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CONSPECTUS 

With the discovery of graphene, significant research has focused on the synthesis, 
characterization, and applications of ultrathin materials. Graphene has also brought into 
focus broadly other ultrathin materials composed of organics, polymers, inorganics, and 
their hybrids. Together, these ultrathin materials have unique properties of broad 
significance. For example, ultrathin materials have a large surface area and high flexibility 
which can enhance conformal contact in wearables and sensors leading to improved 
sensitivity. When porous, the short transverse diffusion length in these materials allows 
rapid mass transport. Alternatively, when impermeable, these materials behave as an 
ultrathin barrier. Such controlled permeability is critical in the design of encapsulation and 
drug delivery systems. Finally, ultrathin materials often feature defect-free and single-
crystal-like two-dimensional atomic structures resulting in superior mechanical, optical 
and electrical properties.  

A unique property of ultrathin materials is their low bending rigidity, which suggests that 
they could easily be bent, curved or folded into 3D shapes. In this account, we review the 
emerging field of 2D to 3D shape transformations of ultrathin materials. We broadly define 
ultrathin to include films with a thickness of less than 100 nm and composed of a range 
of organic, inorganic and hybrid chemistries. This topic is important for both fundamental 
and applied reasons. Fundamentally, bending and curving of ultrathin films can cause 
atomistic and molecular strain which can alter their physical and chemical properties and 
lead to new 3D forms of matter which behave very differently from their planar precursors. 
Shape change can also lead to new 3D architectures with significantly smaller form 
factors. For example, 3D ultrathin materials would occupy a smaller space in on-chip 
devices or could permeate through tortuous media which is important for miniaturized 
robots and smart dust applications.  

Our account highlights several differences between ultrathin and traditional shape change 
materials. The latter is typically associated with hydrogels, liquid crystals or shape 
memory elastomers. As compared to bulk materials, ultrathin films can much more easily 
bend and fold due to the significantly reduced bending modulus. Consequently, it takes 
much less energy to alter the shape of ultrathin materials and even small environmental 
stimuli can trigger a large response. Further, the energy barriers between different 
configurations are small which allows for a variety of conformations and enhances 
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programmability. Finally, due to their ultrathin nature, the shape changes are typically not 
slowed down by sluggish mass or thermal transport, and thus responses can be much 
faster than bulk materials. The latter point is important in the design of high-speed 
actuators. Consequently, ultrathin materials could enable low-power, rapid, 
programmable, and complex shape transformations in response to a broad range of 
stimuli such as pH, temperature, electromagnetic fields or chemical environments. The 
account also includes a discussion of applications, important challenges, and future 
directions. 
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1. INTRODUCTION 

The history of ultrathin films can be dated back to the discovery of two-dimensional (2D) 

molecular films of fatty acids at the air-water interface by Langmuir in 1920s.1 More 

recently, there has been a renaissance in research on ultrathin materials with the 

discovery of graphene.2 It is now well-established that a decrease in the thickness of a 

material can significantly alter its physical and chemical properties, which is evident when 

comparing the properties of graphene and graphite. While a large focus has been devoted 

to elucidating the properties and applications of these materials in their planar 2D form, it 

has been recently suggested that the low bending rigidity of these films would allow them 

to be readily bent, curved and folded.3 Indeed, the bending or flexural rigidity (𝐷) of a plate 

scales as 𝐷 ∝ 𝑡$where 𝑡 is the thickness.4 This scaling with a strong dependence on 

thickness suggests that an ultrathin plate with a thickness of 1 nm is 1000 times easier to 

bend as compared to a plate with a thickness of 10 nm. Thus, shape changes in ultrathin 

materials driven by bending, curving and folding could be more readily achieved as 

compared to thicker or bulk materials.  

