with nanoparticles such as Ag and Fe3O4 attached
could be rolled up into nanoscrolls in a controllable way [97]. In this
case, it was energetically favorable for the adjacent nanoparticles to
approach to each other due to the vdW forces. In addition, nanosheets
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rolled up on a tubular substrate via a layer-by-layer assembly method
was demonstrated [98]. In this method, free-standing nanofilms (e.g.
graphene) on the surface of water were brought into contact with a
tubular substrate. The rotation of the substrate could enhance the vdW
force at the substrate-nanofilm interface, thus driving the rolling-up
process as the nanofilm moved away from the water.

A micromanipulator or microscope tip can also utilize the vdW forces
to guide the deformation of 2D materials (folding or unfolding, etc.) in a
more precise manner, as shown schematically in Fig. 7a. A real example
of the nano-origami of graphene is presented in Fig. 7b [32]. In this
method, graphene nanoislands (GNIs) were controllably and reversibly
folded and unfolded on a highly-ordered pyrolytic graphite (HOPG)
substrate using the tip of a scanning tunneling microscope (STM). The
manipulation process involved the following steps: (1) working at low
temperature (4.2 K), the tunneling resistance in the STM junction was
firstly reduced to make the STM tip approach the GNI, (2) the edge of the
GNI was then lifted and moved along a predesigned direction, and (3)
the lifted part was finally lowered to construct a folded nanoisland (i.e.
with 2D stacked bilayer and 1D tubular edge). The non-destructive na-
ture of the manipulation process was demonstrated by recording STM
images before and after repeated folding and unfolding along different
directions (Fig. 7c). It was clear from the high-resolution images
recorded that the atomic structure presented in the initial state was
preserved in the final state. Unlike previous efforts to fold graphene
using the microscope tip [99-103], this method can choose an
atomically-precise folding direction and be operated in a
non-destructive way. Furthermore, this STM origami applied on a
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Fig. 7. Van der Waals forces. (a) Schematic illustration of the fabrication process of 2D materials folding and unfolding by tips utilizing vdW force. (b) STM images of
the folding and unfolding of a graphene nanoisland by tips moving along the direction indicated by the white arrows [32]. (¢) STM images showing repeatable folding
and unfolding of a graphene nanoisland along different controlled directions by STM origami [32]. (d) Transmission white-light images of patterned graphene and
crumpling a large sheet of graphene through a micromanipulator [13]. (e) Optical micrographs of the pick-up and subsequent release process of 2D materials using

PVC-microdome polymer (MDP), all scale bars are 10 pm [104].
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nanoscale can realize the in-situ characterization of the nanostructures
for quantum investigation purposes, thus exhibiting an unprecedented
potential to produce desired nanostructures with novel properties
stemming from 2D materials.

On the microscale, vdW forces between the micromanipulator and
2D materials can work as an effective driving force as well. For example,
Fig. 7d shows that a polycrystalline monolayer of graphene could be
folded and crumpled by a probe tip like ultrathin paper [13]. Recently, a
series of 3D manipulations of 2D materials (folding, sliding, rotating,
etc.) was performed using a microdome polymer (MDP) as the
point-contact manipulator (a technique that is similar to the dry transfer
technique commonly used for the fabrication of vdW heterostructures)
[104]. Firstly, a layer of poly(vinyl chloride) (PVC) was coated onto the
polydimethylsiloxane (PDMS)-MDP to create a strong force of adhesion
between the MDP and 2D materials. The strong adhesion enabled 2D
materials to be manipulated in spite of the limited contact area between
them and the microdome. Furthermore, the adhesive force was
temperature-dependent, and the corresponding contact location and
area could be controlled, so the lateral and more complex manipulations
became feasible to realize different purposes. In detail, the PVC-coated
MDP could contact a flake of 2D material and picked it up at 70 °C as
the adhesive force was strong at this temperature. Then, the flake was
placed on a heated substrate at 130 °C to accomplish the release process
of the flake as the adhesive force was weak at the elevated temperature
(Fig. 7e). The lifting and releasing of the edges of flakes could be
accomplished following the above process, thus allowing folded struc-
tures to be obtained. The partial contact in the above case could also
reduce the pick-up area to facilitate tearing. The MDP-based method is
quite useful for the construction of vdW heterostructures, and it may aid
in the application of vdW forces in term of building 3D microstructures
from 2D materials.
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3.4. External mechanical stresses

In this context, ‘external mechanical stress’ refers to a stress caused
by the release of a pre-stretched elastomeric substrate with bonding
constraints. Rogers and his coworkers have utilized such external me-
chanical stress to achieve 3D shaping of 2D micro/nanostructures,
proposing the well-known mechanically-guided assembly method called
‘compressive buckling’ [105-108].

As shown schematically in Fig. 8a, the 2D precursor is firstly
patterned onto a sacrificial layer which is then transferred to a pre-
stretched elastomeric substrate and selectively bonded. When this
strain is released, compressive stresses are induced at the bonding sites
and cause the non-bonded regions of the 2D layer to ‘pop-up’. The
resulting out-of-plane deformation thus forms the desired 3D structure.
Mechanical buckling can be used to drive the 3D assembly of various
advanced materials across a broad range of length scales, facilitating the
fabrication of sophisticated 3D mesostructures inspired by kirigami/
origami [106,107]. The pattern and thickness of the 2D precursor used
are both tunable and can be precisely defined using modern planar
technologies. Thus, different schemes can be designed to generate spe-
cific features, e.g. filaments, origami-based patterns with creases, and
kirigami-based patterns with cuts [108]. Through the rational design of
appropriate 2D precursors and selective bonding sites, a wide range of
desired 3D structures can be constructed with specific configurations
and strain distributions, consistent with those structures predicted using
finite element analysis (FEA).

To date, the use of compressive buckling to shape and structure 2D
materials remains challenging because pristine 2D materials hardly ever
form stable free-standing structures. Consequently, the integration of
the fundamental elements consisting of 2D materials (the use of an
elastomeric substrate as an assembly platform and integrating 2D
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Fig. 8. External mechanical compressive stress. (a) Schematic illustration of fabrication process of 3D mesostructure by mechanical buckling of 2D materials. (b)
Finite element analysis (FEA) results and colorized SEM images of the photodetector arrays based on graphene and MoS; in the 3D functional structures with shape of
octagonal prism (upper) and octagonal prismoid (lower). The magnitude of the maximum principal strain is shown in the colorized configuration and materials are
indicated as MoS; (green), graphene (light gray), and SU-8 (gray) [21]. Scale bars are 1 mm. (c¢) (i) Schematic illustration of the 2D precursor with the ‘mixed table
and tent’ pattern in cellular graphene/PI bilayer. (ii) Optical image of 3D ‘mixed tables and tents’ consisted of cellular graphene after mechanical buckling, SEM
image of laser-induced cellular graphene [109]. (d) (i, ii) FEA results evaluating the maximum principal strain distributions and (iii, iv) corresponding SEM images of
foldable 3D microstructures using graphene hinges [12]. Scale bar, 20 pm in white color, and 3 pm in black color. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).



Z. Zhang et al.

materials with another thin-film material to act as a bottom structural
layer for support, or by adopting a 2D material-based composite mate-
rial) has become the most feasible approach. As observed in Fig. 8b, the
3D shapes of an octagonal prism (upper) and an octagonal prismoid
(lower) were fabricated by compressive buckling [21]. The assembly
process started with the sequential patterning of a negative photoresist
(e.g. SU8), graphene, and MoS; on the SiO; sacrificial layer. Thin re-
gions were defined in the SU8 layer to act as ‘creases’ for the subsequent
assembly process. After the etching of the sacrificial layer and the sub-
sequent transfer printing, the polymer with graphene and MoS, were
transferred onto the pre-stretched elastomer. To accomplish selective
bonding, the photoresist was selectively exposed to UV-induced ozone,
which resulted in the exposed SU8 regions being strongly bonded to the
elastomeric substrate. As the pre-strain in the elastomer was released,
buckled 3D structures were formed from the 2D pattern designed. The
fabricated 3D structures in the colorized SEM images are in good
agreement with the FEA results while it is clear that the induced creases
follow the thin regions predefined in the 2D patterns.

As shown in Fig. 8c, patterns fabricated on 2D polyimide (PI) via
laser treatment were reported to be transformed to complicated 3D
cellular graphene structures driven by external mechanical compressive
stress [109]. In this case, a so-called ‘mixed table and tent’ pattern in the
bilayer of cellular graphene and PI was prepared using the CO laser
illumination of the pre-patterned PI layer. Following the usual process of
compressive buckling after strain release, the compressive stresses
exerted at the covalent siloxane bonding sites triggered the formation of
the final 3D hierarchical structure.

The above examples are based on 2D materials with a continuous
supporting layer. In the following case, however, the structural layer can
be thinned so that 2D materials work as the hinges (in the thin regions)
while the more rigid parts of the layer (in the thick regions) provide the
support. Recently, CVD-grown graphene was employed as hinges to
complete the reversible assembly and recovery of foldable 3D micro-
structures based on a deterministic buckling process [12]. The tradi-
tional compressive buckling strategy was followed but the supporting
(SU8) layer was thinned at the designated hinge segments to reduce the
bending rigidity. At these locations, graphene experienced bending to
form the pop-up structure. Fig. 8d presents SEM images of the buckling
geometries produced by different pre-strain levels. It is shown that the
corresponding strain distributions in the graphene can be maintained
within an appropriate range. Thanks to the control over the thickness of
the hinge area and pre-strain level, programmed 3D microstructures can
be constructed from a diverse range of 2D precursors using this method.
It would be very valuable if the technique can be expanded to make
high-strength hinges in other 2D materials.

3.5. Other driving forces

There are many other kinds of driving forces that can be used to
shape and structure 2D materials. This means that the manipulation
methods available are likely to be enriched constantly as specific ap-
plications are developed. Some typical examples are outlined below. The
supplementary methods introduced are intended to reveal the feasibility
of an extensive range of possible strategies and indicate some potential
directions for further development.

Surface adsorption is a very important feature of 2D materials as it
allows the properties of the material to be modified via physical inter-
action or chemical bonding. ‘Decorating’ the surface by the adsorption
of nanoparticles may bring the functionalization of exotic properties and
actuate the reshaping of 2D materials through the mutual interactions
that occur between the nanoparticles. In addition to vdW-driven ag-
gregation, reshaping processes can be triggered by other properties of
the adsorbed nanoparticles, e.g. magnetic properties. Sharifi et al.
demonstrated that nanoscrolls could be fabricated from sheets of
nitrogen-doped reduced graphene oxide (N-rGO) via the adsorption of
magnetic y-Fe;Os nanoparticles at the nitrogen defects [110].
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Furthermore, the synthesis was highly efficient and could be reversed by
removing the magnetic nanoparticles. The rolling up of the homogenous
N-rGO nanoscrolls (Fig. 9a(i)) was initiated by the magnetic interaction
between the y-Fep;Os nanoparticles strongly adsorbed at the nitrogen
defects, as shown in Fig. 9a(ii). Density functional theory was used to
elucidate the most energetically favorable configuration for the iron
oxide clusters adsorbed by the N-rGO sheets (Fig. 9a(iii)), and it was
proven that the nitrogen defects were crucial to stabilize the adsorption
process. Fig. 9a(iv) depicts in a step-by-step manner how the rolling
process occurred based on an analysis of the rolling energy at each step
(bottom to top). Rolling was initiated by the attraction between the
adsorbed y-Fe,O3 nanoparticles which lowered the energy barrier for
preventing scroll formation. As two adjacent nanoparticles were
approaching, there was a further decrease in the rolling energy due to
the enhanced spin-spin interaction between them. Finally, the rolled
N-rGO sheet could form new bonds with the nanoparticles as the
physical contact was formed at the flat end, which further decreased the
rolling energy.

As 2D materials are highly flexible, out-of-plane deformation can be
induced by the surface stress created by the adsorption of gas molecules.
Naturally, the magnitude of this stress increases with the degree of
adsorbate coverage. For example, it has been found that the selective
atomic adsorption of hydrogen and fluorine can cause graphene nano-
ribbons to bend and be converted into carbon nanotubes simply by
controlling the adsorbate coverage [111]. Taking hydrogen adsorption
as an example, it is apparent that the adsorption of a hydrogen (H) atom
at a particular carbon (C) atom in graphene will generate an sp° hy-
bridized C—H bond at that site. Accordingly, the corresponding three
neighboring C atoms with their initially planar sp?> C—C bonds will be
repelled, leading to an out-of-plane tension and hence bending moment.

