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chemical vapor deposition (CVD). When 
it comes to on-chip integrations, these 
strategies are limited by accessible mate-
rials and slow processing rate,[31] and the 
generated defects in the produced amor-
phous materials placed restrictions to its 
further applications in high-performance 
devices.[32] Therefore, novel approaches 
and methods of fabricating 3D micro/
nanostructures are highly demanded.

Rolled-up nanotechnology is an alter-
native technique that fabricates 3D nano-
structures out of planar films called 
nanomembranes. Nanomembranes are 
defined as planar thin films with thick-
nesses between one to a few hundred 
nanometers.[33] These nanomembrane 
materials behave like soft materials while 
maintaining excellent properties like 
their bulk counterpart and therefore is an 
ideal platform for fabricating 3D nano-

structures. Inspired by concepts of origami and kirigami,[34–37] 
researchers folded and rolled these nanomembranes into a 
number of fascinating 3D structures.[17,38–44] Several review arti-
cles have been published with emphasis on nanomembranes 
thinning and manufacture, mechanical deformation, funda-
mental studies, and their practical applications.[33,41,45–47] By 
releasing strain-engineered planar functional nanomembranes 
on sacrificial layers, complex rolled-up structures including 
tubes,[48–54] rings,[54–56] and helices[42,57–59] can be constructed 
(for instance, see Figure  1f). This approach can be applied to 
engineer a wide range of organic and inorganic materials and 
their combinations, including metals, insulators, traditional 
semiconductor families, and recently emerged 2D materials. 
Given its compatibility to standard CMOS fabrication process 
and ability to manufacture large periodic arrays with precise 
geometric control, rolled-up nanotechnology further expands 
the applications of 3D nanostructures to a number of areas, 
including optical resonators,[60,61] photodetectors,[62,63] micro-
motors,[64–66] energy storage,[67] drug delivery,[68] gas detec-
tion,[53] and environmental decontamination.[69] The versatility 
in the materials design and geometric tuning in rolled-up 
nanotechnology presents tremendous opportunities for further 
developing sophisticated 3D fine structures.

In this review, we focus on the materials perspective and 
fabrication process of rolled-up nanotechnology. First, we 
give a brief introduction of rolled-up mechanism, as well as 
its fabrication techniques and control strategies. We summa-
rize and highlight recent advances of different materials sys-
tems and their corresponding rolling methodologies. Second, 
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1. Introduction

The development of complex 3D micro/nanoarchitectures has 
sparked enormous research interest due to its potential for 
advanced electronics,[1–4] photonics,[5–11] mechanics,[12–16] and 
microelectromechanical systems (MEMS).[17–20] A number of 
approaches have been developed to form these 3D architec-
tures, such as 3D printing with polymeric inks,[21,22] two and 
multiphoton lithography,[23–27] large-area projection micro-ste-
reolithography (LAPµSL),[15,28] and template-assisted deposi-
tion[29,30] (Figure 1). These impressive techniques have offered 
various manufacturing capabilities with high design freedom 
and arbitrary critical feature sizes and thus represent an impor-
tant milestone toward 3D micro/nanoarchitectures. However, 
most of these techniques fabricate 3D structures from a bottom-
up perspective. For instance, two-photon lithography typically 
begins by fabricating photosensitive polymer-based 3D micro-
structures, and then covert the materials template to desired 
materials by exchange growth using atomic layer deposition or 
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the geometry control of the produced structures is discussed, 
including rolling directionality, tube diameter, and chirality 
of springs. Third, mesostructures besides microtubes formed 
utilizing rolling mechanism are discussed and summarized. 
Finally, we present an outlook on the directions of rolled-up 
nanotechnology for future on-chip applications.

2. Rolling Mechanism

It is well known in fundamental physics that moment drives a 
static object to rotate. As the rolling-up process can be consid-
ered as the rotation of part of the nanomembranes, there must 
exists nonzero moment in the membranes system. In terms 
of rolled-up nanotechnology, the moment comes from either 
strain relaxation or external forces.[17,45] In other words, strain 
relaxation and external force are the driving mechanism for 
the formation of 3D structures based on rolling-up nanomem-
branes. Hence, the methods to introduce and manipulate 
strain gradient perpendicular to the nanomembranes system 
or external force acting on the membranes are the most essen-
tial element and deterministic factor in the rolled-up nanotech-
nology. Here, we review and classify these methods according 
to different mechanisms.

2.1. Internal Strain Gradient

Internal (or intrinsic) strain gradient exists inside the 
nanomembranes system, and is the most commonly used strain 
type in rolled-up nanotechnology. The strain gradient is either 
generated during the deposition of nanomembranes or intro-
duced right before the rolling process. According to different 
mechanisms, the internal strain gradient can be introduced by 
the following methods:[17,45] (a) utilizing lattice mismatch in 
heteroepitaxial crystalline bilayer, (b) via nonepitaxial deposi-
tion methods, (c) utilizing different swelling properties or (d) 
thermal response properties of different materials, (e) utilizing 
lattice mismatch resulted from topochemical transformation, 
or (f) via surface reconstruction of ultrathin nanomembranes. 
In the following sections, the mechanisms of the above six 
methods along with the corresponding advantages and disad-
vantages will be discussed in details with specific examples.

2.1.1. Heteroepitaxial Crystalline Bilayer

The strain gradient in the heteroepitaxial grown bilayer 
originates from the different lattice constant of different 
materials.[17] This method was first reported in 2000,[70] where 
epitaxially grown GaAs/InAs bilayer rolled up into microtubes 
upon the etching of the sacrificial layer (AlAs), as shown in 
Figure 2a. In details, the lattice constant of In is larger than that 
of Ga. Thus, when a layer of GaAs is epitaxially grown on the 
crystalline InAs, the upper layer would be stretched in order to 
fit the lattice constant of the lower layer at the interface, while 
the lower layer will shrink. In this way, a tensile strain is intro-
duced in the GaAs layer, while the InAs layer is in compression. 
For such heteroepitaxial crystalline bilayer system, upon strain 

relaxation via etching of the sacrificial layer, the upper layer 
tends to shrink and the lower layer tends to expand, causing 
a bending moment which eventually results in the rolling up 
of GaAs/InAs bilayer. Such mechanism can be applied to other 
epitaxy materials systems, such as SiGe[48,71] and AlN/GaN.[72]

2.1.2. Nonepitaxial Deposited Prestrained Nanomembranes

Besides heteroepitaxial grown bilayer, nanomembranes depos-
ited via nonepitaxial methods such as electron beam evapora-
tion, magnetron sputtering, and ion plating can also contain 
built-in strain gradient even though those nanomembranes 
are either polycrystalline or amorphous.[17,41,51] Cr deposited by 
electron beam evaporation is a commonly used strained metal 
nanomembrane,[73–75] and is often incorporated with semicon-
ductor layers. For example, researches have shown that the 
Cr layer deposited onto silicon is highly tensile strained.[73] 
Figure  2b,c presents a Cr/SiGe-on-insulator system fabri-
cated via Ge condensation.[75] Once the top Cr/SiGe bilayer is 
released from the substrate via selective etching, the Cr layer 
and the SiGe layer would relax inward and outward, respec-
tively, resulting in a bending moment that causes the bilayer 
to roll upward. Furthermore, the strain gradient inside the Cr 
layer can be controlled by the evaporation rate.[17] It should be 
noted that as the bending moment linearly depends on the 
distance between the mean positions of the forces applied to 
the upper and lower layers,[76] the rolling process of nanomem-
branes system also depends on the thickness of Cr layer, and 
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the Cr layer below a certain critical thickness could not exert a 
torque large enough to induce the rolling-up process.[75] More-
over, such prestrained nanomembranes deposited by nonepi-
taxial methods are not restricted to metal films.[17] Insulators, 
such as SixNy, are also widely used as a strained layer.[73,77,78] 
Depending on the deposition parameters, the strain inside 
SixNy can be either compression or tension. For example, 

a 10  nm thick SixNy layer deposited by low-pressure CVD 
(250 mTorr) at 800 °C from a dichlorosilane/ammonia gas mix-
ture with a growth rate of 3.5 nm min−1 exhibits a considerable 
residual tensile strain,[73] while the SixNy film obtained under 
similar conditions except higher pressure (600 mTorr) presents 
a compressive strain.[79] The microtube fabricated with the aid 
of SixNy strained layer is shown in Figure 2d.

The advantages of the above mentioned methods are 
obvious: nonepitaxial deposition methods exhibit a significant 
reduction in cost when compared with epitaxial methods. How-
ever, this way of introducing internal strain requires a layer of 
strained nanomembranes besides the functional material. The 
existence of strain layer might influence the characterization 
of the functional layer, or even erode its properties, limiting 
the usage of this method. To overcome this problem, strained 
single-layer nanomembranes were introduced by changing the 
deposition parameters during growth, such as the substrate 
temperature and growth rate, and no additional prestrained 
layer is needed.[51] The mechanism behind this method can be 
simplified and explained by a bilayer model. The single-layer 
system could be regarded as a bilayer with equal thickness, and 
the properties of the two layers are different due to discrepancy 
in deposition parameters, leading to a strain difference between 
the two layers. Take the deposition rate as an example, if the 
bottom layer and the top layer are deposited at different rates, 
the grain sizes in the two layers would be different, exerting dif-
ferent stress levels in the nanomembranes.[80]

2.1.3. Swelling Strain

Unlike the above mentioned two methods which introduce 
strain during the deposition of nanomembranes, the strain can 
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Figure 1.  Fabrication methods of 3D micro/nanoarchitectures. a) 3D-printed helices and hemispherical spiral array. Adapted with permission.[21] 
Copyright 2016, National Academy of Sciences. b) Architecture and microstructure of nanolattices using two-photon lithography. Reproduced with 
permission.[12] Copyright 2014, AAAS. c) Hierarchical metamaterial and critical features fabricated by LAPµSL. Adapted with permission.[15] Copyright 
2016, Macmillan Publishers Limited. d) Template-assisted electrodeposition of microtubes. Adapted with permission.[29] Copyright 2011, American 
Chemical Society. e) Self-folded 3D structures (scale bars: 300  µm). Adapted with permission.[34] Copyright 2011, National Academy of Sciences.  
f) Rolled-up 3D mesostructures (scale bars: 10 µm). Reproduced with permission.[54] Copyright 2017, Wiley-VCH.

