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ABSTRACT
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Nearly all micro/nanosystems found in biology have function that is intrinsically enabled by hierarchical,
three-dimensional (3D) designs. Compelling opportunities exist in exploiting similar 3D architectures in
man-made devices for applications in biomedicine, sensing, energy storage and conversion, electronics
and many other areas of advanced technology. Although a lack of practical routes to the required 3D
layouts has hindered progress to date, recent advances in mechanically-guided 3D assembly have the
potential to provide the required access to wide-ranging structural geometries, across a broad span
of length scales, in a way that leverages the most sophisticated materials and design concepts that
exist in state-of-the-art 2D microsystems. This review summaries the key concepts and illustrates their
use in four major categories of 3D mesostructures: open filamentary frameworks, mixed structures
of membranes/filaments (Kirigami-inspired structures), folded constructs (Origami-inspired structures)
and overlapping, nested and entangled networks. The content includes not only previously published
examples, but also several additional illustrative cases. A collection of 3D starfish-like and jellyfish-like
structures with critical dimensions that span nearly a factor of ten million, from one hundred nanometers
to nearly one meter, demonstrates the scalability of the process.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Three-dimensional mesostructures with controllable shapes
and dimensions can be exploited in various classes of mi-
cro/nanotechnologies such as micro/nano-electro-mechanical sys-
tems (MEMS/NEMS) [1-3], biomedical devices [4-6], electron-
ics and optoelectronics [7-9], batteries and supercapacitors [10-
12], metamaterials [13-15], robotics [16-18] and others. Di-
verse manufacturing techniques, such as 3D printing and two-
photon/multiphoton lithography [19-22], self-assembly [23,24]
and templated growth [25,26], can form 3D structures with cer-
tain types of shapes at different scales. These approaches, however,
are (i) applicable only to limited classes of materials, generally ex-
cluding, as examples, device-grade inorganic semiconductors such
as silicon and GaAs; (ii) incompatible with the exceptionally ad-
vanced lithographic techniques that are routinely used in manu-
facturing of conventional 2D devices. These limitations restrict the
range of structural and functional options, the device performance,
and the production efficiency of micro/nanosystems with 3D lay-
outs. Approaches that utilize strain-induced bending/folding [27,
28] avoid some of these drawbacks and offer many attractive fea-
tures, but they operate most effectively with only certain classes of
3D geometries.

Recent research establishes concepts for realizing 3D mesostruc-
tures in advanced materials and device architectures by assembly
processes driven by compressive buckling [29-32]. This scheme
exploits thin, 2D precursors fabricated using the most sophisti-
cated materials processes available in state-of-the-art planar tech-
nologies. Lithographically defining a set of chemically activated
sites followed by transfer printing [33,34] onto a prestrained elas-
tomer substrate leads to strong covalent bonding at these loca-
tions. Releasing the prestrain creates compressive forces that in-
duce out-of-plane geometric extension, including complex combi-
nations of translational and rotational motions, of the non-bonded
regions of the 2D structures. The result yields 3D architectures
with programmed configurations in a continuous and reversible
manner. This 3D assembly approach is naturally compatible with
existing planar microsystems technologies and it provides a fast,
powerful means for building complex, 3D structures and device
layouts in a parallel fashion, over a wide length scales. Published
demonstration examples include over 200 different 3D mesostruc-
tures, where materials include inorganic semiconductors, poly-
mers, metals and their heterogeneous combinations, and length
scales span from nanometers to meters. An additional feature of
the resulting 3D structures is that they are naturally tethered to
elastomers, thereby providing means for reversible mechanical
tuning of the geometries, and for achieving advanced electrical,
optical and magnetic function in systems that have low effective
moduli and high levels of stretchability.