In this account, we discuss research on shape changes of ultrathin materials. To 

broaden the scope, we discuss materials whose thickness (shell thickness for hollow 

structures) is less than 100 nm, and include a wide range of material compositions 

including organics, polymers, inorganics, and their hybrids. We note that our account 

excludes conventional shape change smart materials with a thickness greater than 100 

nm as well as bulk materials such as responsive hydrogels,5 shape memory elastomers,6 

liquid crystal elastomers,7 and polymer nanocomposites.8	Readers with an interest in 

shape changes of thicker materials are directed to several comprehensive reviews.9,10  



	 4	

There are several important differences between the shape change of bulk and 

ultrathin materials. Firstly, due to the low bending rigidity of ultrathin materials, the energy 

required to bend, curve or fold them is much lower than thicker materials, and 

consequently stimuli-responsive 2D to 3D shape change can be triggered occur under 

milder conditions. This point is important from the practical standpoint of facilitating low-

power actuation and operation of shape change devices. In addition, small energetic 

barriers for folding suggest that a variety of 3D conformations could be realized. Secondly, 

due to their ultrathin nature, mass and thermal transport barriers that often delay shape 

changes in bulk materials are less of a concern. For example, the time scale for shape 

change of bulk hydrogels such as poly(N-isopropylacrylamide) (PNIPAM) is limited by 

water diffusion and thermal transport, both of which are thickness dependent. It is 

envisioned that shape change of ultrathin materials could thus be enabled at much faster 

time scales as compared to bulk materials. Finally, when combined with shape 

transformation from 2D to 3D, the inherent excellent properties of ultrathin materials such 

as their lightweight, large surface area and low defects could enable high performance 

and small form factor devices with unprecedented functionalities. It is noteworthy here, 

that the volume occupied by a 1 nm thick film with a lateral dimension of 1 x 1 cm is 

approximately the same as that of a 3D object with 50 µm in size, or the size of a biological 

cell. Hence, it is conceivable that the 2D to 3D shape transformation of ultrathin materials 

could dramatically shrink their size which is of importance in dispersible sensors, smart 

dust, and miniaturized robots. In addition, the flexibility and large surface area provide an 

ideal substrate for conformal contact in shell sensors.11  
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In this account, we review the recent progress in ultrathin shape change materials 

and categorize them based on their composition and the mechanism that triggers shape 

change (Table 1). We discuss the unique properties and promising applications of 

ultrathin shape change materials in electronics, optics, and biomedicine. Finally, 

challenges and future directions are outlined  

Table 1. Major categories of ultrathin shape change materials and their characteristics.  
 

 

2. ULTRATHIN SHAPE CHANGE STRUCTURES COMPOSED OF ORGANICS  

 The morphological plasticity of biological membranes is critical for cellular 

physiological functions, as cells need to rearrange their membranes quickly during their 

life cycle. Lipids, by their ability to exist in many shapes (polymorphism), provide a 

superlative construction material for cellular membranes.24 Supported lipid bilayers are 

Category Material 
composition 

Lateral 
Size 

Thickness Shape change 
mechanism 

Refs 

liposomes/ 
lipid vesicles 

lipids 20 nm to 
10 µm 

<5 nm biological stimuli, 
such as proteins, 
lipoproteins 

12,13 

micelles/ 
polymersomes 

amphiphilic 
polymers 

10 nm to 
10 µm 

5-20 nm pH, temperature, 
light, magnetic 
fields, chemical 

signals 

14,15 

polymer 
platelets/thin 

films 

amphiphilic 
polymers/ 

polyelectrolytes 

500 nm to 
mm 

5-50 nm pH, light, 
temperature 

16,17 

thin shell 
microcapsules 

polyelectrolytes 500 nm to 
10 µm 

10-50 nm pH, temperature 18,19 

inorganic 
membranes 

metal, 
semiconductor, 
ceramics 

100 nm to 
10 µm 

3-50 nm heat, ion beams, 
oxidation, residual 

stress 

20,21 

hybrid thin 
films 

metal, 2D 
materials, 

nanoparticles, 
polymers 

10-500 
µm 

5-100 nm temperature, salt, 
solvents, DNA 

22,23 
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useful in-vitro mimics of natural biological membranes and can be used to model cell-cell 

interactions.  

