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a b s t r a c t

Development of origami-inspired routes to assembly of three dimensional structures is an area of growing
activity in scientific and engineering research communities due to fundamental interest in mathematical
topics in topology and to the potential for practical applications in areas ranging from advanced
surgical tools to systems for space exploration. Recently reported approaches that exploit the controlled,
compressive buckling of 2D precursors induced by dimensional change in an underlying elastomer
support offer broad versatility in material selection (from polymers to device grade semiconductors),
feature sizes (from centimeters to nanometers), topological forms (open frameworks to closed form
polyhedra) and shape controllability (dynamic tuning of shape), thereby establishing a promising avenue
to autonomic assembly of complex 3D systems. Localization of origami-like folding deformations at
targeted regions can be achieved through the use of engineered, spatial variations in the thicknesses
of the 2D precursors. While this approach offers high levels of control in the targeted formation of
creases, creating the necessary thickness variations requires a set of additional processing steps in the
fabrication. This paper presents an alternative, and complementary, approach that exploits controlled
plastic deformation in the precursors, as validated in a comprehensive set of experimental and theoretical
studies. Specifically, plasticity and strain localization can be used to dramatically reduce the bending
stiffness at targeted regions, to form well-defined creases as mountain or valley folds during the 2D to
3D geometrical transformation process. The content begins with studies of a model system that consists
of a 2D precursor in the form of a straight ribbon with reduced widths at certain sections. The results
illustrate the important role of plasticity in the course of folding, in such a manner that dictates the final
3D layouts. A broad range of complex 3D shapes, achieved in both themillimeter-scale and themesoscale
structures (i.e. micron to sub-millimeter), demonstrate the power of these ideas.

© 2016 Elsevier Ltd. All rights reserved.
∗ Corresponding authors.
E-mail addresses: jrogers@illinois.edu (J.A. Rogers),

yihuizhang@tsinghua.edu.cn (Y. Zhang).
1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.eml.2016.11.008
2352-4316/© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Origami, the ancient Japanese art of paper folding, has re-
cently attracted significant interest in various research communi-
ties, due to its combined content in areas ranging frommathemat-
ical concepts in topology to engineering strategies in device de-
sign. The latter encompasses broad ranging types of functionality
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and dimensional scale, from deformable batteries [1,2], biomedical
devices [3–7], stretchable electrodes [8–10], microelectromechan-
ical (MEMS) and nanoelectromechanical (NEMS) systems [11–14],
to metamaterials [15–18] and DNA folding structures [19–21]. De-
velopment of inverse-problem algorithms that can yield the crease
distributions and folding sequences to achieve desired 3D struc-
ture represents an essential goal in this area [22–24]. In one exam-
ple, researchers utilize the concept of lattice kirigami [23,25–27],
as a variant of origami that involves both cutting and folding, to
realize the complex 3D structures. Another key issue is in the
identification of schemes to achieve automated folding actuation
and improved control over the geometries 3D structures. Pro-
grammable shape changes can be realized using self-actuating
materials, i.e., shape memory alloys/polymers [28–33], hydrogels
[34–37], and liquid crystal elastomers [38]. These schemes are
not, however, directly applicable to the classes of highly devel-
opedmaterials andmicro/nanofabricationmethods found in state-
of-the-art microsystems technologies, such as those in integrated
circuits, photonic devices, optoelectronic systems, sensors, mi-
croelectromechanical components and many others. Approaches
that rely on residual stresses in thin films [4,39–41] and/or capil-
lary forces [42–45] can enable origami-type assembly in some of
these cases, but the range of 3D topologies that can be achieved is
limited, precise folding angles can be difficult to control and the
structures cannot typically be adjusted after fabrication [4,39,40,
42,44,45]. Recently, Yan et al. [46,47] introduced a mechanically-
guided approach to automated origami assembly of 3Dmesostruc-
tures (with critical dimensions fromnanometers to centimeters) in
broad classes materials, including the types of high-performance
thin films that are widely adopted in the semiconductor indus-
try. This assembly scheme allows deterministic control of the 3D
configurations, in a continuous and reversible manner, including
over the intermediate states that occur throughout the 2D to 3D
transformation. A well-designed spatial variation of thickness in
the initial 2D structures represents the key control variable that al-
lows localization of folding creases during a compressive buckling
process that is induced in a 2D precursor by relaxing prestrain in
an underlying elastomer substrate. The required non-uniform dis-
tribution of thickness, however, complicates the fabrication pro-
cess and reduces the yield, leading to certain constraints in practi-
cal applications. Here, we introduce a set of concepts that exploit
plasticity and strain localization achieved through optimization of
the lateral geometries of 2D precursors with uniform thicknesses,
to enable origami assembly in materials selected for their plastic
yielding properties. Demonstrations of this concept include around
twenty 3D structuresmade of copper thin films, with the thickness
from a few microns to several tens of microns, formed through ei-
ther unidirectional or bidirectional folding.