Zhu and Li simulated the folding of graphene induced by single-sided
hydrogenation along certain lines of the graphene structure [112]. They
also demonstrated that the folding angle could be well-regulated by the
extent of the hydrogenation and the number of lines used, as shown in
Fig. 9b(i). This so-called ‘hydrogenation-assisted graphene origami’ has
become well known because it opens up the possibility of programmable
graphene nanocage assembly for molecular mass uptake, storage, and
delivery, as shown in Fig. 9b(ii). Based on a similar theoretical mecha-
nism, experiments involving the electrostatic deposition of graphene in a
selective gaseous environment further verified the possibility of rolling
up graphene through hydrogen and nitrogen adsorption [113].

A shear force is always a powerful tool for accomplishing the exfo-
liation and scrolling of layered materials. For example, graphene
nanoscrolls have been fabricated through friction and wear via the
sliding of diamond-like carbon (DLC) balls [114]. Fig. 9c shows another
example wherein graphite and h-BN flakes were successfully exfoliated
and rolled into nanoscrolls using a shear force [115]. In this case, a
rapidly rotating spinning disc was used to apply a shear force which
firstly exfoliated multilayers and then further scrolled the flakes. There
was a competition between the surface energy and bending energy and
the increment of scroll yield could be obtained when a higher spinning
rate was utilized over an extended period of time.

Ultrasonication is often a necessary step in the fabrication of nano-
scrolls by the chemical process, as the ultrasonic energy applied to 2D
materials can initiate the scrolling [116-118]. For example, as depicted
in Fig. 9d, high energy ultrasonication could rapidly work to exfoliate
graphite via alkali intercalation, thus forming carbon nanoscrolls [116].
It was found that a very good conversion rate (over 80 %) could be
obtained by optimizing the sonication time.

Many different driving forces including internal stresses or external
forces have been extensively utilized for shaping and structuring various
2D materials. However, most studies are only conducted in laboratories
to circumvent the problems associated with controllability, scalability,
and efficiency. Meanwhile, the versatile driving forces that are antici-
pated to guide the massive and facile fabrication of shaped and struc-
tured 2D materials are still in their primary stages of exploration. This
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Fig. 9. Other driving forces. (a) Nitrogen-doped graphene nanoscrolls by adsorption of magnetic y-Fe;O3 nanoparticles [110]. (i) Transmission electron microscopy
(TEM) image of nitrogen-doped graphene nanoscrolls. (ii) Schematic illustration of the rolled-up process. (iii) Simulated stable configuration of an iron oxide cluster
at the nitrogen defects. (iv) Simulated geometrical structure of nitrogen-doped graphene nanoscrolls at each rolling step. (b) (i) Self-folding of hydrogenated gra-
phene by molecular dynamics simulations. (ii) Graphene nanocage with controllable opening and closing enabled by hydrogenation-assisted graphene origami.
Reprinted from [112]. (¢) (i) Schematic illustrations and (ii-iv) SEM images of boron nitride nanoscrolls formed by shear force [115]. (d) (i) Schematic illustration
and (ii-iv) SEM images of carbon nanoscrolls formed with the assistance of sonication treatment [116].

can be continuously updated by exploiting other promising sources of
driving forces, e.g. electrostatic forces [119] and applied magnetic fields
[120].

4. Shaping and structuring schemes

In the previous section, driving forces that guide the shaping and
structuring of 2D materials have been reviewed in some detail. Using the
procedures outlined, a diverse range of geometries and 3D functional
structures encompassing 2D materials can be realized via various shape
transformations. According to the individual deformation characteris-
tics, the basic elements of 2D materials kirigami and origami can be
organized as folding, rolling, wrinkling and buckling. These shaping
strategies can transform 2D materials into the simple 3D structures and
facilitate more sophisticated kirigami and origami schemes using
patterned 2D materials.

Each individual shaping strategy involves a particular principle,
which dictates the corresponding strategic design of the 2D precursors
and resultant reconfiguration schemes. The specific geometric parame-
ters and structural properties of the reshaped 2D materials (which play a
critical role in determining the suitability of the final device for further
application) can be well-controlled by delicately regulating the imple-
mentation process of these shaping strategies. In this section, we intro-
duce the recent advances made in the shaping and structuring schemes
of 2D materials. We discuss the controllability of the various strategies
and assess the extent to which they are developed. In recognition of the
state-of-the-art nature of these shaping and structuring schemes, both
research opportunities and challenges can be identified in them. As these
are circumvented and exploited, innovative advances are expected to
achieve in the future.
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4.1. Basic out-of-plane strategies

Folding is the most basic operation in shaping 3D structures. Simi-
larly, localized bending mechanisms can be adopted that flip paper-like
nanomembranes over to form folds at especially-creased regions.
Moreover, folding can fabricate the complicated origami-like meso-
structures based on an elaborate arrangement of creases, or a combi-
nation of bendable hinges and rigid panels. Here, folding itself, which
seems to be the simplest shaping manipulation possible with 2D mate-
rials, is focused upon to highlight the actual structural complexity and
tunability of folding 2D materials.

As shown schematically in Fig. 10a(i), the folded structure of a 2D
material is composed of the stacked planar layers and a folded edge. The
stacking orientation of the planar layers varies with the folding angle.
The atomic structure in the localized bending region is unexpectedly
complex, especially in multilayer materials. Rooney et al. have recently
investigated the atomic bending mechanism by characterizing the twin
boundaries in the localized bending region of multilayer 2D materials
[121]. Fig. 10a(ii) shows two different bending modes found: discrete
twin boundaries (in orange) and nanotube-like curvature (in green). It is
found that these modes are often mixed together.

Many novel physical phenomena may exist in folded 2D materials
due to the folded configuration and strain engineered. For example, a
zero Landau level [122], gauge fields [123], and a strong magnet
ophotoelectric effect [124] have all been observed in folded graphene. It
is even more fascinating that the presence of a twist angle between
stacked layers of 2D materials provides an additional degree of freedom,
which has opened up a vast area of researches named as ‘twistronics’
[125-128]. As the twist angle changes, the electrical properties of the
folded 2D materials change accordingly. This has caused new research
booms and has resulted in the groundbreaking finding of correlated
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Fig. 10. Folding shaping strategy. (a) (i) Schematic illustration and (ii) High-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM)
images of different bending modes in the fold of multilayer graphene [121]. All scale bars are 5 nm. (b) (i-v) Sequential AFM images of the room temperature growth
process of three ribbons nucleated from single fretted nanoindentation contact, and (vi) simultaneous growth of a ribbon in bilayer graphene with a certain starting
width [9]. (c) Controlled folding of single crystal monolayer graphene with an established correlation between controlled folding direction and stacking orientation.
(i) Optical images show a series of folded graphene with indicated folding angles. (ii) The selected area electron diffraction (SAED) patterns and (iii) Moiré patterns of
these folded graphene samples show the stacking orientation corresponding to the different folding angles [145]. (d) Fluidic flow assisted deterministic folding of
vdW materials [146]. (i) A graphene flake before and after folding, (ii) folded arrays with consistent directions, and (iii) a sharp folded interface. (iv) Schematic
illustration of the correlation between folding and twist angles. (v) Optical microscopy images of graphene flakes with different folding angles and indicated twist
angles. All scale bars are 5 pm. (e) Atomically precise control of graphene nano-origami twisting angle by STM tip [32]. (i, ii) Schematic illustrations show the
relationship between the folding direction and twisting angle, as well as the precise control of twisting angles with tunable range. (iii) STM images and corresponding
models show moiré patterns of two exemplary folded graphene with 54.4° and 1.6°, indicated as the red and blue arrow in (ii).(For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

insulator behavior [129] and unconventional superconductivity [130] location (images i-v), which corresponded to a nanoindentation or
in magic-angle twisted bilayer graphene. nanocrater [9]. The ultimate geometry of the growing ribbon was
In particular, ‘twisted graphene bilayers’ has become one of the closely related to the starting width but the relevant observation was not
hottest research topics, inspiring significant progress in frontier physics sufficient to provide quantitative control in principle. In addition, the
involving electron-correlation behavior and quantum physics self-folding of graphene can also be induced by the multiple scans of the
[131-138]. Furthermore, twistronics investigations have been extended surface with an AFM tip [101], whereby graphene nanoribbons can be
to other 2D materials including topological excitons in twisted TMD formed by applying suitable normal loads. It was found that the folding
heterostructures [139-142], interlayer magnetism [143], and photonic direction could be determined by setting the scan line. Self-folding was
magic-angles in twisted a-MoO3 bilayers [144]. These significant also found to occur along either ‘zigzag’ or ‘armchair’ directions in the
achievements are stimulating the exploration of controllable approaches vicinity of a nearby crack.
for constructing twisted superlattices of 2D materials. Meanwhile, as the In order to achieve controlled folding and precise stacking, it is
precision of the folding process can be controlled and improved essential to define the folding direction and the stacking orientation in
continually compared to other approaches, folded 2D materials may an appropriate way. Fig. 10c shows an example where single crystal
provide an ideal platform for twistronics research. monolayer graphene films were controllably folded along defined di-
As the most classical 2D materials and ‘superstar’ in twistronics, rections by the chemical modification of the underlying substrate [145].

graphene has been the widely studied 2D material in the context of The SiOy/Si substrate was pretreated using photolithography and sur-
controlled folding. Initially, the folding of graphene is something face modification to create a surface consisting of both hydrophobic and

routinely observed in studies involving AFM characterization. Graphene hydrophilic areas separated by a well-defined boundary. When gra-
often spontaneously undergoes self-folding but the folding geometry in phene was transferred to the modified substrate and immersed in water,
the absence of human intervention is unintentional and lacks control- the part of the graphene in contact with the hydrophilic area detached
lability. Fig. 10b shows an example of the self-peeling and folding of from the surface and folded over onto the other part (still attached to the
graphene ribbons caused by thermal activation. It was observed that the substrate) when the sample was slowly withdrawn from the water. By
peeled layers could gradually grow outwards from the nucleation making a comparison of: (i) optical images of graphene folded along
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different predefined lines, (ii) selected area electron diffraction (SAED)
patterns, and (iii) moiré patterns, a relationship was successfully
established between the folding and twisting angles. That is, every 10°
change in twisting angle requires a 5° change in folding angle. In gen-
eral, this technique is quite versatile to be utilized for controlling the
folding of other 2D materials. However, resolution limitations and
possibility of contamination occurring during the photolithography and
modification processes remain problematic.

Recently, Zhao et al. proposed an innovative and universal deter-
ministic folding strategy for 2D materials via microfluids [146], as
shown in Fig. 10d. 2D materials was firstly transferred onto a SiO2/Si
substrate coated with a layer of polyvinyl alcohol (PVA). Then, electron
beam lithography (EBL) was used to crosslink the PVA layer in exposed
regions to make them insoluble in water. As EBL has a high resolution
(<100 nm), precisely defined edges could be created. The unexposed
PVA regions were then dissolved in warm (50 °C) deionized water so
that the parts of the upper 2D material became suspended in the fluid.
The final step was to use the flow of deionized water to guide the de-
tached 2D material towards the attached side. In other words, micro-
fluidic forces were used to fold 2D materials along the predefined
boundary. The images in Fig. 10d of: (i) a graphene flake before and
after folding, (ii) folded arrays with consistent directions, and (iii) a
sharp folded interface, all demonstrate the excellent controllability and
scalability of this method. Fig. 10d(iv) further illustrates the correlation
between folding and twist angles. Accordingly, the graphene sheet on
the modified PVA layer can be folded along the pre-designed direction to
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form the desired twist angle, as shown in Fig. 10d(v). Despite its con-
venience and sub-micrometer spatial resolution, the fluidic-flow assisted
strategy is still not capable of producing the atomically-precise results
required for in-depth frontier research.