This review article discusses the design concepts and assem-
bly techniques organized around four major categories of 3D
mesostructures: (1) open filamentary frameworks (Section 2.1),
(2) mixed structures of membranes/filaments (Kirigami-inspired
structures; Section 2.2), (3) folded constructs (Origami-inspired
structures; Section 2.3) and (4) overlapping, nested and entangled
networks (Section 2.4). In each case, key considerations include the
overall shapes, patterns of cuts, thickness distributions, and multi-
layer configurations associated with the 2D precursors, the mag-
nitude and orientation of prestrain in the elastomeric assembly

substrate, and the numbers and locations of bonding sites. The as-
sociated processing techniques include advanced methods in mi-
cro/nano fabrication, etching, transfer printing, surface chemistry
patterning, controlled buckling, sacrificial layer incorporation, me-
chanical/laser cutting and micromanipulation. In addition to pre-
viously reported structures, several new examples presented here
illustrate important points. Section 2.5 highlights the dimensional
scalability of the process, through demonstrations of 3D starfish-
like and jellyfish-like structures with critical dimensions that span
seven orders of magnitude.

2. Discussion
2.1. Assembly of 3D filamentary mesostructures

The first category of 3D mesostructures consists of networks of
filamentary ribbons [29]. Fig. 1(a) highlights the general assembly
procedures using a simple 3D helical structure as an example. The
process starts with the micro/nano fabrication of a 2D serpentine
precursor on a planar temporary substrate via well-established
techniques in photolithography and thin film etching. The next
step involves retrieval of the precursor onto a water soluble tape
by elimination of an underlying sacrificial layer, in a way that
exposes the backside surface. Lithographic patterning and surface
chemical treatments, typically involving the formation of —-OH
groups, defines bonding sites with sub-micron spatial precision.
Transfer onto a prestrained silicone elastomer (prestrain level
defined as ey = AL/L, where L is the original length and AL is the
increment compared with L), also chemically functionalized with
-OH surface groups, leads to strong adhesion at the bonding sites
due to covalent bonds that result from interfacial condensation
reactions. These covalent linkages lead to interfaces with work
of adhesion >8 J/m?, well above weak van der Waals forces-
dominated interfacial interactions at non-bonded locations, where
the work of adhesion is ~0.2 J/m? [29]. Releasing the prestrain
returns the silicone to its original shape, thereby imparting large
compressive forces onto the precursor at the points of strong
bonding. Since the thicknesses (t) of the ribbons are typically
many times smaller than the widths (w), the out-of-plane bending
stiffness (oc wt?) is much smaller than the in-plane value (o
w3t). The effect is, therefore, to induce a complex, coordinated
interplay of translational and rotational out-of-plane motions at
the non-bonded regions, which in the case illustrated here leads
to the formation of a 3D helix. The image in Fig. 1(b) shows
a structure of this type made of single-crystal silicon (2 pm in
thickness, 50 wm in width, g, ~ 70%). With different 2D
precursor geometries and bonding sites, this same overall process
can be extended to classes of structures such as dual helices
(Fig. 1(c)) and nested coaxial systems (Fig. 1(d)). In all cases, finite-
element analysis (FEA) predictions (right frames in Fig. 1(b)-(d))
are highly consistent with the experimental results (left frames
in Fig. 1(b)-(d)). Using FEA as a guide, the process design can be
selected to limit maximum strains in the 3D structures to values
that are well below the fracture thresholds of the constituent
materials (e.g. ~1% for single crystalline silicon).

Much more complex 3D structures can be assembled with
different 2D precursors and distributions of bonding sites, and
with other types of prestrain, including biaxial (Fig. 1(e)-(k)). The
results in Fig. 1(h) demonstrate that for the same filamentary
pentagram shape and the same ¢, (~50%) in a 2D precursor of



98 Z. Yan et al. / Extreme Mechanics Letters 11 (2017) 96-104

Form 2D precursor structures; b
stretch the assembly platform

\
\

-
&é

N e

3
(

Emax (%)
0.76

Transfer with selective bonding

Release the platform

Fig. 1. 3D filamentary mesostructures. (a) Schematic illustration of the assembly process. From the top to the bottom: forming 2D micro/nanostructures using lithographic
and etching techniques, transferring these structures to a stretched silicone elastomer with bonding at selected sites, releasing the elastomer to form 3D mesostructures.
(b-d) Schematic diagram of 2D precursors with bonding sites marked in red (top), and corresponding SEM images (left) and FEA predictions (right). (e-h) Schematic diagram
of 2D precursors with the same shapes but different configurations of bonding sites (left), and corresponding FEA predictions (middle) and SEM images (right). (i) 3D tent
array, 8 x 8 double-floor networks and flower-like mesostructures made of silicon. (j) 3D table-tent mixed array, 4 x 4 raised ring array and 2 x 2 raised roof array made
of bilayers of metal (Au) and polymer (polyimide). Scale bars, 400 j.m. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Source: Reproduced from Xu et al. [29], with permission from American Association for the Advancement of Science.