2. Results and discussions

Fig. 1 illustrates the design concepts in a representative straight
ribbon structure with uniform thickness. The square anchors
(i.e., bonding region, length Lb; red, Fig. 1(a)) strongly bond
to a uniaxially pre-stretched elastomer substrate. Based on the
mechanisms of compressive buckling [48,49], the forces associated
with the release of pre-stretch in the elastomer transform the
metallic 2D precursors into 3D configurations. Here, the width of
the ribbon narrows at selected regions, including two ends and
onemiddle section, to decrease the local bending stiffness, thereby
leading to strain localization. This localization, when controlled
to lead to plastic yielding but not failure, decreases the local
bending stiffness substantially due to material softening, thereby
leading to the formation of folding creases during compression.
The geometric parameters, including the width ratio (wc/w)
and the dimensionless thickness (t/L) normalized by the ribbon
length, can be finely tuned to achieve a desired level of strain
localization. A comparative study involving copper (yielding strain,
∼0.3%; thickness, 30 µm) and polyethylene terephthalate (PET,
yielding strain, >10%; thickness, 42 µm) films highlights the
effects of plasticity. The 2D precursors in PET and copper have
the same shapes, and the in-plane dimensions have the same
ratio (1.4) as that of the thicknesses. Fig. 1(b) shows results
of experiment and FEA (See more details of experiment and
FEA in Supplementary Information, Appendix A) on the buckled
structures of the ribbons under different levels of prestrain.
Folding clearly occurs at the desired crease locations in the copper
structures, due to strain localization as indicated by the yielding
region (red in FEA). By contrast, the PET ribbons exhibit relatively
smooth bending deformations, since the materials undergo elastic
deformation throughout the compression. FEA results agree with
the experiments in all cases

The extent of folding deformations can be characterized by
the ratio of minimum curvature radius (ρc) in the ribbons to the
crease length [Lc in Fig. 1(a)]. To set a quantitative guideline for the
design, a threshold of (ρc/Lc) can be defined to characterize the
initiation of evident folding deformations. The minimum prestrain
(εc) necessary to induce strong folding canbe thendetermined for a
given threshold [e.g., 0.5 in Fig. 1(c)]. FEA calculations show that the
minimum prestrain decreases with increasing the film thickness,
mainly due to the intensified strain localization at the creases. As
the film thickness exceeds a certain value [∼20 µm in Fig. 1(c)],
the minimum prestrain (εc) approaches a constant value (∼9%).
The calculations also indicate that the PET ribbons do not satisfy
the above criterion for the scenarios shown in Fig. 1(b).

In origami assembly, the folding angle (θ ) [in Fig. 1(b)]
represents a key parameter. When folding deformations dominate
at the creases, it is reasonable to assume that the wider parts
(width w) remain straight and that deformations in the bonding
locations are negligible. With these assumptions, the folding angle
(θ ) can be determined fromgeometric analyses, as a function of the
prestrain (εpre) and the geometric parameters, i.e.,

θ = 2 arcsin

1 − Lbεpre/L


/

1 + εpre


, εpre < L/Lb (1)

where L and Lb are lengths of the ribbon and bonding anchor,
respectively, as shown in Fig. 1(a). Fig. 1(d) demonstrates that this
solution [Eq. (1)] agrees well with FEA and experimental findings
for the design in Fig. 1(b). These results indicate that an enhanced
level of prestrain increases the extent of folding.