Recently, Chen et al. [32] reported the STM nano-origami technique,
which represents a groundbreaking strategy for folding graphene. As
shown in Fig. 10e(i) and (ii), the STM tip could be used to accurately
define the folding direction on an atomic scale, thus producing a tunable
range of twisting angle. Fig. 10e(iii) shows two examples of moiré
superlattices (top) formed in the folded graphene nanoisland that are
consistent with models (bottom). In spite of the unavoidable dilemma
that STM-based strategies are hardly likely to be scalable, the intriguing
concept of custom-designing nanostructures using ‘nano-origami’ will
undoubtedly stimulate similar trials in other 2D materials.

In contrast to folding, rolling is dominated by global bending. This is
generally induced by strain gradients or forces acting across the vertical
direction. The rolling assembly strategy has benefitted a great deal from
the developments made in rolling-up nanotechnology. Thus, a wide
range of advanced nanomembrane materials have been fabricated with
interesting geometries, e.g. micro/nanotubes, helices, and rings [147].

Carbon nanotubes (CNTs) are the best-known rolling form of 2D
materials. They were first reported as novel allotropes of carbon in the
early 1990s [148,149], which is anterior to the discovery of graphene.
However, rolled-up 2D materials have been subject to rapid develop-
ment in recent years.

By combining them with a pre-strained or stimulus-responsive layer,
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Fig. 11. Rolling shaping strategy. (a) The diameters of rolled-up graphene tubes controlled by strained layers thickness [84]. (i) SEM images of graphene/Cr/InGaAs
tubes. The inset shows the magnified detail of the tube opening with the inside graphene layer. (ii) The tube radius of graphene/Cr/InGaAs tubes and Cr/InGaAs
tubes as a function of the strained layer (Cr) thickness. (b) Tunable strain in rolled-up graphene based on the different strained layers [83,150]. Schematic illus-
trations and SEM images of rolled-up nanotubes under (i) tensile or (ii) compressive prestrain. (iii) Strain distribution before and after release in the above two cases.
(c) (i) Various tubular graphene shapes fabricated through controlling of rolling direction, and (ii) the orientation angle distribution of folded
single-crystalline/polycrystalline graphene [151]. All scale bars are 100 pm. (d) Nanoscrolls fabricated by different 2D materials [17,90]. (i) Graphene oxides

of ethanol assistance: (iv) MoS, nanoscroll, (v) WS, nanoscroll, (vi) MoSe, nanoscroll and (vii) WSe, nanoscroll.
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2D materials can be rolled up into cylindrical shapes as shown in Fig. 11.
As mentioned in Subsection 3.1, the strain gradient and thickness of the
thin film are two key factors that can be used to control the tube
diameter. On the one hand, a larger strain gradient will lead to a more
compact structure, as shown in Fig. 11a(i) [84]. On the other hand, the
diameter of the tube increases as the thickness of the rolling layer in-
creases. For example, the relationship between tube radius and thickness
of the Cr layer is shown in Fig. 11a(ii) which well illustrates the above
points. Here, a series of experimental tube radii are plotted as a function
of the layer thickness, giving results in good agreement with the
continuous elasticity multilayer model. This demonstrates that the tube
radius increases with the Cr layer thickness as the result of enhanced
bending rigidity. In addition, the radii of graphene/Cr/InGaAs tubes are
larger than those of Cr/InGaAs tubes (with the same Cr layer thickness)
due to their augmented total thickness.

The strain distribution in the rolling tube can be tuned by varying the
pre-strain in the strained layer, thus allowing the properties of the
rolled-up 2D material to be modulated. Raman spectroscopy can be used
to investigate the strain states in graphene tubular structures created
using layers strained to different degrees [83,150]. The images in
Fig. 11b show a comparison of the strain distributions in: (i) a tensile
pre-strained graphene/Y»03/ZrO, layer, and (ii) a compressive
pre-strained graphene/GaAs/InGaAs layer, which indicates that the
strain in the rolled-up graphene is opposite to that in the unreleased
pre-strained layers. The ability to control the strain in the rolled gra-
phene structure provides a feasible approach to strain engineering in 2D
materials, even in the context of massive, on-chip, fabrication processes
[150].

Apart from tubes, more interesting structures can be constructed
from 2D materials by tuning the rolling direction and 2D pattern.
Fig. 11c(i) shows a variety of rolling shapes fabricated from graphene/
poly(chloro-p-xylylene) (parylene-C) bilayers by the relaxation of in-
ternal strain gradients (cylinders, corkscrews, double-roll configura-
tions, and dog-ears) [151]. The geometries of these microstructures are
closely related to the micropatterns created before conducting autono-
mous rolling, and the thickness of the bilayer. In addition, the final
rolling structure produced highly depends on the preferable rolling di-
rection, which is subjected to the principle to overcome the smaller
energy barrier. In the above case, the graphene utilized is polycrystalline
with an elastic energy that is anisotropic. Thus, the rolling direction will
follow the most compliant direction, thereby forming a diverse range of
geometries. A statistical analysis of the folding orientations in
single-crystalline and polycrystalline graphene is shown in Fig. 11c(ii).
It is observed that the isotropic behavior of single-crystalline graphene
leads to a relatively concentrated distribution of folding orientations,
while the anisotropic behavior of polycrystalline graphene yields a
random distribution.

It is commonly found in these kinds of experiment that the exact
nature of the rolled-up material depends on the structure and property of
2D materials used. Fig. 11d illustrates several scrolls made from
different 2D materials. Although they are similar in the general form,
their specific structural parameters are different depending on 2D ma-
terials used [17,90]. SEM image in Fig. 11d(i) shows scrolls made from
graphene oxide (GO), while those in (ii) and (iii) are made from reduced
graphene oxide (rGO) with different C/O ratios. The scrolls have
different radii due to their different hydrophobicities and mechanical
properties [17]. In particular, rGO sheets that are more hydrophobic and
rigid than GO sheets roll up more tightly and thus forming scrolls with
smaller radii. Another example is shown in Fig. 11d(iv-vii) which pre-
sents SEM and transmission electron microscopy (TEM) images of a se-
ries of nanoscrolls made from different TMDs. It is shown that they all
have compact and multiwalled structures. However, their interlayer
spacings are different and match well the interlayer spacings found in
their bulk counterparts [90].

Wrinkling is another form of out-of-plane bending deformation.
However, a wrinkled material is subject to a much smaller strain
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gradient than a rolled material [152,153]. As the development of 2D
materials has progressed, it has been found that wrinkles are often
unavoidably (unintentionally) formed during the synthesis or transfer
process. Meanwhile, the controlled (intentional) wrinkling of 2D mate-
rials is often desirable and introduces new parameters that can be used
to tune the properties of the product (e.g. wrinkling amplitude, ‘wave-
length’, and orientation).

In the case of free-standing graphene, wrinkles have long been
considered to be a critical structural factor, which contributes to its
thermodynamic stability. Fig. 12a shows suspended samples of graphene
that can be manipulated thermomechanically so as to control the degree
of wrinkling introduced [154]. The wrinkling morphologies shown in
Fig. 12a(i) correspond to suspended graphene annealed at different
temperatures (left: before annealing, middle: after annealing to 425 K,
right: after annealing to 475 K). There is a clear manifestation in the
images of a tendency for both the amplitude and wavelength of the
wrinkles to increase with annealing temperature, which can be illus-
trated more quantitatively in Fig. 12a(ii). It shows that the amplitude of
the post-annealed wrinkles increases linearly as a mixed variable (in-
clusion of both wavelength of the post-annealed wrinkles and the
maximum annealing temperature) increases. It is also worth noting that
the shape of the opening holes over which the graphene is suspended
influences the orientation of the wrinkles produced (because of the
boundary conditions created), as shown in Fig. 12a(iii).

The orientation of the wrinkles is also remarkably affected by the
strain distribution. Fig. 12b shows SEM images of graphene wrinkles
produced under 1D and 2D strain, respectively [155]. The wrinkles are
even quasi-ordered when fabricated by a local patterning method. The
amplitude of the graphene wrinkles can be modulated by varying the
magnitude of the strain. It is clear that the orientations of the wrinkles in
the 2D strain state are disordered, whereas in the 1D case they are well
aligned. It is further shown that a soft skin layer patterned onto the
graphene before strain relaxation results in the selective release of the
strain in the patterned region. As a result, quasi-ordered wrinkles can be
formed with a certain order parameter.

As mentioned above, the control of strain mismatch is an important
approach to obtaining the controlled wrinkling, which inspires many
strain engineering studies. However, larger strain than those of wrin-
kling can induce the delamination, which is the obvious characteristic of
buckling that differentiates it from wrinkling. Lou et al. reported the
existence of buckling-induced wrinkles in the strained edges of BiSes/
BisTes heterojunctions whose morphology could be controlled by
changing the conditions used [156]. Due to the lattice mismatch
involved, the BiySe3 parts were stretched while the Bi;Tes parts were
compressed, which led to a buckling of the edge area in order to mini-
mize the system energy. Fig. 13a shows that the relationship between
the wrinkle amplitude and wavelength, together with the edge width
and thickness. In general, both the amplitude and wavelength increased
as the edge width increased in order to maintain the balance between
the in-plane strain energy and bending energy.

Strain engineering has also been used to generate buckling in ReSes
nanosheets [157]. As shown in Fig. 13b, the morphology of the
buckled-up wrinkles has an obvious dependence on the number of layers
involved. Guided-buckling can be achieved using the strain-release
scheme shown in Fig. 13b(i). The exfoliated ReSe; flakes can be
buckled-up to form distinct structures whose cross-sections vary with
the layer number, as shown in Fig. 13b(ii), including ripples with mul-
tilayers, triangles with only a few layers, and needle-like structures with
monolayers. It appears that thinner flakes experience more extensive
out-of-plane buckling due to their lower bending rigidity.

Compressive buckling (also referred to here as simply ‘buckling’) is
the deformation that occurs in response to an external compressive
stress, as already outlined in Subsection 3.4. This buckling shaping
strategy is a universal strategy that enables complex out-of-plane
structures and covers a wide range of scale lengths. The general aim is
to induce buckling in regions between the pre-selected bonding sites in
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Fig. 12. Wrinkling shaping strategy. (a) Wrinkles of suspended graphene over opening holes of various shapes controlled by thermomechanical manipulation [154].
(i) SEM images of a suspended graphene membrane before annealing (left), after annealing to 425 K (middle) and to 475 K (right). (ii) Nearly linear relationship
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(4, wavelength; ®p,x, the maximum annealing temperature rise above ambient) of the post-annealed wrinkles in the suspended

graphene membrane. (iii) Various wrinkles formed in graphene membranes suspended over opening holes of different shapes. (b) SEM images of orientational and
quasi-ordered wrinkles under various strains [155]. The insets in the third line are used to calculate fast Fourier transform order parameter (Sgpr) for quantifying the

orientation of wrinkle.

order to generate desired structures.

However, relatively few examples are based on 2D materials as 3D
shapes of suspended 2D materials tend to be fragile, readily succumbing
to external compressive forces (above a certain critical value). The
research on the fabrication of mesostructures by buckling 2D materials
therefore still focuses on diversifying the geometries attainable, the
customization and stabilization of the configurations produced, and
controlling the strain distributions and mechanical deformations
induced.

2D materials of interest are always transferred onto structural layers
such as polymers in order to execute the compressive buckling routine
required. The buckling technology used in the assembly of conventional
nanomembrane materials is considered to be relatively mature [30]. In
the previous studies, 2D materials essentially served as a functional
component in the integrated 3D structure, adhering to the structural
layer instead of supporting the mechanical deformation process [21].
However, as mentioned in Subsection 3.4, 2D material derivatives, or
the hybrid systems composed of 2D materials and structural layers can
be utilized, which integrates the superior mechanical properties of 2D
materials with strain-stable performances of the exotic materials.

As illustrated in Fig. 13c, compressive buckling of cellular graphene/
PI bilayers can produce a variety of 3D hierarchical structures inspired
by kirigami/origami [109]. Finite element analysis (FEA) can be used to
help rationally design the 2D precursor structures which is able to
generate the desired 3D structures and predict the mechanical properties
of the mesostructures formed. In this way, the assembly process can be
mechanically-guided ensuring that the maximum principle strain dis-
tribution in the resultant 3D structure does not exceed certain critical
values (fracture limits). The mesostructures experimentally fabricated
via buckling are in good agreement with the FEA predictions.