The fundamental processes of vesicle fusion and rupture in supported bilayers 

which involves mixing of lipids, as well as loss of encapsulated content, is depicted in 

Figure 1a.12 This shape change process in a liquid environment is shown in Figure 1b-

d.13 The lipid vesicles spread and flatten from the outer edges toward the center until the 

two bilayers stack on top of each other. Then, the top bilayer either rolls or slides over the 

bottom layer and the edges fuse together to form bigger patches.  

The changes in the shape of cellular lipid bilayers are linked to critical physiological 

functions. For example, an increase of cholesterol in the plasma membrane increases the 

risk of atherosclerosis. This phenomenon is related to the cholesterol-induced shape 

Figure 1. Ultrathin shape change structures based on lipids. (a) Schematic of the formation of a 
supported lipid bilayer. (b-d) Sequential AFM images demonstrating vesicle rupture and supported lipid 
bilayer formation on silica. All image sizes are 1.67×1.67 µm (reproduced with permission from refs 12 
and 13; copyright 2000 and 2002 Elsevier Inc.). (e-g) Confocal images show the response of liposomes 
to cholesterol with associated shape changes. Scale bar is 20 µm. (h) Plot of the changes in the surface 
area of the liposomes with time (reproduced with permission from ref 25; copyright 2016 Elsevier Inc.). 
(i) Schematic of lipid robots in inactive and active states. (j-k) Phase-contrast microscopy images of lipid 
robots and fluorescence images of microtubules in, (j) inactive, and (k) active states. Scale bars are 10 
µm (reproduced with permission from ref 26; copyright 2017 American Association for the Advancement 
of Science). 
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changes of liposomes, as shown in Figure 1e-h.25 When exposed to a high concentration 

of cholesterol, the liposomes initially respond with an increase in their surface area and 

membrane fluctuations. At later times, the liposome surface area decreases, as 

demonstrated by the decrease in the vesicle perimeter and the shrinkage of tubes into 

intra-vesicle buds. 

Dynamical processes in the shape change of lipid vesicles can be thought of as 

complex motions of machines. In fact, an amoeba-like molecular robot which can express 

continuous shape changes in response to specific signal molecules has been reported 

(Figure 1i).26 The body of the robot is a lipid vesicle; the actuator driving the shape 

changes is composed of proteins, kinesin, and microtubules. The robot exhibits 

continuous changes in shape when actuated with a sequence-designed DNA molecule 

(Figure 1j-k), and the shape change behavior is terminated with the triggered release of 

the signal DNA molecule.  

3. ULTRATHIN SHAPE CHANGE STRUCTURES COMPOSED OF POLYMERS  

3.1 Shape change micelles and polymersomes  

Amphiphilic responsive polymers can self-assemble into micelles or 

polymersomes with an ultrathin shell in selective solvents. For micelles and 

polymersomes made from thermoresponsive polymers, a temperature change can induce 

shrinkage, fusion or reorganization. For instance, triblock copolymers with a temperature 

responsive PNIPAM block have been synthesized.14 They self-assemble into spherical 

micelles at room temperature (Figure 2a-d) and undergo sphere-to-cylinder shape 

changes above the lower critical solution temperature (LCST) due to a conformational 
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change of PNIPAM. The reversible cylinder-to-sphere transition occurs when the 

temperature is decreased below the LCST.  

The physical and chemical interactions between macromolecules, e.g., hydrogen 

bonding or chemical bonding, can also be utilized to achieve shape changes. For instance, 

when DNA strands are introduced to amphiphilic block copolymers, the shape of the self-

assembled micelles can be manipulated by sequence-selective interactions, which 

dominate steric and electrostatic repulsions. In one example, DNA-brush copolymer 