Figure 2.  a) Schematic diagram showing the mechanism of introducing 
strain gradient in heteroepitaxial crystalline bilayer. Reproduced with per-
mission.[70] Copyright 2000, Elsevier. b) Schematic diagram illustrating 
the rolling-up process of the Cr/SGOI nanomembranes system. c) Optical 
microscopy showing the rolled-up microtubes utilizing Cr as the strained 
layer. (b,c) Reproduced with permission.[75] Copyright 2008, American 
Institute of Physics. d) SEM image of two suspended SiGe/Si/SixNy/Cr 
(10/10/10/18  nm) microtubes with a diameter of 3.8  µm. Reproduced 
with permission.[73] Copyright 2004, American Institute of Physics.
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also be generated inside membranes system upon the change 
in environment. In the case of swelling strain, the rolling pro-
cess is not confined to inorganic materials. Strain can also 
be introduced in organic membranes system and microtubes 
can also be formed utilizing different swelling properties of 
chemically dissimilar polymers in selective solvents.[49] Figure 3 
demonstrates a bilayer polymer system which consists of poly-
styrene (PS) and poly(4-vinylpyridline) (P4VP). PS forms a stiff 
hydrophobic layer upon exposure to water due to its low water 
uptake, while P4VP is less hydrophobic and thus swells in 
acid aqueous solutions. When putting the bilayer system into 
contact with acid aqueous solutions, the two layers present an 
unequal change in volume, resulting in the lateral forces which 
eventually create the bending moment for rolling process. 
Recently, such approach has also been widely applied to the 
construction of 4D mesostructures.[81]

2.1.4. Thermal Response Strain

Similar to swelling strain, thermal response strain is also gen-
erated upon the change of environment parameters, and in 
the case of thermal response strain, the parameter is tempera-
ture.[17,41] The mechanism behind the thermal response strain 
lies in the different thermal properties of different materials, 
and the most straightforward way is to utilize the discrep-
ancy in coefficient of thermal expansion (CTE). The classical 
example of utilizing CTE in macroscale world is the bimetallic 
strips in thermostats.[17] As the temperature changes, the two 
metal layers shrink or expand to different extents due to the dis-
crepancy in CTE, resulting in thermal induced strain between 
the metal interface which eventually leads to the bending of 
the bilayer. The same mechanism can be applied to microscale 
world and introduce strain in nanomembranes system.[82] As 
shown in Figure 4a, the top Si layer of silicon-on-insulator (SOI) 
wafer was first patterned into ribbons via photolithography 
and reactive ion etching. Then a layer of polydimethylsiloxane 
(PDMS) was elastically stretched by heating from 30 to 180 °C. 
Then the stretched PDMS was brought into conformal contact 
with the Si ribbons. As the CTE of PDMS is approximately two 
orders of magnitude larger than that of Si,[17] when the PDMS 
was released to its unstrained state by cooling, surface defor-
mation of Si was simultaneously formed which caused well-
defined waves in Si ribbons with decent uniformity.

Apart from utilizing thermal response strain via changing 
the environment temperature or thermal heating, there is 
another way to change the temperature of the certain part of 
the membranes system—electron beam irradiation,[83] which 
is available in transmission electron microscopy (TEM). It is 
well known that electron beam irradiation would cause the 
excitation of phonons which leads to the heating of nanomem-
branes. The heating effect of electron beam irradiation has 
been utilized to induce the curling and closure of graphitic 
networks.[84] More recently, carbon-based nanocomposite 
tubular structures have been created utilizing electron beam 
irradiation.[85] As shown in Figure 4b, an opening is made on 
a carbon nanomembrane with a thickness of 10  nm and the 
nanomembrane is then exposed to irradiation by an electron 
beam. The carbon nanomembrane gradually rolled up into 
tubular nanostructures. The mechanism behind the rolling pro-
cess could be explained as following: the electron beam irradia-
tion effectively heated the carbon film, leading to a temperature 
difference between the membrane and the substrate. Such tem-
perature discrepancy results in the strain gradient that eventu-
ally causes the rolling of carbon films.[84,85] Furthermore, other 
nanostructure such as nanoparticles, nanorods, nanowires, and 
nanosheets could be loaded on the carbon nanomembrane to 
form hybrid tubular structures. Moreover, it should be noted 
that heating via electron beam irradiation does not exhibit the 
same effect as thermal heating, as irradiation may render other 
influence to the nanomembranes such as knock-on atom dis-
placements, defects, and self-organization phenomenon.[83]

2.1.5. Topochemical Transformation Strain

Similar to the strain in heteroepitaxial crystalline bilayer, the 
topochemical transformation strain is also generated utilizing 
lattice mismatch. However, to the best of our knowledge, this 
method has only been reported once utilizing a specific topo-
chemical transformation,[86] in which a 2D material was rolled 
up into microtubes. As shown in Figure 4c, the CaF2 nanosheets 
with the thickness of 1–2 unit cells react with lanthanum salts 
in water at ambient conditions, causing a topochemical conver-
sion to yield partially oxidized lanthanum fluoride nanosheets. 
The strain generated from the lattice mismatch produced by 
this transformation induces the spontaneous rolling-up process 
of LaF3−2xOx nanosheets.

Adv. Mater. Technol. 2019, 4, 1800486

Figure 3.  a) Schematic diagram showing the fabrication process of polymer microtubes with structured inner surface. b) Optical image during the rolling 
of the tubes. c) Optical image of a transparent polymer microtube with visible inner structure. Adapted with permission.[49] Copyright 2005, Wiley-VCH.
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2.1.6. Strain from Surface Reconstruction

As mentioned in Section  2.1.1, the lattice mismatch strain 
totally depends on the type of materials under nondefect situa-
tion. However, theoretical study has shown that when the thick-
ness of nanomembranes reduces to atomic scale, the intrinsic 
surface stress caused by surface reconstruction has to be taken 
into consideration.[87] Take a Si (001) nanomembrane with a 
thickness of a few atomic layers as an example. It is well known 
that the Si (001) surface displays a (2 × 1)-type reconstruction 
including rows of dimers.[88] In an even-layer nanomembrane 
where the dimers on the top and bottom surface are parallel, 
the two intrinsic surface stress cancel out with each other. How-
ever, in an odd-layer nanomembrane, the dimers on the top and 
bottom surface are perpendicular, resulting in a surface-stress 
imbalance which could serve as a driving force for the rolling 
process. Additionally, it should be noted that the magnitude of 
such imbalance is considerably large and might even reverse 
the rolling direction determined from lattice constant.[87] As 

mentioned above, the heteroepitaxially grown Si/Ge bilayer 
would roll up toward Si according to their lattice constants. 
However, depending on the orientation of dimers, the surface  
stress of ultrathin Si/Ge might act along or against the lat-
tice mismatch strain. In the former case, the rolled-up micro-
tube would exhibit smaller diameters, while in the latter case the 
nanomembrane would roll in the opposite direction. Though 
discussion about the feasibility of realizing such method experi-
mentally has been proposed,[89,90] due to its extreme complexity, 
only theoretical simulation has been reported so far.

2.2. External Force

To the contrary of internal strain gradient, external force does 
not exist inside the nanomembranes and only acts on the sur-
face of the nanomembranes system. Though not as widely 
used as internal strain gradient, external force also plays an 
important role in rolled-up nanotechnology via enhancing or 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 4.  a) Schematic diagram illustrating the fabrication process of wavy Si ribbons utilizing different CTE between PDMS and Si, and SEM image 
showing the top view of wavy Si ribbons. Adapted with permission.[82] Copyright 2006, AAAS. b) Schematic illustration of carbon-based nanomembranes 
rolling up into microtubes under the electron beam irradiation. The inset shows a typical rolled carbon film under the electron beam irradiation of TEM 
at 100 kV with 1 s duration. Adapted with permission.[85] Copyright 2012, American Chemical Society. c) Schematic of the overall scrolling process, and 
TEM image of the LaF3−2xOx nanosheet and a single nanotube showing lattice fringing with a d-spacing of 3.23 Å that matches the (101) plane of the 
LaF3. Reproduced with permission.[86] Copyright 2016, American Chemical Society.
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manipulating the total strain gradient, or inducing the rolling 
process of specific types of materials. In general, external 
force could be applied to the nanomembranes system in the 
following ways: (i) via surface tension of liquid, (ii) utilizing 
surface adsorption, (iii) via van der Waals force, and (iv) uti-
lizing ultrasonication treatment. In the following sections, 
the mechanism of the above four methods will be explored in 
details together with specific examples.

2.2.1. Surface Tension of Liquid

Surface tension is an important property of liquid and could 
be used to assist or induce the rolling process of nanomem-
branes. Take liquid droplet as an example, the droplets have 
a tendency to minimize its surface area (also known as capil-
lary), and such tendency leads to the surface tension between 
the droplets and the nanomembranes. Surface tension of metal 
droplets has been reported to assist the rolling up of nanomem-
branes into microtubes with ultrahigh aspect ratio.[52,91] As 
shown in Figure  5a a thin layer of gold (<10  nm) was depos-
ited on the top of prestrained bilayer nanomembranes. After 
the rapid thermal annealing (RTA) treatment of the sample in 
N2 environment, the gold layer formed separated islands due to 
dewetting. The surface tension between the gold droplets and 
nanomembranes, together with the intrinsic strain relaxation 
in the nanomembranes eventually induced the rolling process 
of nanomembranes. The microtubes fabricated by this method 
exhibited smaller diameters than the tubes produced via pure 
intrinsic strain relaxation.[52] Furthermore, the surface strain 
of gold droplets could be controlled by their sizes, which could 
be tuned by the annealing time and temperature. Though in 
this case the surface tension alone could not induce the rolling 
of nanomembranes, it should be noted that the surface ten-
sion of droplets still brings localized elastic deformation of a 

flexible nanomembrane.[92] Additionally, the surface tension 
in the grain coalescence of nanodroplets could also be trig-
gered by plasma etching, in which the extent of strain could 
be controlled by etching times.[93] Other 3D nanostructures in 
sub-micrometer scale such as wrinkling, saddling, wedging, 
and polyhedra shapes have been fabricated utilizing the surface 
tension of solder droplet, as shown in Figure 5d.[35,94]

Apart from liquid droplet, the surface tension of solution 
might also act as the driving force for the rolling-up process of 
thin-film materials.[95–97] For example, PDMS sheet, as well as 
silicon films could be assembled with the assistance of water 
droplet.[98,99] Likewise, graphene was reported to roll up into 
carbon nanoscrolls with the assistance of surface tension of 
isopropyl alcohol (IPA).[97] Monolayer graphene was fabricated 
by mechanical exfoliation of natural graphite on Si wafer with 
285  nm SiO2 top layer. When the chip was immersed into 
IPA solution for around 5 min and then dried with nitrogen, 
carbon nanoscrolls were found. The driving force for the 
rolling up of graphene is actually the surface tension: as the 
upper and lower surfaces of graphene were in contact with 
IPA and SiO2, respectively, the two surfaces experienced dif-
ferent forces. The difference of surface tension resulted in a 
total surface strain which eventually caused the graphene to 
roll up upon releasing from the SiO2. It should be noted that 
the mass of graphene is extremely low, making it quite sensi-
tive to surface tension, similar to the case of surface recon-
struction discussed above.