A diverse range of 2D precursors with elaborate design patterns and
selective bonding schemes have been devised to generate different kinds
of hierarchical buckling structures. Some examples are exhibited in
Fig. 13c. The structure shown in (i) is based on a filamentary design,
wherein a network of buckling ribbons leads to the formation of a
double-floored helical array. As shown in (ii), a kirigami-inspired design
is used to create a jellyfish-like shape, and a windmill-like shape is
depicted in (iii). These structures can be designed using a variety of
different types of cut, e.g. circumferential cuts, radial cuts, and
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serpentine cuts. In addition to the tuning of the final 3D geometries,
these cuts are beneficial to the structural stability of the designs by the
significant reduction of the stress concentration. Origami-inspired fol-
ded structures can also be produced like the five-pointed-star shape
shown in (iv) and ‘alternating mountain’ shape shown in (v). These can
be realized through the addition of strategically placed creases (formed,
in this case, by using laser irradiation to thin the layer by an appropriate
amount). Multilayer layouts can also be employed to create even more
complex structures such as networks fabricated with overlapping or
entangled parts. Examples can be more complex including the double-
layered helical coil shown in (vi), triple-layered cage shown in (vii),
and quadruple-layered tree shown in (viii).

As mentioned above, by utilizing the graphene as hinges and rigid
panels as beams, further foldable microstructures were developed, as
shown in Fig. 13d [12]. Here, multiple folds were made employing
biaxial compressive buckling, as shown schematically in Fig. 13d(i)
wherein two different folding modes were achieved (outward at one
hinge and inward at the other). By varying the pre-strain used, the
buckling geometries shown in (ii-iv) could be prepared. The height of
the table shape reached a maximum when the pre-strain is 50 %. A larger
pre-strain caused the ‘legs’ of the table to be bent under the table so that
the height of the table decreased. However, even though the strain in the
table shape became concentrated at certain specific locations, the strain
remained below the fracture limit and so failure was securely avoided.

Buckling is a versatile and widely compatible strategy for assembling
3D structures. As such, it has been proven to be fairly facile when
applied to assemble sophisticated 3D architectures from 2D materials.
However, there is an urgent demand for the technique to be expanded to
2D materials other than graphene in order to extend its usefulness.
Meanwhile, there are plenty of creative 3D buckling geometries that can
be assembled to enlarge the range of structures available and bestow
novel functionality. The use of kirigami- and origami-based techniques
is an important part of this process, as we will describe in the following
two subsections.

4.2. Kirigami-inspired strategy

Kirigami is an ancient assembly strategy that involves cutting paper
using scissors. In the current context, kirigami relates to making a
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pattern of ‘cuts’ in planar 2D precursors through photolithography or
ion-beam irradiation. The size and layout of these patterned cuts can
regulate the geometries and mechanical properties of the assembled 2D
material, as mentioned in Subsection 2.2. They are mainly regular pat-
terns with some kind of symmetry or periodicity and are often created
using computer-aided design (CAD) techniques. This means that the
design of the patterned cuts is very flexible and many unprecedented 3D
structures can be constructed via stretching, curving, or compressive
buckling, as discussed above. More importantly, kirigami patterns can
be devised that improve the ductility and toughness of the structures by
suppressing the concentration of stress at ‘kink’ positions.

Graphene kirigami was first proposed in 2015 by Blees et al. [13]
who envisaged a broad application of the technique for preparing me-
chanical metamaterials. As mentioned in Subsection 2.2, the mechanical
characteristics of polycrystalline monolayer graphene are analogous to
paper, making it easy to apply the principles of kirigami to graphene.
Kirigami patterns can be created using photolithography which allowed
the formation of various interesting kirigami structures, e.g. in-plane
kirigami springs, out-of-plane pyramidal springs, and a diverse range
of cantilevers. The complex 3D structures created can also be remotely
actuated by optical fields and controlled by magnetic fields after
attaching iron ‘pads’.

The kirigami assembly strategy has also been applied to other 2D
materials, thus enabling the formation of a rich collection of 3D micro/
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Fig. 13. Buckling shaping strategy. (a) Tunable
amplitude and wavelength of buckling-induced
wrinkles in strained Bi,Ses/BisTesz hetero-
junction [156]. The amplitude and wavelength
(4) both increase with the indicated edge width
(w). (b) Various shapes of wrinkles fabricated
by buckling of ReSe, nanosheets with varied
thicknesses [157]. (i) Schematic illustration of
v the fabrication process using prestrained elas-
tomeric substrates. (ii-v) Schematic diagram
and  corresponding SEM  images  of
buckling-induced wrinkle geometries for
multilayer, few-layer and monolayer ReSe,
nanosheets. (¢) Various 3D mesostructures
fabricated by mechanical buckling of cellular
graphene [109]. Filamentary design: (i)
double-floor helices array. Kirigami-inspired
structures: (ii) jellyfish shape, (iii) windmill
shape.  Origami-inspired  structures:  (iv)
five-pointed-star shape, (v) alternative moun-
tain shape. Mutilayer network:  (vi)
double-layer helical coils, (vii) trilayer cages,
(viii) four-layer trees. (d) Table-shaped foldable
3D microstructure by graphene hinges [12]. (i)
Schematic illustration of two different folding
modes in above structure: outward and inward
folding respectively happens at the different
locations of hinges. (ii-iv) SEM images show
the tendency that the height of table shape
reaches the maximum when prestrain is 50 %
and further decreases as the prestrain increases.
All scale bars are 40 pm.
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nanostructures based on 2D materials. An example is shown in Fig. 14a
wherein monolayers of CVD-grown MoS, were patterned into different
kinds of kirigami structures after the layer transfer and etching. The
images show two linear kirigami springs, kirigami pyramids, and out-of-
plane kirigami springs with alternating C-shapes [24]. To create these
structures, large-area MoS, films were firstly transferred onto
kirigami-patterned polydimethylsiloxane (PDMS). Then, the MoS; films
were processed by etching the exposed regions using plasma and the
same kirigami structures present in the underlying PDMS were formed.

A novel kirigami strategy for utilizing chemically derived deposition
and etching WSe, was also reported [158]. Fig. 14b schematically il-
lustrates some of different kirigami configurations produced by multi-
layered WSeo. SEM images show the kirigami structures of multilayers
arising from the competition between deposition and etching during the
CVD growth process. The etching process was governed by the stacking
of the bottom layer and the growth temperature, which ultimately led to
the evolution of the final geometrical result.

A direct-write patterning method can be applied to create graphene
kirigami (‘pulsed laser-assisted helium ion nanomachining’) in an
attempt to improve the processing precision [159]. A systematic inves-
tigation was conducted using the adopted laser in order to obtain the
optimal operating conditions of the laser (laser power, pulse width, and
laser frequency). A comparison of the resulting lines cut is given in
Fig. 14c(i). As the laser power increased, carbon deposition decreased
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Fig. 14. Kirigami-inspired schemes. (a) Optical
images and corresponding SEM images of
diverse MoS, kirigami structures [24]. (b)
Schematic illustrations and corresponding SEM
images of hierarchical structures based on the
chemically derived kirigami of WSe, [158]: (i)

_Top Middle Bottom

Five-layer

pm. (c) Direct-write kirigami patterns of
monolayer graphene by pulsed laser-assisted
helium ion milling [159]. (i) Patterns
controlled by laser parameters. (ii) Average
laser power density and energy density per
pulse affected by laser parameters. (iii) Milling
resolution in typical kirigami patterns. (iv)
Various complex kirigami patterns fabricated
by ion milling. (d) Optimized kirigami struc-
tures of PtSe; layer conductors with remarkable
stretchability [23]. (i) Schematic illustration of
2D PtSey/PI kirigami patterns and vertically
aligned 2D PtSe, layers shown in
high-resolution transmission electron micro-
scopy (HRTEM) and STEM image. Schematic
illustrations define geometrical parameters and
FEA simulations show the corresponding strain
distribution of (ii) unoptimized and (iii) opti-
mized kirigami pattern. (iv) Comparison of
maximum in-plane principal strain versus
stretch between the unoptimized (blue line) and
optimized (red line) kirigami patterns. (For
interpretation of the references to colour in this

figure legend, the reader is referred to the web
version of this article).

Strain_limit

-3.30e”
Unoptimized

2D PtSe, ¢ Optimized

and ion milling increased. The milling process dominated when the laser
power reached 33.5 kW/cm?. Similar transitions from carbon deposition
to ion milling were also found when tuning the pulse width and laser
frequency (the critical values of these parameters for forming clear cut
lines were found to be 10 ps and 100 Hz, respectively). The average laser
densities corresponding to different values of the above factors are
summarized in Fig. 14c(ii), and the dashed lines denote the threshold
between deposition and milling behavior. Fig. 14c(iii) shows some kir-
igami patterns with high resolution can be even attained using an ion
milling strategy (generally <10 nm at different critical positions).
Fig. 14c(iv) shows that the ion milling technique is capable to produce a
variety of complex geometrical kirigami patterns.

Optimized kirigami structures made from PtSe, have been found to
have remarkable stretchability (Fig. 14d) [23]. Furthermore, the
kirigami-based PtSep/PI bilayers exhibit enhanced stretchability
without compromising its intrinsic electrical conductance. According to
a comparison of unoptimized and optimized kirigami patterns, the
maximum stress in the optimized structure can be reduced dramatically
compared to the unoptimized structure under the same stretch strain.
The extremely large stretchability of ~2,000 % can even be realized.

4.3. Origami-inspired strategy

Origami is the ancient art of paper folding. When applied to 2D
materials, it has also evolved into an influential assembly strategy that
enables the creation of intricate 3D micro/nanostructures through the
use of creases or hinges. The geometry of the 3D mesostructure produced
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is, therefore, clearly governed by the pattern of folds created in the 2D
precursors.

The required creases or hinges can be created in the constituent 2D
membranes by strategically reducing the thickness of those regions to
enhance their flexibility. 2D materials can also be selectively bonded to
fix certain parts of the material and thus guiding the folding process. It is
worth noting that the design process must consider the standard me-
chanical principles as the creased/hinged regions will be subject to an
increase in stress concentration. Thus, they should be viewed as po-
tential fracture sites.

As already mentioned, the origami assembly technique can also be
extended to the construction of reconfigurable structures in an autono-
mous and even reversible manner (through the use of active or stimulus-
responsive materials). This is likely to be a major stimulus promoting
applications related to 4D printing and intelligent assembly.

The conception of ‘graphite origami’ was first proposed by Ebbesen
and Hiura as early as 1995 [160]. They envisaged that creating 3D forms
of graphene should be possible based on the results of AFM experiments
characterizing multi-folded graphite layers on the surface of
highly-ordered pyrolytic graphite (HOPG). Origami assembly of 2D
materials has recently experienced a rapid period of development,
resulting in the realization of complex 3D architectures.

Fig. 15a shows a graphene-based cube fabricated by the capillary
forces induced by the melting of polymer hinges [93]. As the graphene
was transferred onto an underlying support layer and etched to remove
the portions outside the frame prior to assembly, the surfaces could be
readily modified by, for example, the addition of metal patterns. Other
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(9] Fiat FLG/SU-8

Self-folded FLG/SU-8 Crosslink gradient |

Fig. 15. Origami-inspired schemes. (a) Self-assembly of 3D graphene polyhedrons from predesigned 2D patterns [93]. All scale bars are 100 pm. (b) A series of 2D
precursors and 3D structures enabled by light-driven origami assembly of graphene-based polymer bilayers [15]. All scale bars are 10 mm. (c) Reversible origami via
the integration of graphene with polymer layer (SU8) responsive to stimuli like (i) solvate (scale bar, 200 pm) or (ii) heating (scale bar, 100 pm) [85,86]. (d)
Reversible MoS, origami based on the differentially-crosslinked polymer and selective fixing: with shapes of (i) pyramid, (ii) square pyramid and (iii) flower [14].

2D sheets, e.g. GO, can also be folded in the same manner to form
polyhedrons [161].

The excellent photothermal effects of rGO sheets make them work as
useful constituents in light-driven functional structures. For example, an
active layer incorporating rGO, thermally expanding microspheres, and
PDMS can be used to achieve autonomic origami assembly based on the
deflection of the active layer induced by light [15]. In this case, the
active layer was combined with a passive layer of PDMS to form a
bilayer. There is a mismatch in the Young’s modulus and coefficient of
thermal expansion within the bilayer that gives rise to a bending
deformation when irradiated with infrared (IR) radiation. Furthermore,
the folding angle was found to be controllable by tuning the active hinge
length. Hence, a series of complex 3D structures could be assembled by
connecting the different parts of the 2D design using appropriate hinges,
as shown in Fig. 15b.

