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Abstract: Origami, the ancient Japanese art of paper folding, is not only an inspiring technique to
create sog'sticat’i shapes, but also a surprisingly powerful method to induce nonlinear mechanical
properties."Over the last decade, advances in crease design, mechanics modeling, and scalable fabri-
cation havg @ d the rapid emergence of architected origami materials. These materials typically
consist of feleledOhi i sheets or modules with intricate three-dimensional geometries, and fea-
ture mafy wRigeeg@nd desirable material properties like auxetics, tunable nonlinear stiffness, multi-
stability, aQl impact absorption. Rich designs in origami offer great freedom to design the perfor-
mance of shmi materials, and folding offers a unique opportunity to efficiently fabricate
these matdffials atWastly different sizes. This progress report highlights the recent studies on the
different a origami materials—geometric design, mechanics analysis, achieved properties,
and fabricmniques—and discusses the challenges ahead. The synergies between these differ-
cQ

ent aspect

1. Introm

Origami is @fcraftsman art of folding paper into decorative shapes. It first appeared in East Asia over
four centug % and has since became a popular subject among educators®™),

mathematiciansidy architects’®, physicists'”, and engineers!’®*?. Especially, the seemingly infinite
possibilitiegof g flat sheets into sophisticated 3D shapes have inspired a wide variety foldable

inue to mature and flourish this promising field.

[13,14]

structures of'vastly different sizes: from large-scale deployable spacecrafts and kinetic

[18-25]

buildin , eso-scale self-folding robots and biomedical devices”®?” to small-scale

nano[zs—so] a [31]
shape t

configuration and then folded into the prescribed 3D shape to perform its tasks. The origamis have

origamis”™. A common theme in these studies is to exploit the sophisticated

ations from folding. For example, an origami robot is typically fabricated in a 2D flat

been treated essentially as linkage mechanisms in which rigid facets rotate around hinge-like creases
(aka. “rigid€foldin
of folding are often neglected. Such a limitation in scope indeed resonates the origin of this field,
that is, folg

origami”). Elastic deformation of the constituent sheet materials or the dynamics

Sinitially considered as a topic in geometry and kinematics.

However, the increasingly diverse applications of origami require us to understand the force-
deformatidii relationship and other mechanical properties of folded structures. Over the last dec-
ade, stumli isafield started to expand beyond design and kinematics and into the domain of
mechanics. Catalyzed by this development, a family of architected origami materials
quickly emerged (Figure 1). These materials are essentially assemblies of origami sheets or modules

with carefully desi

ed crease patterns. The kinematics of folding still plays an important role in
perties of these origami materials. For example, rigid folding of the classical

ces an in-plane deformation pattern with auxetic properties (aka. negative Pois-
! However, elastic energy in the deformed facets and creases, combined with their
intricate spa istributions, impart the origami materials with a rich list of desirable and even un-

orthodox properties that were never examined in origami before. For example, the Ron-Resch fold
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creates a unique tri-fold structure where pairs of triangular facets are oriented vertically to the over-
all origami sheet and pressed against each other. Such an arrangement can effectively resist buck-
ling and create very high compressive load bearing capacityml_ Other achieved properties include
shape-rﬁon, tunable nonlinear stiffness and dynamic characteristics, multi-stability, and

impact abs

Since the a rigami materials obtain their unique properties from the 3D geometries of the

constitU@nSEETSIor modules, they can be considered a subset of architected cellular solids or me-
[35-39]

chanical m&tamaterials . However, the origami materials have many unique characteristics. The

rich geometries @f origami offer us great freedom to tailor targeted material properties. This is be-

cause we aan bothffprogram” the properties by customize designing the underlying crease pattern
(before fol d “tune” them on-demand by folding to different configurations. Moreover, the
principle o‘ws scalable, which makes it possible to achieve desired material properties at vast-

ly differentSsi e examples in Figure 1).