Additionally, nanomembrane fabricated via chemical 
synthesis could also be rolled by utilizing surface tension at 
the air–solution interface.[100,101] For example, treating the 
NaAsS2 solution with a mixture gas flow of HCl and air, and 
As2S3 microtubes with diameters ranging from 20 to 100  µm 
would form after drying. The mechanism behind the rolling-
up process could be explained as following:[101] as the reaction 
product—As2S3 nanomembrane—is hydrophobic and does 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 5.  a) Schematic diagram showing the rolling process of nanomembranes with the aid of surface stress from gold droplets. b) SEM image of 
the surface morphology and c) rolled-up SiO/Si (5/5 nm) microtubes after RTA treatment. (a–c) Adapted with permission.[52] Copyright 2013, Wiley-
VCH. d) Optical microscopy and SEM image of the 2D precursors and polyhedra fabricated by utilizing surface tension of solder. Reproduced with 
permission.[35] Copyright 2002, Wiley-VCH.
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not sink in the solution, the nanomembrane would exist at the 
interface of air and solution. During the drying process, the sur-
face tension at the air–layer interface exhibits a larger value than 
at the side of layer–solution interface. Thus, such imbalanced 
surface tension leads to the rolling-up process of As2S3 film.

2.2.2. Surface Adsorption

It has long been known that surface adsorption could induce 
the bending of thin films.[96] If the molecular coverage remains 
constant, the thinner the film is, the larger the bending curva-
ture will be.[102] Thus, when reducing the thickness of films to 
extreme small values, for example, one atomic layer, the sur-
face adsorption might even induce the rolling process of the 
films. Based on such deduction and using first-principles and 
classical molecular dynamics simulations, a novel method for 
fabricating carbon nanotubes utilizing the rolling process of 
graphene ribbons via surface adsorption of atoms was proposed 
over a decade ago.[102,103] In the work of Yu and Liu, H atoms of 
50% coverage are randomly adsorbed onto the surface of gra-
phene nanoribbon.[102] The surface stress induced by adsorp-
tion eventually leads the graphene ribbon to roll downward and 
form a nanotube. The generation of the surface stress could be 
explained by the following mechanism:[102] the adsorption of 
H to the top of a C atom leads to a transition of the bonding 
configuration of the C atom underneath H from sp2 to sp3. 
Such transition pulls this C atom up by ≈0.3 Å, while its three 
neighboring C atoms are pushed out and down, resulting in 
a tensile stress in the graphene nanoribbon. Calculations also 
showed that the induced stress increases linearly with the H 
coverages, and so does the bending curvature. Additionally, it 
should be noted that other atoms such as F could also be used 
to trigger the rolling process. Furthermore, the feasibility of this 
method has recently been justified in experiments,[104] in which 
graphene rolled up into tubes under hydrogen and nitrogen 
atmosphere.

2.2.3. Van der Waals Force

Though relatively weak when compared with ionic or covalent 
bonds, van der Waals force—the distance-dependent inter-
actions between nanoscale particles—still exerts significant 
influence on ultrathin films and might even induce the rolling 
process of some 2D materials. Theoretical works have shown 
that the van der Waals force between silicon nanowires and 
graphene nanoribbons could cause the rolling process of gra-
phene.[105] As shown in Figure  6a, the graphene nanoribbons 
were put in vicinity of Si nanowire with a distance about 5 Å. 
Due to the van der Waals force between the nanowire and the 
nanoribbon, the two start to approach each other. During that 
process, the carbon atoms near the nanowire begin to wrap 
on it and the nanoribbon eventually rolls around the whole 
nanowire, forming a silicon/graphene core–shell structure. It 
should be noted that the diameter of nanowire plays an impor-
tant role in this process and only nanowire with the diameter 
exceeding a certain threshold value could induce the rolling of 
graphene.[105]

Though this method has not been experimentally proven, 
similar method utilizing van der Waals force in a relatively larger 
scale was demonstrated recently.[106] As shown in Figure  6b, 
the nanomembrane floating on the surface of deionized water 
was approached and gently attached to a tubular substrate 
by van der Waals adhesion. Afterward, the gradual rotation  
of the substrate led to the rolling up of the nanomembrane 
into tubes. It is possible for the fabricated tubes to be damage-
free given the low viscosity of water. The rolling-up process of 
nanomembrane is governed by the competition between the 
van der Waals force at the substrate–nanomembrane interface 
and the nanomembrane–water interface.[106] Various materials 
including Au, PS, and graphene could be rolled up utilizing this 
method, and the parameters (such as the winding number and 
the diameter) of the tubes could be precisely controlled by the 
rotation of the substrate. Furthermore, freestanding tubes can 
be produced by pulling out heat-shrink tubular substrate upon 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 6.  a) The illustration of rolling process of graphene nanoribbon (33.4 × 76.6 Å) onto the Si nanowire (10 Å in radius) in the simulation. 
Reproduced with permission.[105] Copyright 2010, Elsevier. b) Schematic diagram showing the rolling process of nanomembrane floating on water with 
the aid of tubular substrate. Adapted with permission.[106] Copyright 2018, American Chemical Society.
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heating. However, it should be noted that the diameters of the 
tubes lie in sub-micrometer scale and tubes with smaller diam-
eters fabricated via this method have not been reported yet.

2.2.4. Ultrasonication Treatment

Applying sound energy to the nanomembranes system, also 
known as ultrasonication treatment, would also induce the 
rolling process of some 2D materials.[103] It has been reported 
that graphene would form into carbon nanoscrolls upon ultra-
sonication treatment.[107] In details, as shown in Figure  7a, 
graphene was first prepared via wet chemical technique with 
a donor-type graphite intercalation compounds KC8, which 
reacted exothermically with ethanol, resulting in the formation 
of exfoliated graphite sheets. Upon sonication, such graphene 
sheets would roll up into carbon nanoscrolls with a converting 
rate over 80% (Figure 7b). It should be noted that for efficient 
formation of such 3D structures, the duration time of the soni-
cation treatment must be short and its energy must be high.[107]

However, as KC8 is highly reactive toward oxidants and water 
vapors in air, such method requires inert atmosphere,[107,108] 
such as helium. Acceptor-type graphite intercalation com-
pounds (such as graphite nitrate and hydrosulfate) proposed 
later might solve this problem.[109] The overall process is shown 
in Figure  7c, and ultrasonication treatment is still a must for 
the formation of carbon nanoscrolls. Additionally, other 2D 
materials such as graphene oxide have also been rolled up into 
nanotubes or nanoscrolls via ultrasonication treatment.[110,111]

3. Release Methods

The fabrication process of rolled-up nanotechnology gen-
erally requires a detach procedure to release the obtained 

nanomembranes from their substrate in order to shape them 
into 3D architectures. To release the film, strain-engineered 
nanomembranes need to be first isolated and shaped. The sim-
plest method is mechanical scratch using a diamond cutter 
or a piece of sand paper.[112] As for sophisticated devices that 
requires a good precision, photolithography or e-beam lithog-
raphy is intensively used. Detailed shaping methods have been 
described in the previous review.[41]

3.1. Wet Release

In most cases, researchers insert a sacrificial layer between 
the nanomembranes and the substrate to release the wanted 
nanomembrane from its bulk. Lateral etching of the sacrificial 
layer separates the freestanding nanomembrane and therein 
yields the rolled-up process.

According to Mei et  al.,[113] the etching rate of a selected 
etchant to the sacrificial layer should be 1000 times higher 
than the dissolving rate of the functional layer. This etching 
selectivity requirement of the sacrificial layer as to the desired 
materials need to be considered thoroughly before practical 
experimentation. Here, we summarize some representative 
materials systems that have been exploited for fabricating 
rolled-up nanostructures.

3.1.1. Epitaxially Grown Materials

Group III–V Semiconductors: Wet chemical etching of the sac-
rificial layer is traditionally adopted since it is cheap and con-
venient. Rolled-up microtubes were first fabricated by releasing 
strained InAs/GaAs bilayer with AlAs underneath layer.[70] In 
this case, dilute HF solution was applied to remove the AlAs 
sacrificial layer selectively.[70,114] Since then various geometries 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 7.  a) Illustration of graphene intercalation, exfoliation, and rolling-up process of graphene with the KC8 as the intercalation compound. 
The rolling-up process is triggered by ultrasonication treatment. b) SEM images of carbon nanotubes fabricated by this method. (a,b) Reproduced 
with permission.[107] Copyright 2003, AAAS. c) Schematic diagram showing the fabrication process of carbon nanotubes using acceptor-type graphene 
intercalation compounds. Reproduced with permission.[109] Copyright 2007, Elsevier.
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and studies of GaAs/InxGa1−xAs nanomembranes using the 
molecular beam epitaxy (MBE) method on GaAs bulk substrate 
were carried out.[55,57,115–118] These rolled-up structures were 
proposed to function as artificial bacterial flagella,[57] quantum-
dot integrated optical resonators,[119–121,72,115] electromechanical 
sensors,[116] and microfluidic devices.[117]

Group IV Semiconductors: Si/SiGe and SiNx nanomembrane 
with Ge sacrificial layer can be released in a H2O2 solution at 
90 °C.[122–128] In addition, it was found that the etching rate of 
heavily boron-doped silicon with a B concentration of 1020 cm−3 
is 1/8000 that of undoped silicon.[17] The etching rate of SiGe 
is even smaller in NH4OH solution.[17,129] Hence, researchers 
released heavily doped Si/SiGe nanomembrane with undoped 
Si as the sacrificial layer.[56,74,116,130–132]

Since the component and strain in single-crystal nanomem-
brane can be well manipulated, the most attractive advantage 
of MBE grown nanomembranes is its high quality[133,134] and 
precise controllability.[135–137,124] As the lattice constants of com-
monly used semiconductors have been accurately measured, 
the strain values in certain heteroepitaxial crystalline bilayer 
can be precisely identified.[138,139] For example, under the ideal 
case where a monocrystalline Ge is epitaxially grown onto 
a Si (001) substrate without any defects, the misfit strain cre-
ated at the interface of the bilayer is 4%.[17] As for compound 
semiconductors, the lattice constant can be tuned by the com-
position, and so does the strain value.[41] An excellent example 
utilizing such advantage of compound semiconductors is SiGe 
system, in which the Ge condensation technique provides a 
decent approach to manipulate the composition and the strain 
gradient.[140–142] As shown in Figure  8a,[141] first, a strained 