Apart from using light to stimulate assembly, other experimental
stimuli have been investigated to achieve an assembly response and
these continue to attract an increasing amount of attention. Fig. 15¢(i)
shows an example in which a crosslinking gradient inside a layer of SU8
was exploited to achieve the reversible folding of a graphene/SU8
bilayer via a process of de-solvation and re-solvation [85]. Moreover,
the curvature of the folding effect was controlled by the swelling
gradient. As a result, the 3D origami structure like flower shape was
formed in combination with 2D patterning. Fig. 15c(ii) shows the
reversible folding and unfolding of graphene in response to heating and
cooling [86]. In this case, a layer of thermoresponsive polymer with a
strain gradient sensitive to temperature was employed. Thus, the
reconfigurable 3D graphene-based structure was formed and further
stabilized by the attachment of rigid panels.

Another example of a reversible system is shown in Fig. 15d (based
on MoS; and a differentially-crosslinked polymer, as discussed earlier).
It is observed that the hybrid system can be used to assemble various 3D
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structures, e.g. pyramids, square pyramids, and flower shapes [14]. The
selective fixing of the pattern center is another key procedure to ensure
the targeted assembly of such origami designs.

In the field of smart devices, 2D materials are being combined with
conventional shape changing materials (hydrogels, liquid crystals, shape
memory elastomers, etc.) to assemble reconfigurable origami structures
with additional advantages, e.g. significantly smaller form factors, low-
power consumption, and fast response times, thanks to the ultrathin
nature of 2D materials used. These advances pave the way for some
promising applications of origami-assembled 2D materials in, for
example, the adaptive and programmable design of smart devices [162].

5. Tailored properties and design strategies

Using the diverse range of assembly schemes discussed above, we can
give 2D materials new vitality by transforming them into 3D structures
and tailoring their properties for application in next-generation micro/
nanodevices. In addition to the 3D configuration adopted, strain engi-
neering can also be used to prominently regulate the properties of the
reshaped 2D materials, thus endowing them with a new creative capa-
bility for a broad range of applications in mechanics, optics, electronics,
and nanoscience.

In general, there are two primary considerations when shaping and
structuring 2D materials: (i) preserving the unique inherent merits of the
2D material in the 3D structure created; and (ii) furnishing the new
materials with novel functionalities that cannot be attained with the
planar 2D materials alone. Consequently, an inverse approach to the
design of both the geometry and mechanical characteristics of the
structures is required in order to optimize them for future application. As
the understanding of the atomic-scale mechanisms develops, more
precise designs are expected to realized. This process can be further
accelerated by adopting advanced methods of computer-aided design
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(CAD).

5.1. Unique physical properties

Depending on the coupling between the materials’ mechanical and
other properties, 2D materials can be engineered via origami/kirigami
to form a geometrical form with a favorable morphology and advanta-
geous strain distribution. The key challenge is how to maintain the
merits of 2D materials while exploiting the superiority of the targeted 3D
structure.

It is interesting to see that 2D materials isolated from the bulk ma-
terial can meet the growing demand for the novel functionalities in the
form of an appropriate 3D structure. Meanwhile, compact 3D structures
like rolled-up tubes can promote miniaturization, reducing the volume
and footprint of material required. It is very important for the devel-
opment of the microelectronics industry. It is noteworthy that various
3D geometries also provide a flexible platform for strain engineering in
2D materials. In particular, the desired strain distribution can be well-
designed in the practical schemes of shaped and structured 2D mate-
rials and yield the exceptional physical properties required for specific
applications.

As we are working on the nanoscale, custom-design nanostructures
can be made that enable novel physical phenomena to be manifested for
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frontier physical investigation. Starting with graphene, out-of-plane
deformation and strain engineering have become effective tools for
tuning the material’s transport properties, even in the quantum regime
[163].

As the fundamental theory has developed and the computational
methods are improved, numerous theoretical investigations on the
engineered properties of deformable 2D materials have been conducted,
spanning from frontier physics research to device conception. For
example, as already mentioned, it was predicted that zero-energy edge
states could be perfectly transmitted onto the opposite layer of a folded
metallic graphene nanoribbon to generate a zero Landau level due to
symmetry considerations [122]. This work unveiled the quantum Hall
transport property in folded graphene nanoribbons with a vivid
description of the Klein paradox. Another example concerns the insta-
bility of black phosphorus. In this case, the formation of nanoscrolls may
be a possible strategy to encapsulating the reactive surface of black
phosphorus for real applications. This is because, in addition to pro-
moting stability, the calculated band structure of black phosphorus
nanoscrolls suggests that the carrier mobility will be increased [164].

It has also been suggested that periodically-corrugated graphene can
be applied to the study of origami-based spintronics [165]. In that work,
spin-dependent conductance of graphene sheets with different corru-
gation parameters were calculated. It was found that the spin-orbit

Fig. 16. Unique physical properties of origami/
kirigami-engineered 2D materials. (a) Me-
chanics: remarkably enhanced mechanical per-
formance of graphene-based composites
through multi-folding [167]. (b) Optics: (i)
tunable optical transparency of the graphene
oxide polyhedron [161], (ii-iv) volumetric light
confinement in self-assembled 3D
graphene-based polyhedrons [93]. (c) Elec-
tronics: nonlinear electronical properties of
self-folded graphene film with a curvature
radius of 60.9 ym [151]. (d) Nanostructures:
one-dimensional heterostructures via the as-
sembly of different nanotubes [169]. (i) Sche-
matic illustration of one-dimesional vdW
heterostructure with the coaxial tubular struc-
ture. (i) TEM image of one-dimesional vdW
heterostructure formed by the inside single-wall
carbon nanotube and outside bilayer boron
nitride nanotube, (iii) the corresponding struc-
tural model and (iv) aberration-corrected TEM
image.
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coupling was improved due to the enhanced effect of the curvature. The
improved spin-orbit coupling opens up the bandgap and induces a
spin-polarized current that can be used in spintronic applications.

Inspired by such theoretical advances, scientists have attempted to
realize these properties of origami/kirigami-engineered 2D materials in
practice. Fig. 16 summarizes some representative examples of unique
physical properties split into four broad categories: mechanics, optics,
electronics, and nanostructures.

As mentioned above, graphene can be toughened and elongated
beyond its previous limits through the use of kirigami [13]. In addition,
composite films consisting of 2D materials can be readily reinforced
through shaping and structuring. For instance, by using photolithog-
raphy to create kirigami patterns in nanocomposites of GO—polyvinyl
alcohol (PVA), the material’s elastic properties can be engineered, thus
promoting its ultimate strength [166].

It has also been found that a kind of macroscale laminated composite
material formed from a multi-folded polycarbonate (PC)/graphene (G)
film (PCG) possesses reinforced mechanical properties, thus yielding
another strategy to further improve the mechanical stability and dura-
bility of such materials [167]. Fig. 16a(i) shows that a PCG composite
film has been repeatedly folded in half to form a multilayered structure
similar to that of a stacked multilayer (in the case shown, the composite
was folded 10 times producing 1024 layers with an overall thickness of
~0.4 mm). The structures were further analyzed theoretically and the
synergistic effect occurring between the folding and reinforcement
process was quantified using finite element analysis (FEA) simulations.
Bending tests were then performed on a series of samples including
folded ones (F-PCG, F-PC) and stacking ones (S-PCG, S-PC). The highest
strength was achieved using F-PCG, as shown by the stress-strain curves
in Fig. 16a(ii). Such folded 2D material-based mechanical metamaterials
or composite materials can be expanded on a large scale and may have
potential applications in stretchable electronics.

The optical properties of 3D structures are also often very different
from those of the 2D components. Fig. 16b shows examples in which
tunable transparency [161] and volumetric light confinement [93] can
be realized using graphene-based polyhedra produced via similar
origami schemes. In the former case, the water-permeability of the 3D
hollow GO structure was exploited to switch the transport path of the
light. Thus, the transparency of the structure changed depending on
whether the environment was dry or wet. In the latter case, 3D plasmon
hybridization occurred on the graphene surfaces on the polyhedra,
producing a highly confined electrical field inside the 3D structure.

The electrical properties of 2D materials can be effectively engi-
neered in the 3D structure. For example, both the graphene tubes and
edge-closed graphene ribbons were synthesized using palladium (Pd)
nanowires as templates [168]. It was rather surprising that the
edge-closed graphene ribbons exhibited a higher conductivity than the
edge-open graphene ribbons, which was attributed to parasitic defects.
Fig. 16c shows plots of the nonlinear electrical properties of self-folded
graphene films with a certain curvature radius. In this case, graphene
films with various curvature radii generated the varied strain, thus
modulating their electronic structures and producing the tunable re-
sistances accordingly [151].

Finally, Fig. 16d shows a recently reported method for assembling
nanostructures in the form of 1D vdW heterostructures [169]. Layers of
h-BN and MoS, were grown on single-walled carbon nanotubes by vapor
deposition technique. It was shown that TEM images and electron
diffraction results verified that the structure of the 1D vdW hetero-
structures involved nested nanotubes that were highly crystalline.
Furthermore, the electrical properties of the 1D vdW heterostructures
were found to be dependent on the close coupling between the nano-
tubes, modulated by their structural parameters, e.g. the diameters of
the tubes.
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5.2. Novel inverse designs

Both facile and accurate designs are essential for the pursuit of
structures with desirable properties and thus building a solid basis for
further applications. It is quite challenging to develop an inverse design
approach when shaping and structuring 2D materials (especially in the
context of nanostructures). Therefore, the understanding of the theo-
retical mechanisms utilizing computer-aided design (CAD) is becoming
more necessary. By attaining an in-depth understanding of the design
principles involved, it should be possible to accomplish suitable designs
very rapidly.

The geometrical design of kirigami/origami patterns has made much
progress via the use of mathematical methodologies, e.g. Miura-ori folds
[170]. However, the design of patterns for shaping and structuring 2D
materials is mainly limited by the material. This issue may be resolved
by learning from the design experience gained from the prediction
process of new materials. Prior to an experimental attempt to form a
predicted novel or functionalized material, the 3D structure made from
2D materials can be simulated using theoretical methods, which allows
the formation process to be explored and, perhaps, a more favorable
structure to be proposed.

As an example, the possibility of forming subnanometer TMD
origami structures was systematically investigated using density func-
tional theory, including the critical role of the line defects in the origami
assembly process [171]. The stability of the MoS, nanoribbons, with and
without line defects, was firstly calculated. The results indicated that the
line defects only caused a small energy penalty and were suitable for the
construction of origami nanostructures. As shown in Fig. 17a, the evo-
lution from MoS; nanotube to nanowire was simulated in S-rich (orange
dots) and Mo-rich (blue dots) environments. Compared to optimal
structures, the inset experimental observations demonstrated that va-
cancies were inclined to crease in TMD nanostructures, which suggested
that line defects could effectively induce assembly of the origami
structure.

In addition to traditional optimization algorithms that are based on
finite element analysis (FEA), machine learning methods have emerged
and gradually become an alternative and highly efficient approach for
the design of materials or kirigami patterns. In general, the optimization
of a series of cut layouts to obtain the desired mechanical properties
would no doubt be a complicated and exhausting process. However, by
machine learning, the optimized design of graphene kirigami (using
1000 training candidates) could be rapidly derived, thus yielding a
design with outstanding elastic stretchability [172]. Fig. 17b shows the
relationships obtained between stress and strain in three different
representative kirigami patterns (left panel) which can be used to extract
other important mechanical parameters. The elastic properties of the
origami designs are correlated with both the cut density and arrange-
ment (right panel). By the adequate sample training and the experi-
mental results to optimize the cut pattern in the kirigami structure using
a neural network search algorithm, the inverse design of a highly
stretchable graphene kirigami structure was realized. The work also
enriches our knowledge of the relationship between the kirigami cuts in
a material and its elastic properties.