Without the plastic effect, an evident folding deformation is
only possible by adopting a very small width ratio to achieve
the desired reduction of bending stiffness in the design, as
illustrated in Fig. 1(e). For the elastic PET ribbons transformed
by prestrains of 32%, the structures undergo relatively smooth
bending deformations for width ratios from 0.2 to 0.5, and do
not satisfy the above criterion for the initiation of evident folding
deformations. The flatness of the two segments in the PET structure
becomes comparable to the copper structure in Fig. 1(b) (with a
width ratio of 0.5), only when the width ratio is 0.1 or smaller.
Such a small width ratio results in an extremely narrow connection
between the adjacent components, leading to mechanical fragility
and other challenges during the processing. This limitation can
be avoided by exploiting plasticity in the metallic structures, as
evidenced by the largewidth ratios [e.g., 0.5 in Fig. 1(a)–(d) and (f)].

Fig. 1(f) shows buckling deformations of a metallic ribbon with
an asymmetric distribution of creases, for prestrains ranging from
0% to 90%. The optical images and FEA predictions exhibit good
agreement. Here, two angles (θ1 and θ2) can be introduced to define
the configurations of the buckled ribbons. These angles can be
tuned continuously by changing the prestrain levels, leading to the
formation of different forms of triangles, e.g., right triangles for
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Fig. 1. Conceptual illustration and demonstrative examples of 3D origami structures assembled from 2D precursors by compressive buckling. (a) Top view of symmetric
(left) and asymmetric (right) 2D precursors, in which the red color represents the bonding regions. (b) Optical images and corresponding FEA results for straight ribbon
structures (thickness, 30 µm for copper and 42 µm for PET) under six different levels of prestrain. (c) Critical prestrain (εc ) to initiate evident folding deformation for a
symmetric ribbon design with a wide range of thicknesses (t). (d) Folding angle (θ ) versus the prestrain (εpre) for the symmetric ribbon design with a fix thickness (30 µm).
(e) Optical images and corresponding FEA results for symmetric PET ribbons (42 µm) with a range of width ratios under a fixed prestrain (32%). (f) Optical images and
corresponding FEA results for copper ribbons with an asymmetric design that are under six different levels of prestrain. θ1 and θ2 denote the folding angle of the shorter
ribbon segment and the angle between the two segments of the ribbon. In Fig. 1(b) and (e), the color in the FEA results corresponds to the magnitude of maximum principal
strain (εmax-principal). Scale bars, 4 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Representative examples that illustrate the effect of plasticity on the assembly process. (a) 2D precursor (left) and corresponding 3D structures (middle, experiment
results; right, FEA results) that resemble a cubic box. Both copper and PET films were used to construct the 3D structures, highlighting the plastic effect. (b) and (c) Similar
results that correspond to the configurations of an inverted pyramid and a hexagonal array of hexagon prisms. Scale bars 4 mm.
εpre =∼ 25% or 61%; acute triangles for 25% < εpre < 61%; obtuse
triangles for 0% < εpre < 25% and εpre > 61%.