Si Ge1 0 0x x−  layer is epitaxially grown on the SOI wafer. The Ge 
content in the original SiGe layer is very low but the thickness 
is much greater than Si. Afterward, the sample is oxidized at a 
temperature higher than 1000 °C. During the oxidation, the Ge 
atoms are rejected from the SiGe-oxide layer and also blocked 
by the bottom oxide layer, thus condensed in Si, forming a SiGe 
layer between two SiO2 layers. Eventually, after removing the top 
oxide layer via HF solution, a layer of Si is epitaxially grown on 
the SiGe layer, forming a strained Si/SiGe bilayer. The strain 
value inside the bilayer system depends on the Ge content and 
distribution in SiGe layer, which can be tuned by the Ge content 
and thickness of the original SiGe layer, while the oxidation time 
also plays an important role in determining the strain values.[141]

However, there are several drawbacks of this method. Pri-
marily, the above discussion about the controllability of strain 
values in heteroepitaxial crystalline bilayer bases on the pre-
requisite that the nanomembranes are defect-free. However, 
nanomembranes with a thickness larger than the thermo-
dynamic critical thickness of plastic relaxation are no longer 
coherent and would plastically relax through defects. To make 
the situation even more complicated, the critical thickness does 
not only depend on the material itself, but also relies on the 
thickness of the substrate.[17] In this case, the calculation of 
strain values only based on lattice constant is actually incorrect. 
Furthermore, the epitaxial growth of the materials constrains 
its range to inorganic semiconductors. It is not applicable 
to other materials such as organics. Additionally, epitaxial 
growing methods, such as ultrahigh-vacuum MBE and CVD, 
are extremely expensive, and thus are only confined to a few 
high-tech laboratories in the world.

Adv. Mater. Technol. 2019, 4, 1800486

Figure 8.  a) Fabrication process of crystalline strained Si/SiGe bilayer via Ge condensation technique. Adapted with permission.[141] Copyright 2001, 
American Institute of Physics. b) Schematic of an inverted rolling-up process of nanocrystalline diamond nanomembrane. c) PL spectra of a planar 
nanocrystalline diamond film (black line) and a rolled-up tube (red line). (b,c) Reproduced with permission.[54] Copyright 2017, Wiley-VCH. d) Schematic 
of the fabrication of rolling-up Cr/VO2 bilayer. e) Responsive properties of the nanomembrane with external electronic stimuli. (d,e) Reproduced with 
permission.[148] Copyright 2018, American Chemical Society.

 2365709x, 2019, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.201800486 by C
alifornia Inst of T

echnology, W
iley O

nline L
ibrary on [30/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800486  (10 of 26)

www.advmattechnol.de

3.1.2. Compound Materials on Insulator (XOI)-Based Systems

XOI system typically consists of an inorganic nanomembrane 
on a SiO2 insulating layer on a semiconductor substrate. Com-
pared with the bulk counterpart, XOI system exhibits less 
parasitic capacitance and lower power consumption, which 
makes it an excellent platform for high-performance electronic 
devices.[143,144] The compound nanomembranes can be semi-
conductors such as silicon and germanium,[112,142,145–147] or 
insulators such as nanocrystalline diamond[54,59] and vanadium 
dioxide (VO2).[148] Other materials could be further deposited 
on the topmost nanomembranes to achieve more properties. 
For example, diamond-like carbon was deposited on silicon 
nanomembrane for optical regulations.[112] Some examples of 
rolled-up XOI systems are given in Figure 8b–e. To release the 
nanomembrane, HF solution is generally used to remove the 
sacrificial buried oxide layer.

XOI system can also be integrated with the above MBE 
growth. For instance, GeSn/Ge microresonators have 
been epitaxially grown on Ge-on-insulator wafer.[149] GeSn 
is another semiconductor material for photonic devices 
with tunable bandgap from 0 to 0.8  eV,[150–153] and the 
rolled-up tubes further demonstrated pronounced resonant 
behavior.[149]

3.1.3. Polymers

Polymers are usually stretchable, disposable, and biocompatible 
compared with inorganic materials, which makes them of high 
significance for physiological applications.[154]

Jager et  al.[155] developed the first polymeric microactuator 
based on polypyrrole (PPy), polyaniline, and polythiophenes, 
in which the bilayer changed volume under electrochemical 
oxidation and reduction. The PPy could be released either by 
differential adhesion or sacrificial layer method, both sketched 
in Figure 9. In differential adhesion method, PPy was electro-
chemically deposited on Au layer, which was partly adhered 
with Cr layer. Since the major Au cannot adhere with the sub-
strate, the bilayer rolled up upon activation. This simple method 
can quickly release the polymer, but it cannot apply to individu-
ally controlled microactuators. For more complex devices, a 
supportive metallic sacrificial layer is required.[155] Similarly, in 
the work of Kalaitzidou et al.,[156,157] thermoresponsive polymer 
microtubes based on PDMS and gold were developed, in which 
rolling-unrolling behavior was observed at 60–70 °C.

Luchnikov et  al.[49] reported another approach of rolling 
polymer films. In their work, PS and P4VP bilayer polymers 
self-rolled due to selective swelling of the bottom P4VP layer in 
selective solvents, as described in Section 2.1.3. This bilayer can 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 9.  a–d) Schematic diagram showing the fabrication schemes for the differential adhesion method. a) Deposition and patterning of the ≈5 nm 
Cr adhesion layer. b) Deposition of the structural Au layer (≈100 nm). c) Electrodeposition and patterning of the PPy layer (≈1 µm). d) Etching of 
the final microactuator structure by removal of the excess Au. e–h) Schematic diagram showing the fabrication schemes for the sacrificial layer 
method. e) Deposition and patterning of the sacrificial layer (≈50 nm). f) Deposition of the Cr adhesion (≈5 nm) and structural Au layer (≈100 nm).  
g) Electrodeposition and patterning of the PPy layer (≈1 µm). h) Etching of the final microactuator structure and underetching of the sacrificial layer. 
(a–h) Reproduced with permission.[155] Copyright 2000, AAAS. i–k) Schematic diagram showing the rolling and unrolling of polymer nanomembranes 
by cooling and heating. Adapted with permission.[159] Copyright 2010, The Royal Society of Chemistry.
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be released in acidic aqueous solutions with or without sacrifi-
cial layers. This bilayer polymer could be further applied as a 
template of fabricating metallic tubes and composite polymer/
metal tubes can be formed utilizing swelling strain as well.[158]

Later on, Zakharchenko et al.[159] combined thermal response 
with swelling strain by utilizing thermal-swelling properties, 
in other words, the change in solubility of polymers at the low 
critical solution temperature (LCST), as shown in Figure  9i–k. 
The bilayer system includes a layer of polycaprolactone (PCL) 
and a layer of poly(N-isopropylacrylamide) copolymer containing 
4-acryloylbenzophenone comonomer (poly(NIPAM-ABP). PCL 
is hydrophobic and water-insoluble, while the latter material 
is thermoresponsive and reversibly changes its solubility in 
aqueous media at LCST (28 °C). Thus, when lowering the tem-
perature from 33 to 25 °C, the bilayer starts to roll at a high speed, 
and microtubes are formed within 3 s. Additionally, such micro-
tubes are able to unroll almost completely at elevated tempera-
tures when the poly(NIPAM-ABP) is collapsed. Such combined 
method exhibits a reversible rolling process, greatly enhancing 
the versatility and broadening the application of rolled-up nano-
technology. More recently, this method was further developed 
for cell encapsulation by replacing the components with bio-
compatible and biodegradable polysuccinimide/polycaprolac-
tone bilayers.[160] The polymer nanomembranes can undergo 
different treatments of surface functionalization, making it an 
excellent candidate for biomedical engineering.[160,161]

3.1.4. Rolled-up Nanotechnology on Polymers

The selective etching process in conventional fabrication typically 
uses caustic solutions, which not only dissolves the sacrificial  
layer, but also tends to damage the desired nanomembrane, 
and thus the requirement of high etching selectivity hindered 
the selection of materials choice.

To overcome this obstacle, Mei et al.[51] developed a general 
rolled-up nanotechnology by depositing nonepitaxial strained 

materials on polymers. Figure  10 gives the schematic fabrica-
tion process and exemplarily shows some typical rolled-up 
nanomembranes using this technique. This approach has 
become a versatile method to fabricate micro/nanotubes out 
of all kinds of inorganic materials, including metals,[162,163] 
insulators,[51] and their combinations,[164,51] on almost any 
flat substrates.[113] As a result, a number of applications have 
been realized, including metal jet engines,[165] optical resona-
tors,[51] fluidic sensors,[58] and gas detectors.[53] In this case, 
a photoresist layer is first patterned by photolithography. 
Strain-engineered materials are then deposited via physical or 
chemical vapor deposition. Acetone or other organic solvents 
dissolves the sacrificial photoresist without corrosion of inor-
ganic materials, and the prestressed nanomembrane rolls up 
into a tubular structure.

Unlike expensive epitaxial layers, nanomembrane via non-
epitaxial vapor deposition are economical in a large scale, but 
its polycrystalline or amorphous nature inevitably impedes its 
properties. In addition, the strain in nonepitaxial nanomem-
branes cannot be accurately identified due to extreme com-
plexity, nor is it possible to separate one mechanism from the 
other.[51] Despite such drawback, this method still remains the 
most commonly used way in rolled-up nanotechnology due to 
its superior strengths. Apart from low cost, the advantage of 
introducing strain in nonepitaxial grown nanomembranes lies 
in its versatility and the convenience to manipulate the strain 
value by changing deposition parameters.[41,51]

3.1.5. 2D Materials

Since the discovery of graphene, 2D materials have sparked 
intense research interest due to its extraordinary characteristics. 
Theoretical research has predicted that rolling 2D materials 
can yield exceptional electronic and photonic properties.[166–173] 
However, owing to the weak mechanical strength and high 
chemical reactivity, rolled-up 2D materials were limited to 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 10.  a) Schematic diagram illustrating the rolling process of a strain-engineered nanomembrane on a sacrificial polymer. b–i) Optical images 
of rolled-up nanomembranes made out of Pt, Pd/Fe/Pd, TiO2, ZnO, Al2O3, SixNy, SixNy/Ag, and diamond-like carbon. Reproduced with permission.[51] 
Copyright 2008, Wiley-VCH.
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multilayer carbon,[174–177] graphene oxide,[111,178–181] and boron 
nitride (Figure  11a).[182] These nanoscrolls were formed either 
by internal stress such as synthesis conditions,[104,107,183] or 
external stress such as van der Waals force[111,178,184] and mag-
netic field.[185]

To resolve this limitation, researchers transferred monolayer 
graphene on strain-engineered epitaxial layers, as displayed 
in Figure  11b.[186,187] The strained heteroepitaxial layers not 
only provided sufficient internal strain, but also enhanced the 
strength of the materials system. Therefore, the graphene sheet 
adhered to the wall of heterostructures during selective etching, 
producing tubes with well-defined diameters.