For the targeted design of shaped and structured 2D materials
(especially at nanoscale) more effort needs to be devoted to under-
standing the atomic mechanisms involved. Recently, Han et al. studied
the atomic-scale bending mechanism in few-layer graphene and found
there was a decrease in bending stiffness resulting from interlayer effects
[173]. Fig. 17c shows the potential bending mode identified in few-layer
graphene. It was observed that interlayer slipping in the graphene
softened the bending stiffness when the bending angle was large
(bright-field STEM image) while bending was accommodated by the
tensile and compressive strain (inserted schematic illustration).

As mentioned above, atomically-precise nano-origami performed
using an STM tip is a promising approach to custom-designing graphene
nanostructures. This is typified by the tubular carbon structures shown
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Fig. 17. Novel inverse designs. (a) The simulation of the evolution of MoS, nanotube in S-rich (orange dots) and Mo-rich (blue dots) environments [171]. (b)
Accelerated search and design of stretchable graphene kirigami using machine learning according to the diverse kirigami patterns with different cut density, and the
corresponding stress-strain curves [172]. (c) Atomically bending mechanism in few-layer graphene shown in bright-field STEM image and inserted schematic
illustration [173]. Scale bar, 1 nm. (d) Atomically precise nano-origami toward the custom-design of graphene nanostructures, like (i) tubular carbon structures with
tunable chirality, and (iii) intramolecular junctions formed by (ii) bicrystal graphene nanoisland [32]. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

in Fig. 17d(i) [32]. In this case, the graphene nanoisland (GNI) was
folded using the STM tip to produce tubular part like the nanotube with
tunable chirality. Fig. 17d(ii) shows the distinct grain boundary of a
bicrystal GNI, which can be folded to create a fascinating intramolecular
junction (Fig. 17d(iii)) via STM origami. These kinds of folded graphene
nano-origami structures may also provide ideal design platforms to
investigate the coupling effect that exists between their flat twisted and
curved folded parts. Moreover, this design approach allows to investi-
gate the important frontier physical concepts such as superconductivity
in magic twist angle graphene, which can be studied in combination
with the properties of attached nanotubes or intramolecular junctions.

6. Applications

The unprecedented ability to design and engineer the properties of
3D-assembled 2D materials opens up enormous opportunities for
intriguing applications in various fields like flexible electronics, energy
harvesters, sensors, actuators, robotics, and metamaterials. The unique
geometries and enhanced performance of the 3D structures available via
strain engineering will enable novel devices to be created that are un-
available with conventional planar 2D materials. In this section, we
introduce some of the applications and devices that benefit from the use
of the superior construction techniques inspired by kirigami/origami.
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6.1. Flexible electronics

In recent years, flexible electronics have attracted an increasing
amount of attention in the area of advanced electronics, especially in the
context of implantable and wearable devices [174]. Naturally, devices
intended for use in flexible electronics have totally different re-
quirements imposed on them compared to those used in conventional,
rigid applications. That is, they often need to be bendable, stretchable,
twistable, and/or foldable [175].

The recent advances in the shaping and structuring of 2D materials to
provide routes to assembled 3D functional structures opens up the
possibility that 2D materials with favorable intrinsic electrical proper-
ties can be transformed to 3D structures with similar or even enhanced
electrical properties. As inorganic and organic electronic materials have
been successfully employed in flexible electronics in the past, it can be
anticipated that the sophisticated design methods available for 2D ma-
terials will inspire a multitude of novel micro/nanodevices or even in-
tegrated systems. Various attractive characteristics such as durability
and high performance in strained states should therefore be deliverable
[176].

Fig. 18a shows stretchable micro-supercapacitors fabricated by
creating suspended wavy graphene microribbons that are capable of
maintaining outstanding electrical performance even when highly
stretched [177]. The left panel presents optical and cross-sectional
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Fig. 18. Flexible electronics. (a) Stretchable micro-supercapacitors based on suspended wavy graphene microribbons with released status and its cross-sectional
image (left panel). The current-voltage curves of the micro-supercapacitors in different strains (right panel) [177]. (b) Optical image of a folded graphene-based
electronic circuit with an array of LED chips working well under negative and positive angle folding (left panel). The stable relative resistance in folding cycles
(right panel) [178]. (c) Optical image of 3D helical coils of cellular graphene with outstanding electromechanical properties (left panel). The nearly invariable
resistance at different biaxial tensile strains (right panel) [109]. (d) Optical image of the highly stretchable device adopting MoS; kirigami structures on the curved
surface (left panel). Enhanced electrical properties and strain-sensing behavior under deformation induced by kirigami structures (right panel) [24]. (e) Optical
image of kirigami-inspired 2D PtSe, layer conductors with 2,000 % stretchability (left panel) and corresponding current-voltage curves under different strains (right
panel) [23]. (f) Kirigami-patterned mesh design for strain-insensitive electrical resistance under different twisting angles (left panel) and biaxial strains (right

panel) [179].

images that clearly show the wavy geometry of the suspended graphene
microribbons in the released state. It is this geometry that allows the
material to accommodate a very large tensile strain and thus avoiding
the failure of the device in the stretched state. A series of electrical tests
demonstrated that the electrical properties of the material were almost
invariable under stretching. For instance, the current-voltage curves
measured using micro-supercapacitors under different strains (right
panel) are nearly identical, confirming that the highly stretchable wavy
graphene micro-supercapacitors are ideally suited to application in
flexible electronics.

Creating foldable electronic devices is another very important step in
many applications. However, the problem of degradation induced by
repeated folding is a very challenging aspect in such devices. If the de-
vice is to be foldable, then the substrate as well as the conductor must be
foldable. For example, Hyun et al. used paper substrates to successfully
fabricate foldable electronic circuits made from graphene [178].
Fig. 18b shows a folded graphene-based electronic circuit with an array
of LED chips (left panel) which work very well regardless of the direction
it is folded in (i.e. positive or negative folding angle). In addition, the
relative conductance of the circuit was found to change very little after
repeated positive-negative folding cycles (right panel).

Another example is to be found in the 3D helical coils of cellular
graphene (Fig. 18c, left panel) that were mentioned earlier [109]. These
were constructed using compressive buckling, and their structure made
them retain the intrinsic high conductivity even when a large stretchable
strain was applied (i.e. they have outstanding electromechanical prop-
erties). As shown by the minimal variation in the relative resistance with
strain (right panel), the relative resistance is practically unchanged
under increasing biaxial tensile strain. This kind of stretchable 3D
conductive helical coil can serve as an excellent interconnect for
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situations where stretching is likely to occur, e.g. between devices
located on a flexible curvilinear surface.

Ever since the concept of graphene kirigami was first proposed, the
desirable properties (toughness and stretchability) of such kirigami
structures have been expected to make them ideal for use in making
‘stretchable’ electrodes [13]. Fig. 18d (left panel) shows an example of a
MoS; kirigami structure on a curved surface that is highly stretchable
due to its kirigami design [24]. The electrical properties of the structure
under deformation can be improved by its kirigami design. It was found
that the structure’s current-voltage behavior was sensitive to the strain,
which suggested a possible application as a strain sensor. Fig. 18d (left
panel) shows that the conductivity increased slightly in the 0-5 % strain
range but much more dramatically in the 5-15 % strain range. A
maximum value of the conductivity was reached when the applied strain
increased up to 15 %, after which conductivity decreased as the strain
was increased further. The variation observed arised from the defor-
mation behavior of the kirigami-regulated 2D material and also a
possible piezoresistive effect.

There are other kirigami-structured 2D materials whose designs have
been specifically optimized to make them insensitive to strain. Fig. 18e
shows kirigami-inspired conductors made from 2D layers of Pt Se, that
have extremely high stretchability [23]. The current-voltage curves
recorded under different strains are also shown (right panel). Remark-
ably, according to stretching tests (left panel), the kirigami-patterned
PtSey layers were able to maintain their conductivity even when
stretched up to 2,000 %.

A device-scale kirigami-patterned mesh design has been recently
proposed for graphene sensor devices that incorporates relatively more
complex strain states, e.g. biaxial strains and twists [179]. The stable
relative resistance measured in the twisted (left panel) and



Z. Zhang et al.

biaxially-strained (right panel) states are shown in Fig. 18f. The insets
show the deformed devices and well-matched strain distributions
simulated using finite element analysis (FEA). It was found that the
out-of-plane deformation of bridges in kirigami meshes accommodated
stress concentrations very well and vastly improved the material’s
multiaxial stretchability. Kirigami designs are so inspiring that more
applications will undoubtedly emerge in the near future that add to the
progress made in flexible strain sensors [180] and flexible multifunc-
tional devices [181].

6.2. Energy harvesters

Energy harvesting has long been a topic of interest because of con-
cerns about the need to achieve sustainable development. The research
conducted to date has inspired a diverse range of energy harvesting
techniques involving various energy sources.

Due to their flexibility and ultrathin nature, deformable 2D materials
have been widely used in energy-related applications, e.g. lightweight
and adaptive power-supplies for wearable devices [182], origami
lithium-ion batteries [183], and surface-textured solar cells [184]. The
reshaping of 2D materials not only enlarges the range of the corre-
sponding energy harvesters that can be accessed, but also inspires
innovative 3D design schemes that can be used to resolve practical
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problems in applied devices.

It is clear that 2D materials are well-suited for harvesting energy
because of their large specific areas. Meanwhile, reconfiguring 2D ma-
terials into 3D form can endow it with additional advantages and
functionalities. A typical example is shown in Fig. 19a. In this example,
photovoltaic (PV) cells were fabricated using a textured silicon surface
and kirigami graphene as the effective transparent electrode [184]. The
PV cells thus formed were found to have improved conductivity and
power conversion efficiency. Graphene has long been considered as a
promising substitute for replacing conventional transparent conductive
films (e.g. indium tin oxide). The kirigami strategy is able to achieve
conformal mapping of a planar sheet onto a textured 3D surface, thus
generating a larger surface area for light harvesting. The upper figure
schematically illustrates this central idea (in this hybrid PV cell, the
kirigami graphene employed has a cross-pattern to enhance the effective
contact between the transparent electrode and a surface that is textured
in the form of inverted pyramids). The conformal overlaying of the
kirigami graphene on the textured surface is validated by SEM and TEM
images presented. The comparison shown in the bottom figure clearly
demonstrates that the use of kirigami graphene successfully increases
the power conversion efficiency by up to 9.8 %.

Fully utilizing the available sunshine plays a significant role in the
harvesting of solar energy. Remarkably, kirigami can be used to help the
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conversion of solar energy [185]. The general idea is to generate solar
cells that ‘track’ the location of the sun without the use of mechanical
devices to orient the solar panel. The idea was implemented by cleverly
designing a kirigami system of out-of-plane structures that were inher-
ently capable of solar tracking and thus improving the solar harvesting
efficiency.

Another approach for light harvesting is to use the light to generate
steam. On this basis, a CNT-embedded GO nanocomposite was fabri-
cated with a Miura-ori design to create a deployable 3D origami solar
steam generator capable of fully utilizing solar energy [186]. The
Miura-ori tessellation structure consists of rigid faces (parallelogram--
shaped) formed through a series of folds, producing mountain- and
valley-like features. This structure, with its periodic concavity, has an
auxetic effect on the reabsorption of heat and thus reduceing energy
losses due to radiation and convection. In order to quantify the effect of
the origami structure, the efficiency of the steam generator was assessed
in relation to a series of structural parameters: area interacting with the
light (Aactive), projected area (Aproject), Projection angle (¢), and surface
areal density (Aactive/Aproject)- Fig. 19b shows the steam generation ef-
ficiency and surface temperature (inset) as a function of Aactive/Aproject-
It was observed that the steam generation efficiency increased with the
surface areal density, and reached the saturation value at 4.65, which
was attributed to the reduction in heat dissipation that occurred due to
the enhanced recovery achieved using larger folds. Similar origami de-
signs have also been applied to photothermal materials, which allows
more efficient solar energy utilization to be achieved for the distillation
of water [187].