silicon, different numbers and locations of bonding points lead
to remarkably different 3D structures. As before, FEA analysis
quantitatively captures all of these shapes, thereby indicating
the utility of computation in rapidly exploring different design
possibilities, with particular value for complex topographies. The
left frame in Fig. 1(i) shows an example of 5 x 5 array of tent
structures in filaments of silicon. Other examples include an 8 x 8
double-floor 3D helix structure (the middle frame in Fig. 1(i)) and
a 3D flower-like construct with a concentric pair of toroids and a
hemispherical cage in the center (the right frame in Fig. 1(i)). Three

filamentary 3D mesostructures made of bilayers of polyimide and
gold, including a mixed array of tables and tents, a 4 x 4 raised ring
array, and a 2 x 2 roof array, appear in Fig. 1(j) (gpre & 50% for all
cases here).

2.2. Assembly of 3D mixed mesostructures of membranes and
filaments

Unlike collections of filamentary structures, membranes demon-
strate considerable lateral constraints when subjected to bending.
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Fig. 2. 3D Kirigami mesostructures. (a) Schematic illustration of the fabrication process: forming 2D micro/nanomembrane with different patterns of cuts and underlying
sacrificial layer, removing the sacrificial layer to create a gap, releasing prestrain to form 3D Kirigami structures. (b) SEM images of four 3D Kirigami structures with the
same basic 2D precursor shape but different patterns of cuts; the examples here are made of bilayers of silicon nanomembranes and epoxy films. (c) Complex 3D Kirigami
structures made of polymers, including an object made of polyimide (~10 pm in thickness) that resembles a tiger (left), and a mixed array of hybrid membrane-ribbon
structures (right) made of epoxy (~4 pm in thickness). (d) 3D Kirigami structures with extended features, including a fractal-inspired pattern with two-order cross cuts
(left), epoxy structures with Au micropatterns (middle) and silicon nanodisks (right). Scale bars, 200 pm.

Source: Reproduced from Zhang et al. [30], with permission from National Academy of Sciences.

As a result, they undergo in-plane stretching in addition to out-of-
plane bending in their final configuration after compressive buck-
ling. Depending on the nature of boundary conditions (i.e.,imposed
constraints required for their buckling), the bend-stretch coupling
has the potential to lead to localized stress concentrators of high
strain energy that can lead to mechanical failure. Furthermore, the
out-of-plane buckling process can be frustrated by forces of van
der Waals-induced surface stiction to the assembly substrate at the
non-bonding regions. These forces increase with the total contact
area, and are typically much larger for membranes than for rib-
bons [29]. Strain relief concepts inspired by ideas adopted from the
paper folding art of Kirigami can avoid these limitations. In partic-
ular, introduction of precisely engineered cuts and slits, enabled
by photolithography and etching, at strategic locations across a 2D
precursor can dramatically reduce local strain concentrations that
arise during controlled compression [30]. Surface stiction can be
minimized by including a sacrificial layer underneath non-bonding
regions of the planar precursors, whose removal eliminates adhe-
sion entirely by creating physical separation from the assembly
substrate immediately before release of prestrain (Fig. 2(a)). These
two methods allow formation of a wide range of structures that in-
clude both membranes and filaments, in elaborate 3D layouts, with

the same level of material diversity and size scalability as with the
purely filamentary networks.