Recent advances in the synthesis of 2D materials have ena-
bled experimental realization of rolling high-quality monolayer 
2D materials alone. Utilizing surface tension of solution, Xie 
et al.[97] developed a simple method to effectively roll monolayer 
graphene containing few impurities, as exhibited in Figure 11c. 
With isopropyl alcohol solution treatment, mechanical exfoli-
ated graphene on SiO2 substrates turned to a nanoscroll. Later 
on, Patra et al.[188] predicted that water nanodroplets could also 
guide the folding and rolling of planar graphene sheets, where 
the scrolling results from the interaction between capillarity 
and elasticity,[98] and this prediction was then experimentally 
confirmed.[189] More recently, Cui et al.[190] reported the rolling 
of transition metal dichalcogenides (TMDs) with the assistance 
of aqueous solutions such as ethanol. The fabricated nano-
scrolls demonstrated obvious photoluminescence and stability 
in different atmospheres. The nanoscrolls could also hybridize 
with additional functional materials. Furthermore, by inte-
grating 2D materials with thermoresponsive layers, complex 
3D self-folded mesostructures could be formed with reversible 
deformation.[191,192]

3.1.6. Other Materials Systems

There are some other materials systems that could release 
the nanomembranes by wet etching the sacrificial layers. For 
instance, a metal nanomembrane can be obtained by etching 
aluminum in KOH-based etchant,[193] and undoped GaN could 
be released by electrochemical etching of heavily doped n-type 
GaN in a HF-based solution.[194] In fact, rolled-up nanotech-
nology can be applied to many other materials systems as long 
as there exists an etching selectivity between the desired mate-
rials and sacrificial ones.

3.2. Dry Release

Apart from wet etching, dry-etching sacrificial layer can also be 
applied to release nanomembranes. For instance, AlxGa1−xAs 
can be released with gaseous XeF2 etchant by removing the 
sacrificial Ge layer.[195] Similarly, suspended nanomechanical 
devices can be fabricated using HF vapor to etch away the SiO2 
sacrificial layer.[196] However, such fabrication process inevitably 
introduces dangerous gaseous etchant, which is demanding to 
the equipment and harmful to the environment.

Recently, an alternative dry-release method was developed in 
which burning of sacrificial layers replaced traditional etching 
process.[52] As mentioned in Section 2.2.1, with RTA treatment, 
the decomposition of PMMA sacrificial layer led to the release 
of nanomembranes. Furthermore, in this process the produced 
metal nanodroplets provided enhanced surface area, resulting 
in higher moving velocities of the micro/nanomotors.[52] Com-
pared with etching sacrificial layer, which requires critical point 
drying (CPD) subsequently to prevent structural collapse due 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 11.  a) Schematic illustration of the fabrication process of a carbon nanoscroll. The graphite flakes were rapidly heated by microwave irradiation 
and then cooled by liquid nitrogen. Reproduced with permission.[174] Copyright 2011, Wiley-VCH. b) Production of rolled-up tubes of InGaAs/Cr/graphene  
and SEM images of the tube. Adapted with permission.[186] Copyright 2014, American Chemical Society. c) Schematic of rolling TMD monolayer flakes 
and TEM images of MoS2 nanoscrolls (scale bars: 20 nm; inset = 2 nm). Adapted with permission.[190] Copyright 2018, Springer Nature.
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to the surface tension at the liquid interface and tends to bring 
damages to the fabricated fine structures, the dry releasing 
approach offers an economical and simple opportunity for 
releasing nanomembranes.

3.3. Ultrasonication Treatment

As mentioned in Section 2, ultrasonication treatment can act as 
an external force to induce the rolling of some nanomembranes 
system. When the bonding between the nanomembranes and 
the substrate is not strong, ultrasonication treatment can also 
serve to destroy such bonding, inducing the detaching between 
the two and eventually triggering the rolling-up process. To 
create an easily detachable interface between nanomembranes 
and the substrate, tissue cells extracted from fruits of banana 
and apple are applied.[197] As shown in Figure 12a, banana cells 
were first uniformly deposited on a glass cover slip. After the 
complete evaporation of water, Pt was deposited on the cells-
coated glass coverslip by sputtering. Upon the sonication of the 
nanomembranes system in water, tissue cells detached from 
the glass cover slip, leading to the instantaneous formation 
of cells/Pt microtubes (Figure  12b). Such detaching method 
eliminates the etching process using chemical solutions and 
effectively shortens the total fabrication time.

Additionally, nanomembranes could be released from the 
substrate via ultrasonication treatment even without the assis-
tance of an interface layer such as the tissue cells mentioned 
above. As shown in Figure  12c,[163] a glass coverslip was first 
treated in oxygen plasma to create a hydrophilic surface and 
then a TEM grid was directly placed on it. After the deposition of 
Pt via sputtering and removing TEM grid, the nanomembranes 
system was exposed to H2O2 solution with ultrasonication  
treatment. The sound energy together with the bubble evolution 

generated at the edges of the Pt films eventually led to the 
detaching of Pt with the glass substrate and the formation of 
microtubes (Figure 12d).

Furthermore, it should also be noted that the above mentioned 
two strategies are both clean-room-free methods which do not 
require photolithography process, effectively reducing the cost 
for the fabrication of microtubes via rolled-up nanotechnology.

4. Discussion

In this section, we will review the tenability of rolled-up nano-
technology. The morphological properties of 3D nanostructures 
fabricated via rolled-up nanotechnology will be discussed in 
details, including the formation of wrinkles or microtubes, 
the curvature of rolled-up nanostructures, the rolling direc-
tion of nanomembranes, and the change of chirality in helical 
structures.

4.1. Wrinkling or Bending?

When subjected to compressive strain, a membrane system 
can relax via either wrinkling or bending.[33,48] Generally, when 
the strain gradient across the membrane is large, the mem-
brane tends to bend into microtubes, while small or zero strain 
gradient leads to the wrinkling of the membrane.[198] Such 
phenomenon could also be explained in the aspect of energy, 
as the final morphology of the 3D nanostructure exhibits the 
minimal total energy.

The investigation of bilayer system with isotropically elastic 
properties has shown that the wrinkling or bending behavior 
of nanomembranes could be quantitatively determined.[198] 
Isotropic materials exhibit the same Young’s modulus along 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 12.  a) Illustration of fabrication process of Pt microtubes with the aid of tissue cells. The ultrasonication serves to detach the Pt nanomembranes 
from the substrate. b) SEM image of cells/Pt microtubes. (a,b) Adapted and reproduced with permission.[197] Copyright 2014, The Royal Society of 
Chemistry. c) Schematic diagram showing the rolling of Pt microtubes with ultrasonication-assisted detaching process. d) SEM image of Pt microtubes. 
(c,d) Reproduced with permission.[163] Copyright 2014, The Royal Society of Chemistry.
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all directions,[17,41] and thus there is no specific energetically 
favorable direction to bend if no boundary constraint exists. 
Consider two isotropic nanomembranes with thickness d1 
and d2, which are subjected to biaxial strain ε1 and ε1, respec-
tively. As shown in Figure  13, the nanomembranes are par-
tially relaxed with a free hanging portion which could relax 
elastically and is only constrained by the fixed boundary,[198] 
marked by dashed lines in Figure 13a. The total length of the 
nanomembranes is defined as L, while h is the etching length 
satisfying L ≫ h. The strain gradient and average strain of 
the nanomembranes system are defined as Δε = ε2  − ε1 and 

( )/(1 1 2 2 1 2d d d dε ε ε= + + ), respectively. For small h, the 
relaxation along x direction is limited by the confinement of 
boundary conditions, and thus only relaxation along y direc-
tion will occur, leading to the bending of nanomembranes, as 
shown in Figure  13b. As h increases, the confinement from 
fixed boundary becomes weaker, making the relaxation along 
x direction more energetically favorable and thus leading to 
the formation of wrinkles, as displayed in Figure  13c. Obvi-
ously, the etching length must exceed a certain critical value 
hcw for the formation of wrinkles.[198] According to theoretical 
calculation, hcw was found to be 2.57cw 2h d ε≈ − . The wrinkle 
energy was also calculated and is shown in Figure 13d. When 
h  < hcw, the nanomembranes would only planarly relax along 
y direction and thus only bending would occur. When h < hcw, 
wrinkling can occur with energy lower than the planer value. 
Besides, as shown in Figure 13e, the amplitude and wavelength 
of wrinkles would also increase as h increase. However, large 
h value (h > hcw) does not necessarily lead to the formation of 
wrinkles. Experiments have shown that large strain gradient 
might induce the bending of nanomembranes even h > hcw is 
satisfied.[17,41]

Actually, as mentioned above, the final morphology of 
3D structures can be determined by the total energy of the 
system, which depends on strain gradient, etching length, and 
nanomembranes thickness. The investigation of the wrinkling 
or bending nanomembranes system has been reported.[198] 
Considering a bilayer system consisting of 10 nm In0.1Ga0.9As 
and 10 nm GaAs. The Young’s modulus Y and Poisson’s ratio ν 
of the two layers were set to be equal (Y = 80 GPa and ν = 0.31), 

and the value of ε1 and ε2 were changed to calculate the most 
energetically favorable morphology. The calculated favorable 
shape as a function of h and strain gradient is shown in the 
phase diagram in Figure 13f. The boundary between wrinkling 
and rolling was clearly marked by a solid line. According to this 
line, the critical hcw value under certain strain status could be 
identified. For example, when Δε = 0.20% and 0.36%ε = − ,  
bending would dominate only when h  < hcw  ≈ 700 nm. For 
larger h, the wrinkled morphology would exhibit a lower total 
energy than bending structure and thus becomes energeti-
cally favorable. When considering higher average strain, that 
is, 1.0%ε = −  (dashed line in Figure 13f), the phase boundary 
would move upward while the wrinkling region would be larger.