Figure 2. Shape change of ultrathin micelles and polymersomes. (a-d) Temperature induced 
shape change and recovery of the micelles. TEM images of the micelles at, (b) 25 oC, (c) 45 oC and, 
(d) cool down to 25 oC (reproduced with permission from ref 14; copyright 2016 American Chemical 
Society). (e) Shape change of micelles self-assembled from of DNA-brush copolymers. (f-h) TEM 
images of, (f) spherical micelles, (g) cylindrical micelles after addition of DNAzyme, and (h) spherical 
micelles after addition of complementary ssDNA (reproduced with permission from ref 15; copyright 
2010 Wiley-VCH). (i) Shape transformation of polymersomes induced by a crosslinker. (j-k) TEM 
images of polymersomes after adding increasing amounts of crosslinker molecules (reproduced from 
ref 27; copyright 2013 American Chemical Society). (l) Schematic of the CO2-driven shape 
transformation. TEM images of the assembled structures in different levels of CO2 stimulus: (m, n) no 
stimulus, (o) 15 min, (p) 25 min (reproduced with permission from ref 28; copyright 2013 Wiley-VCH).	
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amphiphiles assemble into spherical micelles (Figure 2e-h).15 To facilitate a sphere-to-

cylinder phase transition, the spherical micelles are mixed with a DNA based 

phosphodiesterase, which is able to recognize a given DNA sequence and cut it at a 

designated position. This process results in a truncated DNA sequence, and subsequent 

reorganization to cylindrical micelles. Moreover, the opposite process: cylinder-to-sphere 

phase transition, can be achieved by adding an input DNA sequence, which forms a 

duplex with the truncated DNA in the cylindrical shell, and the bulky, extended duplex is 

better accommodated in the spherical micellar phase. 

Chemical crosslinking has also been shown to induce the shape change of 

ultrathin polymeric structures. For instance, amphiphilic block copolymers poly(ethylene 

glycol)-b-poly(styrene-co-4-vinylbenzyl azide) self-assemble into spherical 

polymersomes in a selective solvent (Figure 2i-k).27 Due to the existence of azide 

functional groups on the polymer, when excess crosslinkers with alkyne groups are added 

to the solution, a strain-promoted cycloaddition reaction happens, which induces the 

polymersomes to stretch in one dimension into a tubular shape upto 2 μm in length. The 

asymmetry in the crosslinking density of the membrane is the main reason for the 

spontaneous curvature and shape transformation.  

Small gas molecules can also be used to induce shape change of ultrathin 

polymeric assemblies. For instance, amidine-containing block copolymers, which consist 

of poly((N-amidine) dodecylacrylamide) as the intermediate CO2-sensitive block, self-

assemble into microscopic tubular architectures in aqueous solutions (Figure 2l-p).28 By 

introducing CO2 gas into this system, the middle block is gradually protonated by the 

acidic gaseous medium. The alteration in amphiphilicity drives the reshaping of the 
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tubular structure to spherical vesicles. Further extended exposure to CO2 leads to the 

transformation of vesicles to spherical micelles. Methods to induce shape changes of 

responsive micelles and polymersomes are not limited to those discussed above. 

Alternate stimuli can be used which include pH, light, electrical or magnetic fields, and 

redox reactions.29,30 The capacity of such systems to exhibit a variety of shape 

adaptations in response to a range of stimuli is critical for their use in advanced drug 

delivery and bioimaging.31 

3.2 Shape change ultrathin polymer platelets or films  

When responsive polymers are assembled in 2D space, they can form ultrathin 

platelets or films which can change their shape or size when exposed to specific stimuli. 

For instance, the crystallization-driven self-assembly of poly(ε-caprolactone)-b-

poly(acrylic acid) (PCL-b-PAA) block copolymers results in ultrathin (sub-5 nm) Janus 

nanoplates,16 which are composed of partially cross-linked PAA and tethered PCL brush 

layers (Figure 3a). In an acidic environment, the carboxylic acid groups of PAA are 

protonated, inducing the PAA layer to contract; the Janus assembly, therefore, bends 

toward the PAA layer (Figure 3b-d). On the other hand, the PAA layer swells at pH 11 

due to deprotonation, and the nanoplate bends toward the PCL layer. This reversible 

shape change is achieved by a remarkably small stress – about five orders of magnitude 

smaller than that needed for shape changes of conventional thick hydrogel bilayers. 