In addition Eo projoting the origami mechanics research, the efforts of developing architected ori-

gami mategi tarting to foster a synergy between the different branches of origami research,

including t matical theories of crease design, mechanics analysis of folded structure, and
advanced f@brication through folding. These branches have been evolving relatively independently
over the la | decades; however, origami materials is a unique topic that requires a tight inte-
gration of g branches so it provides an opportunity to mature the vibrant field of origami
research as@

Theref tected origami materials is a transformative topic that can lead to the next evo-

lution in mec | metamaterials and applied origami, and many relevant literatures have been

publish ntly. There are several excellent review papers in origami, however, they focused on
[10,12] [28,42]

the design , Kinematics , self-folding™", fabrication , and specific applications like robot-

icsi*¥ . There is a need to specifically report the recent progress in architected origami materials and
the mecha&s of folding. Therefore, in this paper we review the design strategies, mechanics analy-

sis methods, unigue mechanical properties, and the advanced fabrication techniques regarding ori-
3

It is worth fting that the definition of origami can been broadened. This report mostly focuses on

gami mate also discuss the challenges and future research topics that are critical to flour-

ishing and g this promising field.

archite igls based on origami in the traditional sense, that is, the origami consists of creas-
es with Ri ntrated deformation and facets with relatively small or no deformation during
folding. M ile, several studies have proposed a broader definition: That is, origami can be

regarded as any approach to create 3D shapes by inducing out-of-plane deformations in sheet mate-

[44-48]

rials eralized origamis can be made of relatively soft materials, and they do not nec-

essarily show. sharp distinctions between creases and facets. Discussions on such generalized

origamigifiowdVer, are beyond the scope of this report.
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Figure 1. TheCty of architected origami materials at different length scales. a): The stacked Miura-ori material
proposed by Schenk and Guest is one of the well-studied examples. Reproduced with permission.m] Copyright 2013,
iences; b) a 3D printed, prismatic material consisting of foldable modules (one shown in the
permission. 145,50] Copyright 2017, The MIT Press, Springer Nature Limited; and c) a smaller scale
material base hess board pattern, which involves both folding and cutting (aka. Kirigami) Reproduced with

permnssnS 2009, American Institute of Physics.

2. Strategies for Constructing Materials using Origami

Origami dehart and architecture are exceptionally rich™, however, designing the folding pat-
iagaarchitected materials has a completely different set of priorities and constraints.

one is the dé pability, meaning that origami can be developed from folding a flat sheet. For a

i art design usually considers three different geometric characteristics: The first

simple deg tex where four crease lines meet, being developable means that the four corre-
sponding s@ctor angles between adjacent creases can sum up to 360° (aka.

0,+06, +ﬁ + Hir 360° in Figure 2(a)). The second characteristic is flat-foldability, meaning that

origami can be fully folded into another flat configuration (assuming zero sheet thickness). For a

degree-4 vertex, this requires 8, —6, + 6. — 6, =0 according to the Kawasaki’s theorem™”). When

both developability and flat-foldability are desired, one can impose 8, =180°—6,. and

The third characteristic is rigid-foldability, meaning that origami can fold without

inducing a deformations. That is, origami can fold smoothly even if the facet material is as-
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sumed rigid and rotating around the hinge-like creases (folds). Rigid-folding can be described by

kinematic equations based on spherical trigonometry*?>%

T

) . .
sin sin@, sin @
€08 P, = Pam . ()

| *
where pAsn Ppc are the dihedral crease folding angles between adjacent facets (Figure 2(a)),