When the elastic properties of the nanomembranes 
system are anisotropic, the situation would be different.[17,41] 
Anisotropic materials exhibit direction-dependent Young’s 
modulus, and the direction with the smallest Young’s mod-
ulus exhibits the minimum bending energy. Such direction is 
the easiest to bend, and thus is the most compliant direction. 
For example, the most compliant direction of single-crystal Si 
is 〈100〉.[199,200] Therefore, it is energetically favorable for pre-
strained anisotropic Si nanomembranes to bend along 〈100〉. 
Considering the same coordinate system as in Figure  13 for 
anisotropic nanomembranes. If the y direction is the most 
compliant direction, the nanomembranes would bend or roll 
along y. On the contrary, when x direction is the most com-
pliant direction, though the nanomembranes tend to bend 
along this direction as it is the most energetically favorable, the 
boundary constraints might hinder such tendency. As a com-
promise, wrinkles would be formed to relax strain. Similar to 
the isotropic situation, there exists a crucial etching length hcw 
for the formation of wrinkles. At the beginning of the etching 
when h  < hcw, the boundary constraint is so close to the free 
ending that the strain remains in the nanomembranes without 
any wrinkling or bending. Once h > hcw, wrinkles would form. 
Such phenomenon has been demonstrated in experiments, 
where the wavelength of wrinkles decreases while the ampli-
tude increases with increasing h, because the nanomembranes 
tend to form narrow and high wrinkles as it prefers to relax 
along x direction.[201]

Adv. Mater. Technol. 2019, 4, 1800486

Figure 13.  Schematic diagram of a) partially relaxed free-hanging bilayer nanomembranes system, b) the bending and c) wrinkling of nanomembranes 
upon strain relaxation. d) The wrinkle energy and e) the wrinkle wavelength and amplitude as a function of the etching length h. f) Phase diagram of 
the energetically favorable morphology of relaxed prestrained nanomembranes. Solid curve shows the boundary between bent and wrinkled shapes.  
Req is shown for the bent structure and wavelength λ for the wrinkled structure. Dashed curve shows the phase boundary curve for 1.0%ε = − . Adapted 
with permission.[198] Copyright 2009, American Physical Society.
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4.2. The Curvature of Rolled Nanostructures

As mentioned above, the prestrained nanomembranes system 
bends or wrinkles as a result of strain relaxation, and the final 
morphology exhibits the lowest total energy. Thus, for a certain 
nanomembranes system, the bending cur-
vature of the rolled nanostructures (or the 
diameter of the microtubes) could be deter-
mined by its strain gradient and nanomem-
brane thickness.[51,135] Consider a prestrained 
bilayer system with the thicknesses of d1 and 
d2, and the Young’s moduli of Y1 and Y2, 
respectively. Utilizing a continuum mechan-
ical model (Timoshenko model), the bending 
curvature of the rolled-up nanostructures 
could be expressed as[135,201–204]

6 1

3 1 1

2

2 2 1

m

d m m n m m n
κ

ε ( )
( ) ( ) ( )

=
+

+ + + ⋅ ⋅ + ⋅  
− � (1)

where d = d1 + d2 is the total thickness of the 
bilayer, ε is the in-plane biaxial strain between 
the two layers, n = Y1/Y2 and m = d1/d2 are the 
ratio of Young’s modulus and the thicknesses 
of the top and bottom layer, respectively. For a 
single prestrained nanomembrane, the curva-
ture of the rolled nanostructures could also be 
calculated by utilizing the bilayer model, which 
assumes that the nanomembrane consists of 
two layers with equal thicknesses. In this way, m 
and n are both assumed to be 1, and Equation (1)  
could be simplified as κ  = − 3ε/(2d).

Equation (1) is also referred to as the 
Timoshenko formula as it was established by 
Timoshenko over a century ago to describe 
the bending performance of macroscopic 
films.[204] Though it also serves well for 
nanomembranes with relatively large thick-
ness, the results calculated from Timoshenko 
formula derived from experimental results 
for ultrathin nanomembranes with only a few 
monolayers.[205] Such discrepancy could be 
attributed to the surface stress which becomes 
more dominant due to surface reconstruc-
tion or chemical modification in ultrathin 
nanomembranes. The bending of nanomem-
branes with only a few monolayers is a com-
bined result of intrinsic strain gradient and 
the surface stress. Thus Timoshenko formula, 
which only considers the intrinsic strain gra-
dient, exhibits increasing deviation from the 
experiments with decreasing thickness. A 
modified Timoshenko formula was later pro-
posed to take the surface stress of ultrathin 
nanomembranes into consideration. The 
detailed deviation could be found in ref. [205].  
The diameters of microtubes predicted by 
the modified Timoshenko formula exhib-
ited decent agreement with the experimental 

results, as shown in Figure 14. In details, Figure 14a shows the 
variation of pure Si microtubes diameters with varying Si thick-
ness.[124,205] The black dots are experimental results, which obvi-
ously exhibits slight discrepancy with the classical continuum 
model (dashed line) but shows good fit with the modified 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 14.  a) Diameters of single-layer Si microtubes as a function of thickness. The thickness 
of strained Si layer is fixed at 2 nm. b) Diameters of InAs/GaAs microtubes as a function of 
GaAs layer. The thickness of InAs layer is fixed at two monolayers. Adapted with permission.[205] 
Copyright 2008, American Institute of Physics.
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Timoshenko formula. Such phenomenon could also be observed 
in Figure  14b, which plots the diameters of InAs/GaAs micro-
tubes as a function of GaAs thickness while the thickness of InAs 
is fixed at bilayer.[135,205]

4.3. Rolling Direction

For patterned nanomembranes system, the rolling direction 
upon releasing is a significant factor determining the final 
morphology of the rolled nanostructures. As has been briefly 
discussed earlier, the nanomembranes with anisotropic prop-
erties would roll along the most compliant direction. How-
ever, the situation of isotropic nanomembranes system is more 
complicated. As mentioned above, isotropic materials exhibit 
no specific energetically favorable rolling direction and tend to 
roll with an optimal radius regardless of direction. However, 
for pattern nanomembranes such as strips (with width W and 
length L), the situation is different.[42,206] If the curvature of the 
nanostructures calculated from Timoshenko formula is κ, then 
the inner perimeter length of the microtubes which complete 
one circle is L0  =  2π/κ. When L  > L0, if the nanomembranes 
still roll along the same direction parallel to L, then extra rota-
tion would induce more rotations, resulting in the increase of 
rolling radius. Such increase would bring extra elastic energy to 
the whole system, making such morphology energetically unfa-
vorable. Thus, under such circumstance, the nanomembranes 
strip would form helical structure instead of microtubes with a 
rolling direction which exhibits an angle θ to the long side of 
the strip. Such rolling behavior would reduce the total energy of 
the system by allowing each rotation in the helical structure to 
adopt the optimal radius, despite the fact that extra shear energy 
is introduced. However, only when the shear energy induced by 
helical structure is lower than the extra energy from lager rolling 
radius could helical morphology be energetically favorable. 
Thus, there exists a critical angle θc  = sin−1 (W/L0) and only 
under the condition of θ > θc would helical structures form.[42] 
Otherwise, the nanomembranes would still roll into microtubes.

However, when considering etching process (such as wet 
etching), the patterned nanomembranes are not released from 
the substrate immediately but rather gradually, because the sac-
rificial layer starts to dissolve upon contacting with etchants. 
Thus, all sides of patterned nanomembranes would bend ini-
tially once they are released from the substrate and final rolling 
behavior is hard to control (i.e., the poor rolling behavior at the 
pattern corners).[207,208] Several methods have been proposed to 
manipulate the rolling behavior of patterned nanomembranes 
and induce the nanomembranes to roll along the desired direc-
tion with accurate positioning.

The first method is shallow etching,[207] as shown in 
Figure  15a. A deep mesa structure was created on the top of 
InGaAs/GaAs bilayer grown on a GaAs (100)-oriented sub-
strate via MBE. Then certain part of the upper GaAs layer was 
removed in a second lithography step and a shallow mesas-
tructure was obtained. Upon releasing the nanomembranes 
from GaAs substrate, the strain-free single InGaAs layer would 
not bend and only the shallow mesastructure area could roll 
due to strain relaxation. The adjacent InGaAs layer at the 
boundary was ruptured during the rolling process as a result 

of mechanical stresses concentration. In this way, the pattered 
bilayer would roll along the desired direction without any poor 
rolling behavior at corners.

The other method is glancing angle deposition (GLAD) tech-
niques,[51] which could be used in normal physical vapor depo-
sition methods such as electron beam or thermal evaporation 
as well as sputtering. As shown in Figure  15b, the sacrificial 
layer (photoresist) was patterned into rectangles by photolithog-
raphy and strained nanomembranes were deposited onto the 
tilted substrate. In this case, a narrow gap remained open after 
deposition at the far end of the patterned sacrificial layer due 
to the ballistic shadow effect that always occurs in GLAD.[209] 
Thus, the etchants would enter the gap and the etching process 
started only from this gap, leading to the formation of micro-
tubes array with well-defined direction.

Furthermore, the rolling process and final morphology of 
nanomembranes with rectangular patterns are of great interest, 
as rectangle is a basic shape and many other complex pat-
tern could be regarded as a combination of rectangles. The 
rolling behavior of rectangle nanomembranes upon isotropic 
etching has been investigated both experimentally and theo-
retically.[210,211] Generally, nanomembranes with rectangular 
shapes would preferably roll along the direction perpendicular 
to the long side. As shown in Figure 15c, though both the long 
side and the short side of rectangle start to roll at the beginning 
due to the simultaneously and isotropic etching process, the 
curved short side compromises by opening itself up to allow 
continued rolling from the long side as the etching proceed 
with increasing portion of free nanomembranes. Such prefer-
able rolling direction could be explained by the larger bending 
force to roll perpendicular to the long side than the bending 
force to roll parallel to the long side, which has been justified by 
the simulation with finite element method.[210] However, short-
side rolling behavior has also been observed in experiments. 
This is because the total energy of final morphology is not the 
only factor influencing the rolling direction. The deformation 
history, which could influence the experimental process such 
as etching rate in different directions, might also determine 
the rolling direction depending on the intermediate status. 
Nevertheless, long-side rolling is still dominant for rectangular-
patterned nanomembranes. Moreover, anisotropic etching pro-
cess kinetically created via lithographical patterning could force 
the rectangle nanomembranes to exhibit long-side rolling with 
100% yield.[210]

To change such long-side rolling dominance and make 
the rectangle nanomembranes roll along the short side, a 
method utilizing wrinkles has been proposed.[208] As shown in 
Figure 15d, when a rectangular prestrained wrinkled nanomem-
brane is gradually released from its substrate, it would either 
roll along the wrinkled edge and form a tube at wrinkled edge 
(TWE) or roll along the flat edge and form a tube at flat edge 
(TFE). Theoretical study showed that TFE is the energetically 
favorable morphology as bending from the wrinkled edge would 
be suppressed by an energy barrier arising from the need to 
flatten the wrinkles. Experiments based on such wrinkled struc-
tures have also been performed, as shown in Figure 15e–h. The 
wrinkled rectangle nanomembranes were prepared by deposi-
tion of metallic CuNiMn alloyed nanomembranes on wrinkled 
surfaces of photoresist and the lithographic step afterward. 