The Kirigami-inspired cuts and slits are essential in the context
not only of strain-relief mechanics, as described above, but
also design flexibility. Fig. 2(b) demonstrates a series of 3D
structures made of bilayers of nanomembranes of device-grade
silicon (300 nm in thickness) and photodefinable epoxy (SUS;
300 nm in thickness), where the differences arise only from the
patterns of cuts, defined here by photolithography and reactive
ion etching. Complex examples shown in Fig. 2(c) include a pop-
up Kirigami ‘tiger’ formed with a non-equal biaxial prestrain
(&x-pre &~ 100%, &ypre =~ 33%) and an array of randomly mixed
unit cells formed with equal biaxial prestrain (g, ~ 60%),
micro-fabricated using polyimide (10 wm in thickness) and epoxy
(4 wm in thickness) respectively. Nanoscale structures of device-
grade semiconductors and surface features can be easily integrated
with the membranes. The left frame of Fig. 2(d) highlights a 3D
structure with 1st and 2nd order cross cuts in a bilayer that
consists of a silicon nanomembrane (300 nm in thickness) and a
film of epoxy (300 nm in thickness). The center and right frames
of Fig. 2(d) demonstrate hybrid structures of epoxy with gold
micropatterns and silicon nanodisks, respectively. Capabilities in
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Fig. 3. 3D Origami mesostructures. (a) Schematic illustration of the fabrication process for 3D Origami mesostructures. From the top to the bottom: forming 2D precursors
with non-uniform thicknesses design to yield folds at desired locations, transferring to a stretched silicone elastomer, releasing the elastomer to form 3D Origami structures.
The inset illustrates the defined parameters in Eq. (1). (b) Schematic diagram of 2D precursors (left) and SEM images of 3D Origami structures of epoxy formed through
uniaxial compression. (c) Schematic diagram of 2D precursors (top) and SEM images (bottom) of 3D Origami structures formed through biaxial compression. The structure
in the left frame is made of gold and epoxy bilayers, and structures in the middle and right frames are made of silicon and epoxy bilayers. (d) 2D precursors (left) and optical
images (right) of 3D Origami mesostructures made of plastic films with hierarchical forms of folding. The scale bars of SEM and optical images are 200 pwm and 20 mm,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Source: Reproduced from Yan et al. [31], with permission from Wiley.

integrating micro/nanopatterned, advanced electronic materials
(metals, semiconductors) onto such platforms suggest routes to
3D microsystems such as transistors, sensors and actuators, with
unique options in 3D design. The results could provide unusual
electromagnetic or optoelectronic functions that would be difficult
or impossible to access through conventional approaches.

2.3. Assembly of 3D folded mesostructures

The structures described in the previous two sections rely on
global bending and twisting deformations, with smoothly varying
levels of curvature defined by the 2D precursor geometry, the
bonding sites and the prestrain in the assembly substrate. Many
desired 3D structures demand spatial localization of the bending,
to reproduce the type of folds that occur in Origami [31]. Control
over the spatial distributions of thickness in the 2D precursors
provides this sort of capability. Specifically, FEA simulations show
that small thickness ratios (t/t; < 1/3) and length ratios (L, /L <
1/10) between the regions targeted form creases (t; and L) and
the other regions (t; and L) lead to Origami-like folding upon
compressive buckling. Generally, the optimized parameters (such
as t /t; < 1/3) have broad applicability to different materials and
prestrain levels, which can be used as a guidance in the design of
various folded mesostructures. Based on the assumptions that the
elastomer relaxes to 0% strain and the deformed configurations of
creases are circular arcs, the geometry of the folding structures can
be governed by:

3L, 1 . Opu (1 3L2) Ofold
sin = cos —=

L G 2 2 2L 2

Lo ! (1+Lb>—0 (1)
2L 2(1+ &pre) L)

where 6pq is the folding angle determined by prestrain (gpr),
L is the total length of the ribbon without bonding areas,
and L, is the length of the bonding region, respectively. Since
the deformations of such structures are mainly accommodated
by the creases, design considerations must include control of
the maximum principal strain, and optimization of the ratios
ty/Ly, ty/tq. Fig. 3(a) illustrates the defined parameters in Eq. (1)
(inset) and demonstrates the procedures for making 3D folded
mesostructures. Regions with potential to fold (red dotted lines)
can be defined in the 2D precursor through lithographically
patterned addition of layers in other areas. Release of the prestrain
causes the non-bonded regions to buckle out of the plane and
locally deform along targeted folds to guide the formation of 3D
mesostructures with sharp variations in curvature.