Macroscopic ultrathin polymer films with pH-responsive properties, under 

confinement or within bounded templates, can also have ordered wrinkling/folding 

behaviors upon pH changes.32 For instance, exposure of a crosslinked poly-2-vinyl 

pyridine (P2VP) film (thickness: 20-100 nm) to acidic pH results in the transformation of 
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the initially smooth morphology into a network of anisotropic structures, the dimensions 

of which are governed by the thickness of the film (Figure 3e-f).17 When the ultrathin film 

is patterned into a well-ordered array, it deforms into well-defined curved structures upon 

pH variation (Figure 3g-h). The confinement of these ultrathin gel films caused by strong 

adhesion to the substrate and a high degree of swelling of the loosely crosslinked film on 

top are responsible for inducing the unique folding patterns. 

Light-induced shape changes can be achieved by incorporating optically 

responsive polymers or functional groups.33 For instance, micrometer-sized hydrated 

Figure 3. Ultrathin change change polymer platelet/film. (a) The shape change of a Janus PCL-b-PAA 
nanoplate at various pH. (b-d) TEM images of the Janus nanoplates at (b) pH 3, (c) pH 7, and (d) pH 11 
(reproduced with permission from ref 16; copyright 2016 American Chemical Society). (e) AFM image of 
the pristine P2VP thin film, (f) the self-folded P2VP film upon exposure to acidic pH. (g) AFM images of 
nanostripe patterned P2VP thin film, and (h) the corresponding folded structures when exposed to acidic 
pH (reproduced with permission from ref 17; copyright 2010 American Chemical Society). (i) Optical 
microscopy images showing blue light-induced transformation of a single trans-azoTAB:PAA particle into 
a hexagonal platelet; scale bars are 5μm (reproduced with permission from ref 34; copyright 2017 Nature 
Publishing Group).	
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particles based on the electrostatically co-assembly of PAA and trans-azobenzene 

trimethylammonium bromide (trans-azoTAB) have been reported (Figure 3i).34 The trans-

azoTAB:PAA irregular particle rapidly transforms into a hexagonal platelet under blue light 

illumination. Such photo-induced shape transition has been attributed to softening and 

fluidization of the hydrated polyelectrolyte-surfactant matrix during transformation to the 

photostationary trans/cis state, which in turn facilitates re-organization of the randomly 

aligned mesostructures into hexagonal platelets. 

3.3. Shape change microcapsules with an ultrathin shell 

Microcapsules with an ultrathin shell can be fabricated using layer-by-layer (LbL) 

assembly on a sacrificial template. If the shell is composed of responsive polymers, the 

hollow 3D structures have the capability to change their shapes or sizes under certain 

conditions. For instance, poly(methacrylic acid) (PMAA) cubic microcapsules bulge into a 

spherical shape when pH is changed from acidic to basic, while capsule size remains 

virtually unchanged (Figure 4a-c).18 

Moreover, the chemical composition and mechanical properties of the shell have 

a significant effect on the shape change of microcapsules. For instance, when two-

component (PMAA−PVPON)5 (PVPON: poly(N-vinylpyrrolidone)) microcapsules are 

exposed to basic pH (pH=8),19 they retain their cubic shapes while increasing in size by 

40% (Figure 4d-e). These different shape responses have been rationalized by a 

difference in the shell rigidity expressed as the ratio of the polymer contour length 

between neighboring crosslinking points to the persistence polymer length. This analysis 

indicates that the two-component system is much more rigid.  
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 pH-induced shape transformations have also been observed with anisotropic 

ultrathin capsules with high aspect ratio. For instance, discoidal PMAA capsules which 

mimic the shape of a red blood cell,35 show a dramatic volume increase of 24-fold when 

exposed to basic pH (Figure 4f-g). The pH-triggered change in capsule dimensions also 