Adv. Mater. Technol. 2019, 4, 1800486
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Upon contacting with droplets of N-methyl-2-pyrrolidone to 
selectively remove the sacrificial layer, the wrinkled nanomem-
branes would roll along the flat edge (short side) and eventu-
ally form a TFE. In comparison, flat nanomembranes would 
roll along the long side as discussed above. Thus, such method 
utilizing wrinkled structures could break the long-side rolling 
dominance and induce the short-side rolling of rectangle 
nanomembranes.[208] Additionally, researchers recently pro-
posed a transient quasi-static finite element method[212] which 
could precisely predict the rolling behavior and final dimen-
sions of silicon nitride nanomembranes, further improving the 
controllability and design accuracy of rolled-up nanotechnology.

4.4. Change of Chirality

The helical structures are chiral structures with broken left-
right symmetry of which the handedness or chirality could be 
tuned intentionally.[46,213]

In an anisotropic materials system, the rolling direction 
depends on the misaligned angle between the anisotropic 
driving force direction and the crystal orientation.[46,126,214] For 
example, researchers can control the formation of InGaAs/
GaAs nanosprings with different pitches by changing the pat-
tern orientations (Figure 16).

Besides geometric designs, the dimensions of the structures 
may have an impact on the twisting direction as well. As shown 
in Figure 16a–h, Zhang et al.[74] studied the rolling phenomena of 
SiGe/Si and SiGe/Si/Cr nanobelts. When the width of the strips 
decreases from 1.3 to 0.7 µm, the chirality of the helix switches 
from right-handed, to mixed, and to left-handed with the same 
misorientation angle of 10° from 〈110〉, which was explained by 
the dominance of edge effects over crystal properties.

On the other hand, in an isotropic system the uniaxial 
shearing force guides the twisting of the structure.[46] For 
example, as displayed in Figure 16j,k, the chirality of nanocrys-
talline diamond helical structures could be controlled by 
designing asymmetric shapes.[54,59] Through patterning 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 15.  a) Illustration of shallow etching method to eliminate the poor rolling behavior at the corners. Reproduced with permission.[207] Copyright 
2002, IOP Publishing. b) Tilted deposition method utilizing the ballistic shadow effect and SEM image of rolled-up Ti/Au microtubes exhibiting 
well-defined direction. Reproduced with permission.[51] Copyright 2008, Wiley-VCH. c) SEM images showing nanomembranes with long-side rolling 
behavior. Reproduced with permission.[210] Copyright 2010, American Chemical Society. d) Schematic diagram showing the structures of initial wrinkle 
layer, tube at wrinkled edge, and tube at flat edge. e–h) Optical microscopy image showing the rolling process of flat and wrinkled nanomembranes. 
The flat nanomembrane exhibits long-side rolling behavior while the wrinkled nanomembrane rolls from the short side. (d–h) Reproduced with permis-
sion.[208] Copyright 2018, American Chemical Society.
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strained nanomembrane into hockey stick or utility knife 
shape, the imbalance of etching rates along different sides gen-
erated anisotropic mechanical stress, making the nanomem-
brane roll into a helical structure, which agreed well with the 
finite element method model. Furthermore, helical framework 
was fabricated based on this model that reversed its chirality 
midway mimicking the shape of natural plant tendrils.

The chirality of helical structures can be further modified on 
the basis of materials properties. For instance, Erb et al.[215] devel-
oped self-shaping composites with orientational control by com-
bining the reinforcement of inorganic particles with swellable/
shrinkable polymer matrices. Later on, in the work of de Haan 
et  al.,[216] liquid crystal polymer network changed its chirality 
when stimulated by humidity. One side of the polymer sheet is 
treated with KOH or rinsed with water. When the ribbon is wet, 
the sheet bends toward the untreated side; when dried, it bends 
toward the other side. By misaligning the ribbon to the swelling 
and shrinking direction, humidity-sensitive curling actuators 
were prepared in which wet and dry states demonstrated reversed 
handedness.

5. Rolling or Bending for Mesostructures

Apart from micro- and nanotubes, other nanostructures could 
also be demonstrated utilizing rolling or bending process. Such 
3D complex structures, or mesostructures,[31,45] exhibit decent 
properties that could not be observed in natural world and offer 
great application potentials in various fields. In this section, 

mesostructures fabricated via strain engineering are discussed 
and summarized.

5.1. Rolling with Particular 2D Patterns

The most straightforward method to fabricate 3D structures with 
complex morphologies based on rolled-up nanotechnology is to 
roll nanomembranes with particular 2D patterns. Microtubes 
are usually demonstrated with rectangular-shaped nanomem-
branes,[51,210] while U-shape patterns[120,217,218] are also commonly 
used to fabricate freestanding tubular optical microcavities. 
Additionally, not only the nanomembranes with patterns at the 
edge but also throughout the entire nanomembranes have been 
studied, resulting in microtubes with patterns on the tube wall.[121] 
Furthermore, more complicated 3D structures such as 3D jagged 
ribbon, ring-in-ring, tube-in-tube, and helix could also be dem-
onstrated utilizing carefully designed 2D patterns,[54] as shown 
in Figure  1f. Additionally, the manipulation of rolling direction 
and curvatures of the rolled-up nanostructures mentioned before 
should also be taken into consideration for the design of 2D pat-
terns to fabricate 3D complex structures.[219] More mesostruc-
tures presented in this way are shown in Figure 17.[74,219–222]

5.2. Bending at the Hinges

Nanomembranes with built-in strain could be incorporated 
into self-folded systems to fabricate polyhedra, which could 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 16.  a–h) Helical coils with decreasing width of the stripes stepwise from 1.30 to 0.70 µm. Reproduced with permission.[74] Copyright 2006, 
American Chemical Society. i) Helical structures with different initial orientations. Reproduced with permission.[116] Copyright 2006, American Chemical  
Society. j) Opposite chirality fabricated by diagonal rolling (scale bars: 30  µm). k) Rolling of interconnected helices showing opposite chirality.  
(j,k) Adapted with permission.[59] Copyright 2018, American Chemical Society.
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serve as containers. Although the self-assembly of lithographi-
cally structured polyhedra has been reported utilizing the sur-
face tension of electrodeposited either on top or in between of 
individual rigid segments,[35,223–225] such method could not be 
used at room temperature given the high melting point of the 
solder. However, bending could be used at the flexible hinges to 
demonstrate polyhedra at room temperature.[226–228] As shown 
in Figure 18a-i, the low-temperature self-assembly of polyhedra 
is enabled with a trilayer of Cr/Cu/polymer hinges[226,229] con-
necting lithographically patterned faces arranged as a cruciform. 
The polymer demonstrates high flexibility when heated, but is 
stiff under room temperature, serving to prevent spontaneously 
folding once released. The folding of 2D cruciform and the self-
assembly of polyhedra upon releasing and heating is enabled by 
the bending of bimetallic component of Cr and Cu. The built-
in strain of the bilayer mainly comes from the intrinsic tension 
in Cr during growth, and is partially due to the mismatch in 
the thermal expansion coefficient of Cu and Cr.[230] It should be 
noted that both upward and downward folding are possible with 
the Cr layer above or below the Cu layer, and the angle of folding 
could be controlled by the thickness of Cr. The polyhedra pre-
pared by this method are shown in Figure 18a-ii–iv.

Utilizing the mechanism above, more complicated 3D struc-
tures have been prepared. As shown in Figure 18b-i,ii,[231] the 
2D cruciform is extended into a network consisting of three dis-
tinct areas: rigid segments, flexible hinges, and hollow regions. 
Rigid segments are designed to prevent local deformation of 
the sheet, containing thick Ni segments on top of the Cr/Cu 
bilayer, while at flexible hinges the polymer segments take the 
place of Ni. When the sacrificial layer is dissolved in water, the 
sheets lift off from the substrate and gradually assemble into 
complex 3D structures.[231] The final morphology of the meso-
structures after assembly depends on the 2D lithographical 

patterns, or in other words, the connections of rigid segments 
by flexible hinges. Using different patterns of square lattice 
(Figure  18b-iii), different 3D structures such as spiral, woven 
coil, coil, diagonal cylinder, and orthogonal cylinder have been 
demonstrated (Figure  18b-iv). Furthermore, the curvature 
of mesostructures at the flexible hinges as well as the rigid  
segments could be well predicted and tuned by the thickness 
and modulus of the multilayer.[232]

These two methods which utilize bending at the hinges, 
though capable of fabricating mesostructures with great com-
plexity, are limited in one aspect: these structures could fold 
in only one direction. By further manipulating the strategy, 
researchers have achieved spontaneous bidirectional folds with 
any desired angles, and complex 3D structures with +90°, −90°, 
+180°, −180° folds have been both theoretically demonstrated 
and experimentally realized.[233] As shown in Figure  18c-i, by 
depositing an additional prestrained layer of Cr in designed 
positions, two kinds of hinges are obtained:[234] (1) Cr/Cu 
bilayer hinges which bend into the substrate, and (2) trilayer 
hinges of Cr/Cu/Cr which bend away from the substrate. In 
this way, bidirectional folding occurs as a result of large residual 
tensile strain within the Cr layer, while the Cu layer provides 
structural support.[235] The folding angle could be manipulated 
by changing the thickness of Cr and the final morphology also 
depends on the ratio of rigid panel lengths and hinge length. 
Examples of the mesostructures (cubic core structures)[236,237] 
fabricated by this method could be seen in Figure 18c-ii,iii.[233]

5.3. Rolling/Bending in 4D Structures

The evolution of morphology according to the change in 
environment or external stimulation might result in more 

Adv. Mater. Technol. 2019, 4, 1800486

Figure 17.  Mesostructures fabricated via rolling and bending nanomembranes with particular patterns. a) Bent cantile, b) nanosaw, and  
c) archimedean spiral-like strip rolled from SiGe/Si bilayer system with a total thickness of 35  nm. (a–c) Adapted with permission.[222] Copyright 
2001, IOP Publishing. d) Wavy ring and e) flower (scale bars: 10 mm) made from a bilayer of hydrophilic rubber poly(ethylene glycol) diacrylate and 
hydrophobic rubber poly(propylene glycol)dimethacrylate. (d,e) Adapted with permission.[221] Copyright 2018, American Chemical Society. f) Ringlike 
structure formed from a bilayer of p-type crystalline Si and amorphous Cr. Reproduced with permission.[74] Copyright 2006, American Chemical Society.  
g) Released tilted structure rolled from 50-60-50 nm Cr-Ni-Cr films. Adapted with permission.[219] Copyright 2007, IOP Publishing. h) Metallic flower 
cage made from a Ti (5 nm)/Al (25 nm)/Cr (20 nm) film. Reproduced with permission.[220] Copyright 2013, Wiley-VCH.
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complexed mesostructures[31] or stimuli-responsive smart 
devices.[37,238] These dynamic architectures are defined as 4D 
structures, with the time-dependent morphology change being 
the fourth dimension after the original 3D architecting.[45,239] 
The rolled-up nanotechnology also plays an essential role  
in these structures, as the mismatched strains generated during 
the environment change are utilized to trigger the fourth 
dimensional transforming.[31]