. For example, for a degree-4 vertex:

and the an efined as

cosé = m —sin @, sin @, cos p,.. )
a n

While the tioned geometric characteristics are often desired in the origami design for art
and archit ey are not all necessary for constructing architected materials. For example, flat-
foldability foldability can be intentionally violated to create desirable material properties

ction 4). On the other hand, spatial periodicity (aka. tessellation) are normally

esired in the crease pattern to effectively provide homogenous material properties.
Moreover, | geometric constraints are needed to assemble folded origami sheets and

modules. discuss several commonly used strategies of designing and constructing materi-
als using o

single origami sheet
A single piece o ed origami sheet can be directly used as an architected material (Figure 2(b)). It

interest. The most well-studied example is the Miura-ori sheet, proposed by Koryo Miura back in
the 19705, which consists of simple 4-vertices with 8. =6, =6 and 0, =60, =180°—6 . Origa-

mis consislhher order vertices like the Waterbomb®™® base and Ron-Resch®®" pattern were

also examing eir folding are more complicated than the Miura-ori, but can impart many unique

propertiesMBeside§ folding, additional cutting (aka. Kirigami) can significantly enrich the design

space and creaté geometries that are very difficult to achieve just by folding, like the hexagon sand-

wich and c d pattern® 9,

Auth
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Figure 2. Different dejgh strategies for constructing the architected origami materials. a) A generic flat-foldable degree-4

vertex showimnition of sector angles 9, and dihedral crease folding angle p;; Adopted with permissions.[53]

Copyright 20 le origami sheet used as sandwich core materials. The three examples are (from the top): classic
Miura-ori co egree-4 vertices. Adopted with permissions.Bz] Copyright 2013, National Academy of Sciences,
Ron-Resch patter isting of degree-6 vertices. Adopted with permissions.lso] Copyright 2013, and a chess board
patterni some Kirigami cutting. Adopted with permissions.[m] Copyright 2007, Springer Nature Limited. c) Stack-
ing generic fl e origami sheets showing the nested-in and bulged-out configurations. Adopted with

permissions.” ' Copyright 2016, . d) Assembling foldable modules. The example above is a Chinese lantern inspired
design[63] Copyright 2017, National Academy of Sciences and below is a rational prismatic design. Adopted with permis-

sions.”", Copyrig 7, Springer Nature Limited. ..

2.2. Stacking muitiple origami sheets

Due to thel¥ spatial periodicity, folded origami sheets can be naturally stacked and assembled to-
gether to f ce-filling topology. In this way, one can design material properties along all
three princi in space. Some of the earliest examples using this approach are the stacked
Miura-ori®® an hi—Miura polyhedron (TMP)®¥. These stacked origamis are particularly interest-
emain developable, flat-foldable, and rigid-foldable, so that many material proper-
origami sheet are retained in the stacked system. While stacking identical origami

sheets is relatively straight forward, stacking sheets with different designs requires elaborate geo-

ties from
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metric constraints to ensure that they do not separate from each other during rigid-folding. For
example, when stacking two different sheets consisting of generic flat-foldable 4-vertices (Figure

2(c)), creai lines iat are shared by the two sheets should have the same length (aka. 12= 1'_2‘,
C

23= 2'3"' ®etc.); the distance between these connecting creases should be equal throughout the
range of rig

g (3_6 =3'6', 25= 2'5', etc.); and the angles between them should also be
consistent '2'3"). By incorporating the rigid-folding kinematics, the following crease
design d@nsuEEIMESIEaN be derived'®”:

G

aI
where the Wices I and Il represent the two sheets. Stacked origami sheets can be folded into

I I
cost. cosb,

3)

[ I >
cos@. cosb,

two differ of configurations. In one type, the smaller sheets are “nested-in” the larger

sheets; while in th@other type, the smaller sheets are “bulged-out” (Figure 2(c)). The overall mate-

rial proper fundamentally different between these two configurations (to be detailed in

later secti :