Figure 4. Shape change microcapsules with an ultrathin shell. (a) pH-triggered shape responses of 
single- and two-component cubic ultrathin shell capsules. (b-e) Confocal microscopy images of cubic 
hydrogel capsules (b-c) (PMAA)20, and (d-e) (PMAA−PVPON)5 when the solution pH was changed from 5 
to 8 (Reproduced with permission from refs 18 and 19; copyright 2011and 2012 Royal Society of 
Chemistry). Confocal microscopy images of discoidal (PMAA)15 ultrathin shell capsules at (f) pH 4 and (g) 
pH 7.4. All scale bars are 4 µm (Reproduced with permission from ref 35; copyright 2016 American 
Chemical Society).	
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results in anisotropic swelling/shrinkage leading to discoidal-to-ellipsoidal shape 

transformations where the extent of the shape transition depends on the shell composition. 

To theoretically rationalize the shape change mechanisms of ultrathin soft matter 

systems discussed in the above sections, traditional continuum mechanics modeling 

which works well with bulk shape change materials, are usually not applicable because 

of the atomic level precision required as well as the ultrathin, irregular and porous nature 

of these structures.36 Therefore, multiscale simulations based on coarse-grained 

molecular dynamics (MD) or dissipative particle dynamics (DPD) are necessary for 

modeling ultrathin systems.37 

4. ULTRATHIN SHAPE CHANGE STRUCTURES COMPOSED OF INORGANICS 

Inorganic materials such as metals, semiconductors or ceramics are generally 

considered rigid, and not as easy to bend or fold as compared to organic materials. 

However, when their thickness is reduced to the nanometer scale, their bending rigidity 

is substantially decreased, and a large variety of 3D folded structures can be generated. 

For instance, ultrathin metal oxide nanosheets composed of MoO3 (with thickness around 

3.3 nm) could be gradually transformed into tubular multi-walled nanotubes in the 

presence of oxidant and oleylamine (Figure 5a-b).38 Elsewhere, by reducing the thickness 

of nanocrystalline (NC) diamond membranes to 40 nm, their self-folding into 3D structures 

after release from the substrate due to an intrinsic stress gradient has been reported 

(Figure 5c).20 The curvature of these folded structures can be tuned by changing the 

thickness and built-in strain of the nanomembranes.39 
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Surface forces generated by heat induced grain coalescence of ultrathin metal 

films can also be used to induce self-folding. For instance, tin (Sn) has been used as an 

Figure 5. Shape change ultrathin inorganic materials. TEM image of, (a) ultrathin MoO3 nanosheets, 
and (b) rolled-up multiwalled nanotubes (reproduced with permission from ref 38; copyright 2012 Wiley-
VCH). (c-d) Schematics and SEM images of folded diamond nanomembranes, scale bars: 10 µm. 
(reproduced with permission from ref 20; copyright 2017 Wiley-VCH) (e-f) SEM images of shape change 
of ultrathin e-beam patterned Sn/Ni bilayer films (reproduced with permission from ref 21; copyright 2010 
Wiley-VCH). (g-j) SEM images of e-beam patterned self-folded Al2O3 nanocubes (reproduced with 
permission from ref 40; copyright 2011 Wiley-VCH). SEM images of (k) self-rolling strips, and (l) flower 
shape formed from ultrathin Ti/Al/Cr films (reproduced with permission from ref 42; copyright 2013 Wiley-
VCH). (m) SEM images and FEA predictions of a complex 3D mesostructure formed from a 2D precursor. 
Scale bar is 400 µm (reproduced with permission from ref 43; copyright 2015 American Association for the 
Advancement of Science). (n) The gradual unzipping of a carbon nanotube wall to form a nanoribbon. (o) 
TEM images depicting the transformation of MWCNTs (left) into oxidized nanoribbons (right) (reproduced 
with permission from ref 44; copyright 2009 Nature Publishing Group). (p-q) Paper model and graphene 
folding in the shape of, (p) in-plane kirigami springs, and (q) kirigami pyramid (reproduced with permission 
from ref 3; copyright 2015 Nature Publishing Group).  
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active material for self-folding, because of its low melting temperature.21 When a bilayer 

is formed with Sn and another thin metal or oxide layer (such as Ni, SiO2, or Al2O3, the 

extrinsic stress upon Sn reflow leads to spontaneous curving and shape changes (Figure 