The diverse geometries arising from the reshaping of 2D materials
can pave the way for more versatile energy harvesters on demand, for
instance, in portable or wearable devices [188].
Polypyrrole/graphene-based micro-supercapacitor arrays have been
imprinted on paper with interconnects between the origami-folded parts
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and used for harvesting wind energy [189]. Yang et al. [25] reported a
kind of graphene-based hydroelectric generator (GHEG) with excellent
performance in a diverse range of geometries that are rollable, stretch-
able, and reconfigurable, as illustrated schematically in Fig. 19¢. In that
work, laser processing was used to produce rGO circuits on GO in situ.
Then, the GO sheets were electrically polarized to produce a gradient of
oxygen-containing groups, which led to the formation of an ion con-
centration gradient in humid conditions, and hence electricity genera-
tion [190-192]. Moreover, the GHEGs are mechanically malleable and
pliable and can be used for the construction of various structures, thus
breaking the inherent limitations existing in conventional rigid struc-
tures. The optical images in Fig. 19¢ show a rolled GHEG, stretchable
serpentine bridge-island GHEG, and origami-based GHEG (e.g. pyramid)
integrated with LEDs, all of which can operate regularly when triggered
by moisture.

6.3. Sensors

To keep up with the rapid rise of interest in smart devices and
‘Internet of Things’, the mutual interaction between smart devices and
the environment, which demands high-performance sensors and even
sensor arrays integrated into the system, has been studied intensively.
Due to the outstanding sensing capacity of 2D materials (with respect to
optoelectrical detection in particular), the rational design of reshaped
2D materials can create surprising sensors that can be utilized in many
important fields.

It is well known that nanomembrane microcavities can have a
remarkable effect on detection accuracy if advantage is taken of ‘whis-
pering-gallery modes’ [193,194]. Unfortunately, the fabrication of
high-quality rolled-up 2D materials for the construction of ultrasensitive
sensors remains challenging. Recently, alternative transfer methods
based on conventional nanomembrane microcavities have exhibited
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preliminary hopes. For example, Fig. 20a shows a rolled-up, gold--
coated, nanomembrane cavity covered by the transferred graphene
[195]. This sensor was successfully employed to monitor the photo-
degradation of rhodamine 6 G molecules at a molecular level in
real-time. The sensor takes advantage of the coupling between opto-
plasmonic and graphene-induced field enhancement effects. In addition
to promoting the induction of whispering-gallery modes in the
metal-coated nanomembrane microcavities, the graphene on the surface
is able to effectively enhance the electrical fields involved. Hence, by
measuring the resonance shift produced, the photodegradation of the
rhodamine 6 G molecules could be accurately monitored in real-time.

Fig. 20b shows a 3D graphene field-effect transistor (GFET) that
features enhanced photoresponsivity and broad spectral range [196].
Actually, graphene-based photodetectors generally exhibit broad oper-
ation spectra but tend to suffer from poor photosensitivity because of
their weak optical absorptivities. However, the tubular nature of the 3D
GFET shown facilitates a large increase in the light-matter interaction
area. It also promotes the intensity of the optical field via microcavity
resonances. Overall, the photosensitivity is remarkably enhanced
compared to planar 2D GFETs. Meanwhile, the 3D GFET can operate at
high frequencies which can be further elevated using the optimized
procedures and may even reach the anticipated terahertz region.

3D architecture can open up access to the enhanced levels of spatial
sensing, so that the photodetection or imaging process can yield more
information about the orientation of the light detected. Rogers et al. [21]
proposed a 3D photodetection/imaging system with the guidance of
compressive buckling based on MoS,, as shown in Fig. 20c. The trans-
parent hemispherical surface of the 3D photodetection system allows
that both the intensity and direction of the incident light can be detected
by the simultaneous measurement of the entry/exit points of the light. In
detail, based on the photoresponse recorded by the photodetectors near
the laser, the photocurrent together with the azimuthal and polar angles
can be used to interpolate the position of the laser beam.

Fig. 20d shows SEM images and angular-dependent photoresponses
from pyramidal, square pyramidal, and flower-shaped 3D MoS,-SU8
photodetectors which can be used to elucidate the spatial photosensi-
tivity of the origami structures [14]. Through the setting of multiple
electrodes according to the structural symmetry, the successive mea-
surement of the photoresponses from structures of different shapes ex-
hibits their own spatially-resolved photovoltaic signals. In addition, the
photoresponse detected using a Miura shape was found to be reconfig-
urable and could be reversibly tuned during folding and unfolding
cycles.

The flexible nature of 3D architectures integrating photosensors
based on 2D materials means they may play an important role in the
development of soft bioelectronic devices (e.g. artificial electronic eyes)
which is currently a research hotspot. Fig. 20e illustrates a curved image
sensor (CurvIS) array composed of MoSy-graphene heterostructures
with high-density and therefore suitable for use in artificial eye con-
struction [22]. A sigma-shaped image captured by the human-eye
inspired soft optoelectronic device is also shown. The device in-
tegrates a single lens (like the eye) with the strain-release design of the
MoSy-graphene heterostructures, thus avoiding mechanical failure of
the CurvIS array on the concave hemisphere. Furthermore, the imaging
process is insensitive to infrared irradiation because of the absorption
spectrum of MoS,. It is also possible that the CurvIS array itself could
find application as an implantable retina which would electrically
stimulate the optical nerve in response to an optical signal without
causing any mechanical damage to the existing retina.

Graphene is considered as an ideal substrate for biosensing appli-
cations because of its biocompatibility and Raman-enhanced effect.
Furthermore, as graphene can be reshaped, it is very promising for use in
3D biosensing as it can be molded over irregularly-shaped surfaces and
provide more information about samples with excellent spatial resolu-
tion. For example, a kind of hybrid graphene ‘skin’ was proposed for
application in 3D biosensing which exploited the self-folding and
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encapsulation behavior of the ‘skin’ [197]. Fig. 20f(i) shows SEM image
of a pollen grain that was conformally coated with the graphene skin
including the spikes (without fracturing the film). The image shown in
Fig. 20f(ii) is a spatially-resolved map of the spiky pollen grain obtained
using surface-enhanced Raman spectroscopy thanks to the hybrid gra-
phene ‘skin” which can surround the entire pollen grain.

6.4. Actuators

In the current context, an actuator is a device that generates me-
chanical locomotion in response to a stimulus from the external envi-
ronment (rather than transforming the signal for sensing/detection
purposes). Combining 2D materials with conventional shape-changing
materials (e.g. hydrogels, polymers, etc.), 2D materials can be self-
assembled to form 3D architectures, which allows a versatile range of
hybrid actuators to be developed to accomplish specific deformations in
a reversible manner. This is highly advantageous for the creation of
automatic control systems and further applications in advanced robots
(discussed in the next subsection).

As already stated, it is the inclusion of the active materials that assists
the shaping and structuring of 2D materials used. 2D materials them-
selves form the material bodies of such actuators and improve their
performance.

Light-driven actuators form one of the main groups of actuators
conceived so far. Light is an attractive form of stimulus because it can be
conveniently applied from afar thus allowing remote control to be
realized. The driving force induced by light is generally produced by
photothermal effects. For example, the rGO sheets interfaced with
elastin-like polypeptides were proposed by Wang et al. [16] to produce
nanocomposites with reversible thermal-responsive behavior. These
were used to manufacture actuators that could be precisely controlled by
the application of near-infrared (NIR) radiation. Based on this actuator,
‘fingers’ of a hydrogel ‘hand’ could be bent by selectively exposing them
to NIR light. Besides, a flexible anisotropic actuator was fabricated by
combining MoS; sheets with a hydrogel [198]. A two-step polymeriza-
tion method was firstly used to create a thermal-responsive layer (con-
taining MoS, as a photothermal transduction agent) and a second
temperature-insensitive layer. The mismatch in swelling properties thus
produced induced bending when the temperature increased. The
anisotropic response of the actuator caused it to bend reversibly under
the action of light and even caused the self-wrapping.

As mentioned in Subsection 4.3, graphene-based polymer bilayers
can also exhibit photothermal deflection behavior. This has inspired the
creation of hinge actuators that can be remotely folded using light, as
shown in Fig. 21a [15]. The figure shows a series of hinge actuators
fabricated to investigate the relationship between the (controllable)
folding angle and (tunable) hinge length. It is shown that the two factors
are approximately linearly related. Similar graphene nanocomposite
bilayers have been used for actuators in optical switching applications
[199].

Bilayers made of GO-polydopamine (PDA) nanocomposite and rGO
can also be used to construct photoactuators, driven by the shrinking of
the GO upon exposure to NIR light irradiation [18]. In the top panel of
Fig. 21b, the bending and unbending of the actuator can be clearly seen
as the light is turned on and off sequentially. The bottom panel shows
that the folding angle can be programmed by varying the light intensity.

Apart from photothermal actuation, there are many other environ-
mental factors that can effectively stimulate actuators, e.g. pH, humid-
ity, and external fields. Miskin et al. [200] prepared graphene-based
bimorphs that could be actuated to induce self-folding. Such an
approach can be expected to be a wonderful platform for autonomous
origami machines. In addition to their temperature-dependence, the
bimorph actuators can produce a sensitive response to the pH of their
environment. The top panel in Fig. 21c shows the rapid unfolding of a
folded tetrahedron in response to an increase in pH; the lower panel
shows the slower sequential folding response to a subsequent lowering
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Fig. 21. Actuators. (a) Graphene-based polymer bilayers actuators with remote light controlled folding [15]. All scale bars are 10 mm. (b) GO-PDA/rGO photo-
actuators and controlled photothermal actuation upon exposure to NIR light irradiation [18]. All scale bars are 3 mm. (c) Graphene-based bimorphs for the actuator
with reversible folding and unfolding responsive to the environmental pH change [200]. (d) MoS,-based electrochemical actuators with charging triggered rolling
and lifting [201].
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of pH. of charged species into the MoS; film [201]. The actuators can be used to
As another example, Fig. 21d shows metallic 1T-MoSz/Au bimorph perform controllable rolling and lifting, and even easily outperform
actuators that can be triggered by immersing them in electrolyte (or mammalian muscle tissue.
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Fig. 22. Micromotors and soft robots. (a) Navigation and oil droplet transport by graphene oxide rolled-up micromotors [17]. Scale bar, 200 pm. (b) Photoresponsive
PDMS/graphene nanoplatelets composited layer for soft-robotic design, like microfish with various motions including forward, backward, and turning around [205].
(c) (i) Moving process of moisture-responsive crawler robots actuated by rGO/GO film [207]. (ii) Origami-inspired self-walking robot with crawling and turning
mode driven by selectively light irradiation [18]. (d) Artificial robotic hand and moving microrobot under NIR/laser control [18].
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6.5. Micromotors and soft robots

The actuation performance of reshaped 2D materials suggests these
new materials can be used to drive smart and autonomous modes of
manipulation in robotic systems. As such, they may well play a useful
role in the manufacturing of multifunctional robots. It is noteworthy that
a myriad of robot-like morphologies can be assembled from 2D materials
using origami. Thus, it is possible to take advantage of such fabrication
methods to ensure that the biomimetic structures produced have suffi-
cient structural flexibility and rigidity, which is particularly important
in the emergent field of ‘soft robots’ [31,202].

On the other hand, the reshaped 3D geometries exhibit the unique
advantages for the robotic applications. For instance, one of the most
significant applications for rolled-up nanomembranes is the creation of
tubular micromotors. These motors are devised as tubular cavities that
can undergo catalytic self-propulsion. They can thus serve as motors to
propel microrobots in many different fascinating applications in envi-
ronmental science, biomedicine, and biosensors [203].

A facile method of fabricating micromotors from rolled-up GO
sheets, in which wax-printed paper was utilized to allow the shape and
size of the motors to be tuned depending on the scrolling path and
oxidation extent, was presented by Baptista-Pires et al. [17]. A catalytic
coating of platinum was successfully used to propel the rolled-up GO
micromotors in HyO3 solution (the catalyst facilitates the release of
oxygen bubbles from the inner cavity). As a proof of concept, oil droplets
in water were collected and transported using the rolled-up GO micro-
motors (Fig. 22a), which experienced the navigation process driven by
the hydrophobicity of the GO. Besides, the similar micromotors made
from monolayer graphene were also found to have fast moving speed
and interesting antibacterial properties [204].

Fig. 22b shows a biomimetic soft-robotic ‘microfish’ that can be
photothermally deflected using NIR light irradiation, producing a vari-
ety of different motions: forwards (i-iii), backwards (iv-vi), and turning
(vii-ix) [205]. In this case, a bilayer platform consisting of a composited
layer of PDMS/graphene nanoplatelets and a pristine PDMS layer was
used. Primarily driven by different coefficients of thermal expansion
(CTE) and Young’s modulus mismatch in the bilayer, the response of the
microfish to NIR light irradiation was very fast (e.g. the platform could
be deflected about 1500 pm within 3.4 s). The fact that the
remote-controlled microfish swimmer could be moved with some agility
suggests that this approach has great potential for drug delivery and
creation of biomedical robots.