5.3.1. 4D Printing

Although 3D printing techniques serve to form structures with 
great complexity, there are still some architectures that are dif-
ficult to print directly.[240] 4D printing uses 3D printing to fab-
ricate a bilayer or multilayer structure with different materials 

which response distinctively to the environmental change, 
leading to the morphological change of the original 3D struc-
tures and the eventual formation of 4D structures. Typical 
rolling or bending mechanism utilized in 4D printing includes 
swelling strain and thermal response strain.[31]

An example of 4D printing utilizing swelling strain is 
based on hydrogel composite ink.[81] The hydrogel composite 
ink contains cellulose fibrils, which undergo shear-induced 
alignment during printing,[241] leading to printed filaments 
with anisotropic stiffness. As shown in Figure  19a-i, the fila-
ments exhibit swelling behavior in the longitudinal direction 
compared to the transverse direction.[81,242] Thus, when the  
filaments in the top and bottom layers are printed in the per-
pendicular direction, they exhibit different swelling behavior 
upon contacting with water, inducing a mismatched strain, 
which leads to the bending of the original structures. The 

Figure 18.  The mechanisms and fabrication of mesostructures utilizing bending at the hinges. a) Demonstration of a single microcube with prestrained 
bilayer as the flexible hinges. (i) Schematic diagram showing the 2D cruciform and trilayer hinges. (ii–iv) Differently sized polyhedra with varied surface 
composition and porosity. (ii,iii) are 100 and 200 µm in size, formed by downward folding, while (iv) is 500 µm in size, formed by upward folding. 
Adapted with permission.[226] Copyright 2008, Wiley-VCH. b) Design concept and assembly process of 3D complex structures based on 2D sheets with 
lithographically patterned mechanical properties. (i) Schematic diagram showing the etching and the afterward lifting off process of 2D sheets. (ii) 
SEM image of the side view (left top) and top view (left bottom) of the sheets, and illustration (right) showing the rigid segments, flexible segment, 
and hollow regions. (iii) Different 2D sheets patterns and the corresponding formation of (iv) different mesostructures. 1: spiral; 2: woven coil; 3: 
coil; 4: diagonal cylinder, and 5: orthogonal cylinder (scale bars: 250 µm). Adapted with permission.[231] Copyright 2008, Wiley-VCH. c) Spontaneous 
bidirectional folding. (i) Schematic diagram showing the design concept of 2D precursors. (ii,iii) 3D complex structures fabricated utilizing sponta-
neous bidirectional folding, with square pores on horizontal faces and triangular pores on vertical faces. Adapted with permission.[233] Copyright 2009, 
American Institute of Physics.
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curvature of the final morphology depends on the swelling 
ratio, thickness ratio, and elastic properties of two layers,[243,244] 
and could be described by the Timoshenko formula. In this 
way, a mathematical model quantifying all these parameters 
could be built, providing precise prediction of the final mor-
phology.[81] The mesostructures fabricated using this method 
are shown in Figure 19a-ii,iii.

For 4D printing utilizing thermal response strain, shape 
memory polymer (SMP)[239,245–247] with tailored thermo-
mechanical behavior is used. As shown in Figure  19b-i,[247] 
the bilayer in the original 3D printing consists of a matrix 
exhibiting no shape memory and a laminate architecture 
containing SMP fibers. When external force is loaded to the 
bilayer system following by cooling, the different thermal 

response of the matrix and laminate leads to a mismatched 
strain between the two layers. Upon releasing of the external 
loading, the bilayer would bend into 3D complex structures 
depending on the fiber architecture. By changing design 
variables such as composite geometries and properties, the 
applied mechanical load and the thermal history, various mes-
ostructures could be made from a single flat rectangular strip 
using this method.[247] It should be noted that these meso-
structures could recover to its original shape upon reheating, 
thus the shape changing process is reversible. Additionally, 
such combination of laminate and matrix could be used as 
flexible hinges between rigid segments, and self-assembly of 
3D complex structures based on that have been demonstrated 
(Figure 19b-ii).[247]

Figure 19.  4D mesostructures demonstrated using rolling mechanism, including 4D printing and stimuli-responsive smart devices. a) 4D printing 
based on swelling strain and hydrogel composite ink. (i) Schematic diagram showing the shear-induced alignment of cellulose fibrils during direct ink 
writing and subsequent effects on anisotropic stiffness E and swelling strain α. (ii,iii) 3D flower-like mesostructures fabricated via 4D printing utilizing 
swelling strain (scale bars: 5 mm; inset = 2.5 mm). Adapted with permission.[81] Copyright 2016, Macmillan Publishers Limited. b) 4D printing based on 
thermal-responsive strain and SMP. (i) Illustration of the laminate and matrix structures. After printing, heating, stretching, cooling, and releasing, the 
thermal response strain induces the bending of the original structures. (ii) Self-assembly of an origami closed box using the combination of laminate 
and matrix as the flexible hinges. Adapted with permission.[247] Copyright 2013, AIP Publishing. c) Stimuli-responsive smart devices utilizing rolling 
mechanism. (i) Schematic diagram showing the on-demand actuation mechanism of microgrippers. (ii–vi) A sequence of optical microscopy images 
showing the remote-controlled, thermally triggered capture of a dye bead (275 µm) from among several clear beads. (i–vi) Adapted with permission.[249] 
Copyright 2009, The National Academy of Sciences of the USA. (vii) Optical images and illustrations of four-state shape changes of grippers during 
heating and cooling (scale bar: 2 mm). Reproduced with permission.[250] Copyright 2017, Wiley-VCH.
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5.3.2. Stimuli-Responsive Smart Devices

Stimuli-responsive smart devices exhibit the ability to manip-
ulate their morphologies and structures in response to a spe-
cific environment change or stimulus such as heat, chemicals, 
pH, electric field, and light.[53,238,248] The polyhedron men-
tioned before with temperature-sensitive polymer at the flex-
ible hinges is a typical smart device, as it exhibits on-demand 
self-assembly by temperature change.[226] A further manipula-
tion of the 2D precursor design results in the demonstration of 
stimuli-responsive microgrippers.[249] As shown in Figure 19c-i, 
the polymer trigger is a cresol novolac resin, the mechanical 
properties of which alters when heated. A sequence of optical 
microscopy images showing the thermally triggered capture 
of a dyed bead among several clear beads by the grippers is 
shown in Figure 19c-ii-vi.[249] Furthermore, chemicals including 
organic solvents and caustics that could dissolve or cause 
delamination of the polymer layer can also actuate the grippers. 
Such chemical sensitivity of the microgrippers is beneficial for 
biological applications, as some biochemicals are also proved to 
be able to trigger the grippers. Additionally, multitemperature-
responsive smart devices (Figure  19c-vii)[250] have also been 
demonstrated utilizing a bilayer structure of poly[oligo (eth-
ylene glycol) methyl ether methacrylate] gels[251,252] that swell 
at three different temperatures due to the varying side chain 
length and extent of copolymerization.

Other environment parameters have also been used to 
trigger the stimuli response of devices. For example, Ye et al.[253] 
reported the self-rolling and unrolling behavior of biopolymer 
in response to the pH change. The pH-responsive property is 
made possible by a sandwich structure of an active silk I layer 
in the middle of β-sheet silk II and PS layers. The active inter-
layer exhibits significant change in swelling behavior upon the 
change of pH, resulting in the pH-responsive reversible rolling. 
Furthermore, Zhang et  al.[254] have demonstrated an optically 
responsive programmable smart device utilizing compos-
ites of poly(N-isopropylacrylamide) loaded with single-walled 
carbon nanotubes. The ability of ultrafast near-infrared optical 
response under laser excitation is enabled by the strong absorp-
tion of nanotubes.[255,256] Other mechanisms such as the photo
n-induced bending of polymer films[257] might also be utilized 
to demonstrate optically responsive smart devices in the future.

6. Summary and Outlook

In this review, we have summarized the fabrication methods 
and recent progress of rolling planar designs into 3D nano-
structures. Rolled-up nanotechnology enables a versatile and 
convenient method to fabricate tubular structures of well-
defined geometry. A broad range of materials, including metals, 
oxides, semiconductors, polymers, and 2D materials have been 
explored in fabricating 3D tubular micro/nanostructures with 
extraordinary functionalities. Recent advances based on rolled-
up functional devices have extended their applications to a 
variety of fields, including novel sensors, bioplatforms, environ-
mental remediation, and integrated biomedical devices.

Despite the rapid development and tremendous progress 
of rolled-up nanotechnology, there remains some technical 

challenges before realizing the full potential of multitask sys-
tems based on rolled-up platforms. One major challenge lies 
in the manufacture and control of rolled-up tubular structures. 
So far, each materials system and corresponding fabrication 
process has its own limitations. MBE or XOI systems pro-
duce single-crystalline nanomembranes of highest purity, but 
the corrosive etchants limit the materials choices. Fabricating 
nanomembranes on polymers overcame this issue, but the 
amorphous materials had inferior quality, which is detrimental 
to its further applications. In order to bring this area for-
ward, it is challenging but rewarding to develop revolutionary 
approaches to fabricate complex tubular devices comprising 
multiple materials with excellent performances.

Another challenge is fabricating high-quality micro- and nano-
tubes based on 2D materials. The emerging family of 2D materials 
has become a leading topic in materials research. 2D materials  
as well as their combinations as van der Waals heterostructures 
have unique physical properties that enable novel designs of 
nanodevices and flexible electronics.[258–261] However, to date only 
limited progress has been made toward experimental realization 
of rolling up 2D materials into 3D tubular architectures, in which 
the materials category and quality need to be further improved. 
The difficulty of rolling up high-quality 2D materials into func-
tional devices and control over its geometry remains a primary 
barrier for future development due to the fragility and reactive 
nature of layered materials. A number of 2D materials and their 
heterostructures are yet to be explored as building blocks of com-
plex 3D nanostructures. Nevertheless, the fascinating properties 
and promising prospects of rolled-up nanotechnology offer great 
opportunities for increasingly sophisticated devices and will con-
tinue to develop amazing 3D integrated systems in the future.
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