5d-f). When combined with e-beam lithography, 3D curved and folded structures with a 

wide range of sizes, shapes and patterns can be generated. (Figure 5g-j).40 In-situ 

processing techniques such as reactive ion etching (RIE) and focused ion beam (FIB) 

induced deformation can also be utilized to fold freestanding ultrathin films into complex 

3D structures.41 For instance, FIB using high energy gallium ions generates stress by the 

generation of dislocations and ion implantation within material layers, which induces 

creases or folds upon mechanical relaxation (Figure 5k-l).42 

The shape transformation of ultrathin inorganic materials can also be achieved by 

extension and strain relaxation of the underlying substrate. For example, strain relaxation 

in an elastomeric substrate can simultaneously impart forces at a collection of pre-defined 

locations on the surfaces of planar precursor structures (Figure 5m).43 The resulting 

processes of controlled, compressive buckling induce rapid, large-area geometric 

extension into the third dimension, capable of transforming advanced functional materials 

and planar microsystems into mechanically tunable 3D forms with broad geometric 

variations.  

Atomically ultrathin 2D materials such as graphene also have the potential to 

change their shape or dimension triggered by chemical reaction or external mechanical 

force. An extreme example is the unzipping of carbon nanotubes (CNT) which leads to 

graphene nanoribbons (Figure 5n-o).44 Shape transformation of graphene can also be 

achieved using mechanical forces and this approach has been utilized to enable 
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graphene kirigami and construct mechanical metamaterials such as stretchable 

electrodes, springs, and hinges (Figure 5p-q).3  

5. ULTRATHIN SHAPE CHANGE STRUCTURES COMPOSED OF HYBRIDS 

It is often feasible and desirable to combine organic and inorganic materials to 

fabricate hybrid ultrathin materials that have shape-change capabilities. In this way, the 

final structures have the potential to incorporate the advantageous properties of both 

material classes. For instance, a thermally responsive method to fold and unfold 

monolayer graphene into predesigned, ordered 3D structures has been recently 

developed.22 The methodology involves the non-covalent surface functionalization of 

graphene with polydopamine and thermoresponsive PNIPAM brushes (Figure 6a). The 

functionalized graphene is micropatterned and self-folds into ordered 3D structures with 

reversible deformation under full control by temperature (Figure 6b-d). A multiscale 

theoretical model was developed and used to design ordered 3D graphene structures 

with predictable shape and dynamic. The ultrathin graphene-organic hybrids show 

reversible actuation and can encapsulate live cells; the controlled folding can be used to 

also fabricate non-linear resistor and creased transistor devices.   

Ultrathin bilayers composed of metal and polymer hybrids have been reported. For 

instance, ultrathin Au–polymer brush composite objects have been fabricated by 

microcontact printing followed by brush growth and etching of the substrate.45 These 

objects fold into 3D microstructures in response to different solvents that can change the 

conformation or swelling of the polymer brushes (Figure 6e-h). The bending of these 

objects can be predicted, and hence predefined during the synthesis process by 

controlling the dimensions of the gold layer and the polymer brush. 
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In another recent example, shape change films composed DNA and gold 

nanoparticles have been reported.23 The films are formed from DNA-grafted gold 

nanoparticles using a LbL deposition process. Films consisting of an active and a passive 

layer show rapid, reversible curling in response to complementary stimulus DNA strands 

added to the solution (Figure 6i-k). The researchers attribute the shape change 

mechanism to the addition of filler DNA strands and exchange reactions which lead to an 

increase in the interparticle distance, and cause swelling of the active layer; the strain 

mismatch between the swollen active and non-swollen passive layer curls the film.  