2.3. Assegoldable modules

Another p pproach for constructing architected origami material is by assembling foldable
6567 "prismatic polyhedron®®®®® or Kirigami units® (Figure 2(d)). This

modules li r bellows

by the art of “modular origami”. Here, a single module is constructed by a

combinati Iding, cutting and gluing thin sheets, so it is topologically different from a folded
origami she modules need to be carefully designed with periodic features for a successful
assemb antage of such module-based materials is that they can exhibit more isotropic

material properties than the stacked origami sheets because a module can be designed to be highly
symmetrics.g. the prismatic module in Figure 2(d)). Moreover, the modular origami materials can

possess m ne degree-of-freedom (DOF) for rigid-folding with sophisticated shape trans-

formationsm the stacked origami sheets typically have only one DOF.
It is worth ing that the sheet stacking and module assembling approach do not fully con-

straint the nt origami designs. That is, the number of origami design variables exceeds the

number of Beometric constraints from stacking or assembly, so that we still have much freedom to
tailor the shapes agd properties of origami materials®®*>**7% This fundamental principle ensures

practical applications with vastly different requirements.

ools for Origami Mechanics

Mecha .@ els of origami are the catalysts and analytical foundations for synthesizing architect-
ed origami ials, and they were used extensively to analyze the mechanical properties covered

in this report. Here, we categorize the currently available models into three different categories
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based on their complexities: They are the rigid-facet, lattice framework, and the finite element ap-
proaches. The fundamental difference among these three approaches is their assumptions on facet
deformation. When under external loads, the origami facets can exhibit very complex deformations
includin Mwisting, and stretching; however, it is often necessary to make some assump-

tions in the ical model to reveal the underlying physical principles without unnecessary com-

e riid
a simple bending in the facets; while the finite element approach does not impose any explicit sim-

plification. ;Each approach has its unique balance between analytical capability and computational
costandt iscussed in detail below.

plexities. acet approach assumes negligible facet deformation; the lattice approach allows

3.1. Rigidgfacet approach

This approac erages the rigid-foldable characteristics of certain crease designs and assumes that
the facet |m the crease behaves like a hinge. In this way, origami folding is achieved by fac-
ets revolvi the creases like a planar linkage mechanism (Figure 3(a)). Under this assump-

tion, the a degree of freedom in origami deformation is limited to rigid folding. For exam-

ple, for a rigid-fold@ble 4-vertex like the Miura-ori, the corresponding mechanics model has only one

degree of freedom. Using this approach, one can easily analyze the kinematics of rigid folding and
the corre lmeformatlon pattern of the architected origami materials by using spherical trigo-
nometry This is particularly powerful for predicting their auxetic properties (aka. nega-
isson’s ratio) 32672,

ach also offers the most simple route to incorporate the elastic potential energy
ssign torsional stiffness to the hinge-like creases so the total potential energy of

the origami ial is a summation of its spring energies at the creases: I1 = Zi k, (P,- -p’ )2/2,

where i represents the different creases in the origami, £, is the corresponding tor-

sional stiffness coefficient, and p; is the initial rest angle. In addition to using the crease folding

angles (pis one can also derive the total energy based on the vectors along creases and facets”".

The effectiveggaction force of the architected origami material due to a prescribed deformation
(dx) cant @ Iculated using the virtual work principle so that:

PSS (o, - p,)[dle. )

dp,

The elastic property of the architected origami material is strongly nonlinear due to the intricate

relationshi een folding (dp,) and external dimension change (dx). Moreover, the rest an-
gle (p/ ays an important role. Typically, an origami sheet is at rest before it is folded (aka.
at the flat ¢ tion with p, =180°); however, tailoring this rest angle can open up new oppor-

tunities for material property programming. Although seemingly simple, the rigid facet approach
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with assigned crease torsional stiffness directly correlates the folding kinematics to the mechanical
[73-75]

properties; therefore, it can reveal many interesting material behaviors like the multi-stability
The rigiMach can be extended to non-rigid-foldable origamis by carefully adding “virtual
folds” to the fagets, which essentially add additional degrees of freedom to the mechanics model to
accommoda on-negligible facet deformation during folding. For example, the bistable nature