Artificial muscle is particularly challenging in the design of bio-
mimetic robots. However, it is an essential component, which plays a
critical role in facilitating complex maneuvers. Unfortunately, conven-
tional motorized systems consist of many actuators with judicious di-
vision of function and appropriate conjunction. This naturally multiplies
the complexity and difficulty of the problem. To surmount this barrier,
Han et al. [206] proposed an integrated artificial muscle for biomedical
robots that uses gold nanorods embedded in GO (AuNRs@GO) and
PMMA. The artificial muscle is driven by light without the required
joints. A robotic spider and artificial hand were fabricated to demon-
strate the manipulation capabilities of the muscle. The response of the
muscle could also be selected according to the wavelength of the light
used (due to the plasmonic responses of AuNRs of different sizes), thus
allowing the complexity of the response to be further increased.

As mentioned above, rGO/GO bilayers provide an excellent platform
for fabricating actuators and have therefore been the inspiration behind
many stimulus-sensitive robots. Fig. 22¢(i) shows a moisture-sensitive
rGO/GO crawler robot resembling a four-legged insect that moves for-
ward or stops in response to the switching on/off of the humidity [207].
Similar crawler robots can be fabricated using rGO-based hydrogel and
execute the four-stage motion as follows: (1) apply the laser to the back
end of the crawler to initiate folding; (2) in response, the gel curls under
the crawler at that specific site; (3) as the gel uncurls, the force from the
back end drives the front end forwards; (4) the gel returns to its original
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state and the crawler has moved forwards a short distance [16]. Fig. 22¢
(ii) shows an origami-inspired self-walking robot that features more
programmable locomotion modes including crawling and turning [18].
In this case, rGO sheets were utilized as substrates and lines of GO-PDA
created thereon to induce localized bending when irradiated by NIR
light. The creative use of GO-PDA lines allows more versatile robotic
applications to be devised, such as the artificial robotic hand and a
worm-like microrobot shown in Fig. 22d. The hand was able to have a
large carry load compared to itself and the motion of the microrobot
inside a minipipe could be controlled remotely using NIR/laser light
irradiation.

6.6. Mechanical/optical metamaterials

With artificial properties that are hardly ever found in naturally
existing materials, metamaterials have emerged as one of the most
popular categories of materials designed and conceptualized in various
interdisciplinary fields of study. The intrinsic mechanical superiority of
2D materials can be engineered using exotic kirigami/origami reshaping
techniques to create various mechanical metamaterials with unusual
and desirable mechanical, and even shape-morphing, properties
[208-210]. In addition, the sophisticated 3D configurations created may
permit electromagnetic waves to be manipulated in special ways and
thus enabling novel photonic functionality to be achieved.

Ever since its first conception, graphene kirigami has been suggested
to be a promising approach to building mechanical metamaterials,
Fig. 23a shows a typical example: a stretchable graphene kirigami spring
made by 3D reconstruction [13]. By varying the design of the pattern of
cuts, graphene kirigami can be used to develop more interesting struc-
tures for the creation of mechanical metamaterials. For instance, it has
been shown that graphene kirigami can be used to create auxetic
structures consisting of periodic reentrant honeycombs that possess
negative Poisson’s ratios [211,212]. Fig. 23b shows a practical realiza-
tion of this kind of behavior based on photothermal actuators made from
wavy strips of GO-cellulose bilayers [20]. The two designs shown
correspond to mechanical metamaterials possessing an ultra-positive
Poisson’s ratio (Fig. 23b(i), (ii)) and negative Poisson’s ratio (Fig. 23b
(iii), (iv)), respectively. In both cases, four of the wavy strips were
bonded together at periodic contact points. When the design shown in
Fig. 23b(i) was exposed to NIR light irradiation, the structure experi-
enced a slight lateral expansion and large transverse contraction corre-
sponding to a very large and positive Poisson’s ratio (Fig. 23b(ii)). In
contrast, the structure with additional solid paper formed a reentrant
honeycomb lattice, as shown in Fig. 23b(iii). When this structure was
irradiated, it expanded in the transverse direction and so the corre-
sponding Poisson’s ratio was negative (Fig. 23b(iv)).

Although the strain engineering of 2D materials has experienced
rapid advances, the corresponding progress in fabricating functionalized
metamaterials in a true sense is still relatively slow, since it is very
difficult to devise and fabricate the artificial designs required. Never-
theless, some intriguing proofs of concept have sprung up over recent
years which show that functionalized metamaterials can indeed be
produced by assembling shaped and structured 2D materials. For
example, simulations of graphene origami structures assembled using
surface functionalization recently demonstrated that they exhibit co-
efficients of thermal expansion that can be tuned across a very broad
range (from negative to positive) [213,214].

Fig. 23c(i) shows SEM image of an exceptional optical metamaterial
based on a sheet of MoS; which was strain-textured using a SiOj
nanocone array, thus essentially forming an optoelectronic crystal of
artificial atoms [19]. The other images shown are scanning photo-
luminescence maps plotting: (ii) the wavelength, and (iii) the peak in-
tensity of the photoluminescence, which reveal the strained nature of
the MoS; film. The strain induced by the underlying nanopattern can
produce a remarkable modulation in the electronic structure of the MoS,
superlattice. As a result, the adsorption bandwidth increases from 677
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Fig. 23. Mechanical/optical metamaterials. (a) Graphene kirigami inspired stretchable springs [13]. Scale bar, 10 pm. (b) GO-based kirigami structures enabling
mechanical metamaterials with ultra-positive (i, original structure; ii, after NIR light irradiation) and negative Poisson’s ratio (iii, original structure; iv, NIR light
irradiation) [20]. (c) Optoelectronic crystal of artificial atoms in (i) strain-textured MoS, (scale bar, 500 nm) and scanning PL maps with (ii) wavelength and (iii)

peak intensity (scale bar, 1 pm) [19].

nm (unstrained MoSs) to 905 nm (most-strained MoS,) and the meta-
material is endowed with unprecedented strain-textured artificial opti-
cal properties.

7. Summary and outlook

In this review, we have summarized the recent progress in the
shaping and structuring of 2D materials via kirigami and origami. Some
emphasis has been placed on how the desired 3D architectures can be
assembled from 2D materials using various strategies, as well as their
engineered properties and promising applications. While kirigami/
origami assembly strategy has been maturely applied to conventional
functional materials, the new regime of 2D materials kirigami/origami
still demands more efforts on the detailed investigation at nanoscale.
Nevertheless, this nascent field have shown vigorous vitality and crea-
tivity, thus exerting a profound effect on the development of cutting-
edge researches, e.g. quantum physic, shapeable microelectronics,
smart nanorobots, etc.

From the perspective of mechanical properties, the feasibility of
shaping and structuring 2D materials has been discussed in terms of
their unique mechanical behavior and deformation modes. However,
atomically thin 2D materials are easily susceptible to the mechanical
stress and chemical environment, which may bring the concern about
the stability of both 2D materials themselves and the desired kirigami/
origami structures. Although reshaping such materials introduces new
degrees of freedom that can be exploited, the fabrication processes are
often very challenging. The kirigami/origami approaches, for example,
have inspired many assembly/structuring techniques to be devised to
achieve the rolling, folding, wrinkling, and buckling of 2D materials in
response to internal stresses and external stimuli. The combination of
structural construction and lattice deformation has opened up enormous
opportunities for the macroscopic integration and strain engineering of
2D materials. It has also allowed a deeper insight to be gained in several
areas of frontier science through the leveraging of customized
nanostructures.
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Many novel 3D functional structures have been designed using 2D
materials by following simple geometric and mechanical principles. As
the designs have become miniaturized down to nanoscale dimensions, a
refreshing new understanding of atomic mechanisms has started to see
the dawn. A wide range of compelling applications has subsequently
been proposed that covers various fields of study (flexible electronics,
energy harvesters, sensors, actuators, robotics, and metamaterials). This
progress is paving the way for the next generation of high-performance
microelectronic devices and highly-integrated multifunction smart
systems.

The ancient papercraft techniques of kirigami and origami have
inspired various ways of engineering materials and achieving deter-
ministic assembly in recent years, thus facilitating the construction of
various complex 3D structures from 2D materials during the present
developmental stages. Although an elementary framework for shaping
and structuring 2D materials using kirigami and origami has gradually
been established, the researches involved are still at their early stages
and there are numerous challenges and limitations that still need to be
overcome.

Firstly, graphene and its related derivatives are the main materials
used to assemble objects — only rarely are 3D structures fabricated using
other 2D materials. More general assembly schemes are needed that
offer the option to choose 2D materials used so that the properties of the
3D structures created can be endowed with superior mechanical prop-
erties and specialized functionality. Currently, the fabrication methods
available differ according to the material platform and assembly strat-
egy used. They thus exhibit their own inherent limitations and draw-
backs. On the other hand, universal assembly methods will be rather
difficult to exploit under the complex range of circumstances possible.
Therefore, more attention should be paid to explore proper methods
aimed at key applications, especially with respect to making them more
efficient and convenient to use.

Secondly, the scalability and controllability of the fabrication
methods are of critical importance when reshaping 2D materials. Up to
now, nano-origami using 2D materials remains challenging and is not
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conducive for massive fabrication. It is necessary to gain a more thor-
ough knowledge of the atomic mechanisms involved and better (more
precise) methods of manipulation. Meanwhile, more complex 3D mes-
ostructures or hybrid systems of as-assembled 2D materials should be
developed for a wide range of innovative applications. In this case, the
focus should be on inverse design and mechanical principles.

Thirdly, the stability of 2D materials kirigami/origami schemes re-
mains poorly explored. For the pursuit of improved yield and repro-
ducibility, more efforts need to exert on the physical mechanisms of
material damage and structure failure associated with multi-step fabri-
cation process since 2D materials are always atomically thin and very
vulnerable. Due to the large specific surface areas and high chemical
reactivity of 2D materials, the chemicals introduced during the fabri-
cation (e.g. chemical etchant, photoresist) may cause the contamination
or damage to the materials used. Furthermore, some intrinsically
instable 2D materials like black phosphorus will readily degrade even in
ambient atmosphere, which further restricts the enrichment of the
candidate materials. Therefore, it is still challenging to optimize the
compatible 2D materials and chemical environment involved to avoid
the harsh damage. Beyond the chemical failure, the potential fracture or
distortion induced by mechanical stress are common in the delicate
assembly process. The rational design of both 2D patterns and strain
distribution is significant to the availability and stability of target 3D
structures, while the inappropriate strain will lead to the deviation of
deformation path or even fracture. Therefore, the threshold strain of 2D
materials or hybrid system used is critical to the structural stability. The
poor performance of the free-standing nature also easily induces the
collapse of 3D structures, thus requiring the specific treatment, e.g. su-
percritical drying after the wet release.

In summary, the challenges that currently exist in the research area
of shaping and structuring 2D materials are also stimulating precious
opportunities. Likely future research directions include the followings:

(i) Generation of massive, scalable, and versatile fabrication
methods for shaping and structuring 2D materials with diverse
2D starting materials beyond graphene. Attempts should also be
made to extend the driving methods utilizing more common and
effective sources such as electric or magnetic fields.

Creation of novel nanoscale/atomically-precise methods to ar-
chitect novel nanostructures based on 2D materials. This should
provide new pathways to build suitable platforms for frontier
physics investigations and envision proof-of-concept prototype
quantum devices, and even machines.

Using advanced analytical models and computer-aided design
(CAD) methodologies to derive new rigorous design schemes,
including both the inverse design and validation.

Constructing complex 3D hierarchical structures of 2D materials
with excellent mechanical stability and novel functionality. The
structures should be optimized and strain engineering needs to
be designed to improve their performance in order to create
next-generation multifunctional micro/nanodevices. This can
also be conducted in combination with the use of vdW hetero-
structures and heterogeneous integration.

Converting prototype 3D functional structures made from 2D
materials into the critical components needed to create the
desired nanoelectromechanical systems (NEMs), as well as
developing on-chip and system-level integration strategies.
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