Figure 6. Organic / Inorganic hybrid shape change ultrathin materials. (a) Schematic illustration of 
the surface functionalization process of graphene. (b) The fabrication and folding process of ultrathin 
graphene-polymer brush hybrids. (c-d) Optical microscope snapshots of the self-folding of ultrathin 
graphene microstructures after heating to 45 °C. Scale bars are 100 μm (reproduced with permission from 
ref 22; copyright 2017 American Association for the Advancement of Science). (e-h) Au–polymer brush 
bilayer structures in the flat (left) and folded (right) state (reproduced with permission from ref 45; copyright 
2011 Wiley-VCH). (i) Schematics of the programmed actuation of DNA–GNP films. (j-k) Corresponding 
microscope images of the processes. Scale bar is 200 µm (reproduced with permission from ref 23; 
copyright 2017 Nature Publishing Group).	
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6. SUMMARY AND OUTLOOK 

Ultrathin shape change structures can be created with a wide range of organic, 

polymeric, inorganic and hybrid components. Further, their sizes and dimensions also 

span a wide range of shapes and sizes. As discussed, ultrathin shape change materials 

are distinct from their bulk counterparts, such as hydrogel or elastomers.46 In contrast to 

conventional bulk materials synthesis and processing, the fabrication of ultrathin shape 

change structures often requires either controlled molecular self-assembly at the 

nanometer scale or top-down nanopatterning techniques. For instance, stimuli-

responsive micelles or polymersomes are generally formed by the self-assembly of 

amphiphilic block copolymers; the self-rolling inorganic nanotubes are fabricated by 

physical vapor deposition and photo/e-beam lithography. Since the energy barriers for 

bending are lower than bulk materials, forces required to fold these ultrathin films are 

significantly lower, and thus conditions for shape changes are often much milder. 

Typically, a slight increase in temperature or a small variation in pH is enough to cause 

shape changes. Consequently, there are more varieties in the possible shape-change 

mechanisms for ultrathin structures, and even DNA hybridization, gas adsorption or 

chemical reactions could induce changes in the shape of these materials. Finally, the 

response of such ultrathin shape change materials is much faster than their bulk 

counterparts especially when mass or heat transport is involved.  

The broad applications of ultrathin shape change materials span from flexible and 

wearable electronics to drug delivery and biosensing. Illustrative examples of applications 

include a 3D photodetector with a rolled-up geometry which exhibits broadband 

enhancement of coupling efficiency and omnidirectional detection under a wide incident 
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angle compared with its 2D counterpart.47 In drug delivery applications, pH-responsive 

polymersomes can efficiently encapsulate and release drug/DNA molecules to specific 

locations in the body with temporal control.48 Self-folding microgrippers can be used to 

enable untethered biopsies, capture single cells and enable 3D analysis of cell 

membranes.11  

Apart from the exciting progress in ultrathin shape change materials achieved so 

far, there are significant challenges that need to be overcome. For ultrathin structures 

fabricated with lithographic techniques, it is challenging to scale up fabrication and 

generate, for example, gram quantities in a cost-effective manner. The uniformity and 

monodispersity of self-assembled ultrathin shape change structures need to be improved. 

Additionally, the stability of the ultrathin shape change materials is limited. Especially, the 

stability of 3D hollow structures with ultrathin shells is strongly dependent on the 

environment. For instance, responsive polymersomes or microcapsules, are only stable 

in liquids and collapse upon drying, techniques such as critical point drying are necessary 

to maintain their 3D shapes in the dry state. Finally, the rational design of these structures 

requires the development of advanced multiscale modeling to bridge atomistic and larger 

continuum length scales.22 

Nonetheless, with the rapid development of 2D nanomaterials, surface chemistry, 

and nanofabrication, we expect new approaches to be realized in the rational design, 

fabrication, and characterization of ultrathin shape change materials. We anticipate that 

the combination of 2D layered materials, supramolecular chemistry, and responsive 

polymers will generate many new and unprecedented functional shape change structures. 
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