A diverse range of Origami-inspired 3D geometries can be
formed using these concepts through unidirectional, bidirectional,
and even hierarchical folding as demonstrated in Fig. 3(b)—(d).
Fig. 3(b) shows two representative examples formed through
uniaxial compression with 2D precursors in the left panels and SEM
images of 3D structures in the right panels. The top 3D structure
consists of a periodic array of triangular columns made of polymer
(epoxy) with folds (gray) located at the center and two ends. The
corresponding example at the bottom exhibits periodic arc-shaped
geometries with creases (gray) only at the two ends. For both cases,
the thicknesses of the creases are 2 wm, and the thicknesses of the
other regions are 6 pm. Fig. 3(c) demonstrates complex Origami
mesostructures achieved by using equal biaxial pre-strain. The top
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Fig. 4. 3D multilayer mesostructures. (a-b) Schematic illustration of the assembly process for 3D trilayer nested cages. (c) SEM images of 3D multilayer mesostructures
with fully separated configurations. From left to right: trilayer nested cages of epoxy and silicon hybrids, bilayer membranes of silicon, bilayer nested saddles of epoxy,
trilayer epoxy microstructure that resembles a tree. (d) SEM images of 3D multilayer mesostructures with mechanical assist features (left three frames). From left to
right: 3D filamentary structure of polyimide, 3D Kirigami box of copper/polyimide bilayers, 3D Origami chair made of epoxy. SEM image of a 3D multilayer mesostructure
with entanglements made of copper/polyimide bilayers (the fourth frame from the left). The optical image of a 3D mesostructure with coherently coupled multilayers via
selective bonding of copper/polyethylene terephthalate bilayers (the outmost right panel). The scale bars of SEM and optical images are 600 um and 5 mm, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Source: Reproduced from Yan et al. [32], with permission from American Association for the Advancement of Science.

three panels in Fig. 3(c) are 2D precursors. The bottom ones are
SEM images of related 3D Origami structures of inverse pyramids
(gold/epoxy bilayers, left frame), windmills (silicon/epoxy bilayers,
middle frame) and semi-ellipsoids (silicon/epoxy bilayers, right
frame). Multiple, hierarchical forms of folding are also possible
with appropriate choices in design. The left frames in Fig. 3(d)
demonstrate a classical Miura-Origami structure. Combining these
ideas with the Kirigami design principles described in the previous
section further expands the diversity of realizable mesostructures.
As an example, a hexagonal array of hexagonal prisms can be
formed by introducing Kirigami lattice cuts (Fig. 3(d), right frame).

2.4. Assembly of 3D overlapping, nested and entangled networks

The assembly of 3D filamentary, Kirigami and Origami
mesostructures rely on the compressive buckling of single-layer
2D precursors. The most recent advance is in the development of a

set of fabrication techniques and design concepts for utilizing re-
leasable, multilayer 2D precursors to access classes of 3D geome-
tries that are qualitatively more complex than those of previous re-
ports [29-31]. Examples include dense architectures with nested
layouts, controlled points of entanglement, and other previously
unobtainable layouts [32].

In this approach, layer-by-layer transfer printing techniques
allow assembly of releasable, 2D precursors with different shapes,
dimensions and materials into multilayer constructs with high
alignment precision. Selective bonding of each of these layers
to one another, and to an underlying prestrained assembly
substrate enables the formation of 3D multilayer mesostructures
by compressive buckling. An example that consists of 3D trilayer
nested cages of silicon and epoxy hybrids appear in Fig. 4(a)
and (b). Here, each layer independently undergoes a 2D to 3D
transformation. The corresponding experimental result appears
in the outmost left panel of Fig. 4(c), in which the middle
layer (gray) is silicon and the bottom and upper layers (yellow)
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Fig. 5. 3D starfish-like and jellyfish-like mesostructures spanning a wide range of length scales.