of a non-rigid=feldaBl&square twist pattern can be analyzed by placing a virtual fold across the diag-
onal of i deRtEMsEuare facet’®. The additional configuration space obtained by adding virtual folds
toa generiﬁ—vertex origami reveals a “diodic” behavior that can be exploited to create mechanical
robustness” .. However, due to its simplicity, the rigid facet approach can only provide qualitative
analyses.
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Figure 3. nt approaches to analyze origami mechanics. (a) Rigid-facet approach, where k; is the torsional stiff-
ness coefficient o inge-like creases. (b) Lattice framework approach. The assigned torsional stiffness for character-
izing facet bending (Ky) and crease folding (K,) are highlighted. (c) Finite element approach, showing the hinged joints

with assigned torsional stiffness for modeling the creases. Adopted with permissions.[m] Copyright 2015, National Acad-
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emy of Sciences. Lower right: A hybrid model of a Miura-ori sheets consisting of shell element meshing and equivalent
3D elements with homogenized propertym]

T

3.2. Latti&rk approach

This appoaehsiamsforms the continuous origami sheets into an equivalent lattice system by using
stretchablgruss elements to represent the crease lines and pined joints for vertices. Additional
truss elem dded to the quadrilateral facets to describe their deformations. Torsional stiff-
ness are as§igne the dihedral angles between two adjacent triangles defined by five truss ele-

ments, eith the creases or across the facets (K. and Ksin Figure 3(b), respectively). In this
way, the latai em can not only characterize the crease folding but also consider simple facet
bending aming, making it fundamentally more capable than the rigid facet approach.
Several m constructing the mechanics model based on lattice framework have been de-
rived 7779782 eir underlying principles are similar. Here we discuss the one used by Guest et
al.®? and Li et aL.™ as an example. Denoting x as the vector of current vertices positions and dx as
the vector @f infinitesimal vertices displacements, the correlation between dx and the longitudinal
stretches s element (e) can be described by a linear matrix equation Cdx =e, where the
compatibilj Cis a function of x and hence the folding configurations”*%. One can derive
another lin x equation J_dx=dp_, where J. isa transformation matrix correlating the

[79]

nts to the infinitesimal changes in crease folding angles”™. Similarly, one can

P, for the angles of facet bending (dp ). The total stiffness matrix K of the
e is the summation of three components including the truss stretch stiffness K,
(=C"G,Q), crease torsional stiffness K_ (=J'G_J ), and facet bending stiffness K,

(= J;G/.Jsi where G,, G_, and Gf are diagonal matrices containing the equivalent stiffness

coefficients ofgile trusses, creases, and facets, respectivelylls]. The magnitudes of these stiffness
coefficient @ be estimated carefully based on the facet geometries and constituent material
properties'” worth emphasizing that the lattice formulation discussed above is only suitable

for analyzi eformations. The truss elements can be replaced with frame elements that
feature nofenly stretching but also bending degrees of freedom®™®. Nonlinear lattice formation

were also *velop'd to analyze large amplitude deformations!®”®®,

Compared igid facet approach, the additional degrees of freedom in the lattice approach
enable us to analyZe origami deformation beyond rigid-folding. For example, the null space of com-

patibility aka. the configuration space of lattice) contains vertex deformations that do not

induce an ement stretching so it can reveal the “soft modes” of origami, which is the defor-
mation with the least resistance to external force. For example, the null space of C of a

et, assuming periodic boundary conditions, has a rank of three corresponding to
(791

single Miura-o

rigid-folding, bending, and twisting motion, respectively'”™. However, when multiple Miura-ori are
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stacked, the rank of its null(C) dropped to 1 corresponding to rigid folding only®®. This means that
the stacked Miura-ori sheets are fundamentally stiffer than a single sheet against bending and twist-

ing.