Fig. 2 highlights the use of this design concept in several metal-
lic structures that involve bi-directional folding generated by equal
biaxial prestrain in the elastomer substrate. As before, the effects
of plasticity can be observed by comparing copper (30 µm) and
PET (42 µm) films in experiment and modeling. Fig. 2(a) shows a
precursor design that consists of five squares, with a width ratio of
0.53, leading to the formation of a cubic box. For the copper struc-
ture [middle top and right top frames in Fig. 2(a)], the bending stiff-
nesses of the crease regions are much smaller than those of other
areas, and therefore, the squares adjacent to the creases undergo
negligible bending deformations, as evidenced by the nearly flat
configurations after full release of the prestrain (86%). In contrast,
the squares in the PET structure [middle bottom and right bottom
frames in Fig. 2(a)] undergo continuous bending deformations, and
localized folding deformations do not appear. For the design (width
ratio, 0.57) in Fig. 2(b), full release of the prestrain (100%) leads to
the formation of an inverted pyramid. Again, the surfaces are flat
and curved in the copper and PET structures respectively. The dif-
ferences are evenmore pronounced at the crease regions, as shown
by the insets of the right frames. Concepts inspired by kirigami
[50,51] involve additional cuts in the 2D precursor, which can ex-
pand the accessible range of 3D structures [46]. Fig. 2(c) shows an
example of lattice kirigami [23,25] consisting of hexagon and rect-
angular parts connected by creaseswith awidth ratio of 0.45. Upon
release of 18% prestrain, a hexagonal array of hexagonal prisms
forms in the copper structure. This set of comparisons also demon-
strates more evident folding deformations in the copper structure
than those in the PET structure. In all of these examples, the FEA
predictions agree well with experiments.

This strategy affords great versatility in the design of 3D
structures. Fig. 3(a) and (b) shows two simple origami examples
that consist of both ribbons and membranes. Using 72% biaxial
prestrain, 3D ‘‘table’’ structures with straight or tilted legs can
be formed, as shown in Fig. 3(a) and (b), respectively. The latter
involves rotational deformations in the 3D structures during
assembly, due to the anti-symmetric arrangement of the legs
relative to the table center. Increasing the number of the ribbons
leads to the formation of a Greek Doric style architecture [Fig. 3(c)].
Combination of design concepts inspired by kirigami and origami
enables the formation of more complex 3D configurations, as
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Fig. 3. Experimental and computational studies of origami structures formed at both themillimeter-scale andmesoscale. 2D precursors, optical images and FEA simulations
for fourteen structures formed with the use of equal biaxial pre-stretch in the elastomer substrate. Structures in (a)–(j) are made of thick copper films (30 µm), and those in
(k)–(n) are made of thin copper films (3 µm). Scale bars, 4 mm in (a)–(j) and 400 µm in (k)–(n), respectively.
shown in Fig. 3(d)–(j). Each of these structures is identified with
a descriptive name, i.e., windmill [Fig. 3(d)], tent [Fig. 3(e)], altar
[Fig. 3(f)], plane [Fig. 3(g)], asparagus pea [Fig. 3(h)], five-pointed
star [Fig. 3(i)], and soccer-ball [Fig. 3(j)]. The 3D configurations
predicted by FEA agree well with the experiments.

This strategy is also applicable to the construction of origami
structures at the mesoscale. Fig. 3(k)–(n) presents several exam-
ples of 3Dmesostructures formed from2Dprecursorsmade of cop-
per films (thickness, 3 µm; see more details of experiment in Sup-
plementary Information, Appendix A). The layouts of the 2D pre-
cursors are similar to the millimeterscale examples except for rel-
atively large anchor regions designed to avoid delamination. Corre-
sponding FEA results show good agreement with the experiments.
In all of the examples presented here, metal plasticity plays a no-
table role in maintaining the planar shape of the surfaces in the 3D
structures. Quantitative analyses based on FEA show that themax-
imum strain always occurs at the crease regions, and is typically
in the range of 5%–8%, which is well below the fracture threshold
(∼10%) of copper.

3. Conclusions

In summary, this work introduces a set of ideas that exploit
plasticity and strain localization to achieve origami assembly of 3D
metallic structures with uniform thicknesses from corresponding
2D precursors. Combined experimental and theoretical studies
illustrate the utility of these strategies and highlight explicitly
the important role of plasticity. Demonstrations of this concept
include a broad set of 3D structuresmade of copper thin films, with
thicknesses from a fewmicrons to several tens of microns, formed
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through either unidirectional or bidirectional folding. The resulting
3D metallic structures have many potential applications, e.g., in
broad-band reflectors and devices for blocking electromagnetic
wave.
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