are epoxy. Fig. 4(c) (right four panels) provides an additional
four examples of 3D multilayer mesostructures with separated
configurations, including, from left to right, nested boxes of silicon,
nested membranes of silicon, bilayer saddles of epoxy, and trilayer
trees of epoxy. 3D multilayer mesostructures that incorporate
features designed specifically for mechanical interactions between
layers are also possible. Fig. 4(d) (left three panels) shows 3D

mesostructures with interacting bilayers in polyimide (green
color), epoxy (yellow color), and copper/ polyimide bilayers
(orange color). Here, interactions with the overlying layers
mechanically assist the assembly process, and provide structural
support to the final 3D configuration. In a further level of
sophistication, interwoven multilayers can serve as 2D precursors
(the fourth panel in Fig. 4(d), copper/polyimide bilayers), to
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yield entangled 3D frameworks. An additional design option
involves multilayers coherently coupled to one another at selected
bonding sites, as shown in the outmost right panel in Fig. 4(d),
copper/polyethylene terephthalate bilayers, to yield expanded
versatility.

2.5. Assembly of 3D structures in variety of materials spanning wide
length scales

A key appealing aspect of these general concepts in 3D
assembly is that they can be implemented across a broad range
of length scales with nearly any type of material, simply through
selection of suitable techniques to form the 2D precursors. Fig. 5
highlights two types of 3D structures, a starfish- and a jellyfish-
like structure, formed in different materials over an exceptionally
broad range of length scales (e, ~ 50% for all cases here).
In particular, the five 3D starfish-like structures shown here
have characteristic dimensions ranging from submicron, micron,
millimeter, centimeter to meter scales. The smallest case consists
of silicon nanoribbons with thicknesses of 100 nm and widths of
800 nm, at a scale that is similar to that of human red blood cells.
Here, deep-ultraviolet photolithography and reactive ion etching
formed the 2D precursor. A corresponding microscale version of
this same structure results from the use of a 2D precursor formed
directly by photolithographically patterning a film of polyimide
(10 pm in thickness), where the size scale is comparable to
that of a human hair. Mechanical/laser cutting techniques can
yield 2D precursors with millimeter-, centimeter- and meter-scale
dimensions, with examples in copper (9 pm in thickness) and
polyimide (12 wm in thickness) bilayers, polyester films (100 pm
in thickness), and polyvinyl chloride boards (3 mm in thickness). By
utilizing similar fabrication techniques, 3D jellyfish-like structures
with dimensions over the same broad range are also possible, as
illustrated in Fig. 5. The capability of assembling 3D structures in
variety of advanced materials across wide length scales suggest
potential across a diverse collection of applications.

3. Conclusion and outlook

This review summarizes recent progress in the deterministic as-
sembly of complex, 3D mesostructures in advanced materials via
compressive buckling. As is evident from the examples presented
in this article, an exceptionally large number of 3D structures can
be achieved using this approach. Key mechanics design concepts
and fabrication techniques underpin access to 3D filamentary,
Kirigami, Origami and multilayer mesostructures. These advances
provide a general but powerful foundation for scientists and engi-
neers in different research areas to explore 3D design options with
high-levels of complexity and targeted geometries using broad
sets of functional materials, including device-grade silicon, metals,
polymers and their hybrids, spanning wide length scales from sub-
micron to meter dimensions. Future opportunities lie in broaden-
ing the material versatility to other high-quality semiconductors,
piezoelectric materials, natural biomaterials, living cells, and 2D
layered materials, reducing the lateral dimensions of 3D structures
to nanoscale, and increasing the structural diversity and complex-
ity by combining with other techniques of making 3D structures
such as 3D printing and self-assembly. In addition to previously re-
ported 3D electronic and optical devices (i.e., inductors [29], optical
shutters [30], and near field communication devices [32]) that are
mechanically tunable, future application possibilities are in active
scaffolds for cells/tissues engineering, thermal and mechanical en-
ergy harvesters, micro/nanoscale robotics, stretchable electronics,
transient 3D electronic and optic devices, 3D antenna for optoge-
netics, biochemical sensors, and many others.
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