In addition toge@nfiguration space study, eigenvalue analysis based on the lattice stiffness matrix
provides d @ ights into the origami mechanics. For example, it is used to analyze how an in-
crease in fd stiffness relative to the crease torsional stiffness can influence the "softest"
modes & JISIABIEIM iura-ori sheet. Results show that it is easier to bend and twist a Miura-ori sheet
than to fol@it, unless the facet bending stiffness is significantly higher than the creases torsional

stiffness”. igenvalue analysis can also reveal how the stiffness of different deformation modes
changes with respétt to folding configurations. Inhomogeneous deformation such as the edge de-
formation n indenter or the internal frustration due to a pop-through defect (PTD) can be
analyzed b ice frame model as well®

The lattice approach is also powerful for predicting the deformation of non-rigid-foldable origami.
For example, the Wistability of the Kresling pattern can be analyzed by the truss frame approach,

where the crease warping occurred between the two stable states can be characterized by
the extensi hrinking of certain truss elements®.

Despite th ilities, obtaining a quantitative accuracy between analytical prediction and ex-
perimental is still a challenge for the lattice frame approach. This is due to the limitation of

assuming s h ding in facets and representing the constitutive properties of a continuous
sheet by disCreté®attices. To obtain an accurate analytical prediction or to analyze more complex
facet d ) finite element approach is preferred.

3.3. Finj ent approach and homogenization

Since t of folded sheets are small compared to the overall size of origami material, facets

are typically meshed by different types of shell elements in the finite element method (FEM) %%,
Modeling t§ creases on the other hand is not a trivial task because the material stiffness and

strength al rease can be lower than the facets due to fabrication. That is, the raw sheet

materials a ionally thinned to create the crease pattern, and folding can further weaken the
o different methods of modeling creases have been implemented so far. One is
inge connection elements to join the overlapping shell element nodes that are on
the creases) and assign linear torsional stiffness to these hinges just like in the aforementioned rigid-
e approaches (Figure 3(c))®’*%

near the“d assign reduced stiffness and strength properties to them

. The other method is to use a refined mesh
[95]

facet a
. The finite element
model can o perform eigen analysis to accurately analyze the deformation modes of origa-
mi materials and v@lidate the results from the lattice approach™. Moreover, localized and irre-

versible de ons in the facets, such as the buckling and crushing due to impacts, can be exam-
ined with detaillfSection 4.5). It is worth noting that the finite element approach is also used to ana-
lyze the eneralized origami discussed in the introduction™**®,
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Although accurate and capable, finite element simulation can lead to a very high computational cost.
A promising solution to address this issue is to create a hybrid model. In this model, detailed shell
element mesh is applied only to parts of the origami material where localized deformations like
bucklian are expected; while other parts of the material are replaced by customized 3D
elements wj ogenized properties (Figure 3(c), lower right)”). Deriving homogenized models

for the ori rial is still an open research problem and only a few attempts has been pub-

lished so far based on Miura-ori. For example, by imposing a uniform stress and strain to the unit
cell of a*/li%nd calculating the corresponding elastic energy, the lower and upper bound of its
effective slh‘uess were derived, respectively[%]. This homogenization was improved further by
incorporatigg a ding-gradient plate theory®. Another method of obtaining homogenized prop-

erty was toldirectlyfjuse the result of finite element simulation.

4. FoldiWed Mechanical Properties

The intricate geoitries created by folding, together with the new origami mechanics models,
opens up ortunities for constructing architected materials with desirable and even unor-

thodox pro, This section surveys the different material properties that have been achieved so
far. Especially, we emphasis on how the materials properties can be programmed via designing the
origami crease pattern and tuned on-demand via folding.

4.1. Shap figuration and auxetic properties
The deformation

attern of the architected origami materials are dictated by the kinematics of fold-
s the route to achieve prescribed shape reconfigurations® and auxetic properties

(aka. negativ on’s ratio). The latter is indeed one of the first properties that were investigated
in origa ials. For example, the classical Miura-ori sheet exhibits a negative Poisson’s ratio in

ing, whi

plane. That is, when it is stretched along x or y-coordinate as shown in Figure 4(a), it will expand in
the directis perpendicular to the external load direction. Such an auxetic behavior originates solely

from the s rientations of facets and creases according to the rigid-folding kinematics, so

that the Poi atio can be calculated accurately based on the rigid-facet approach (without as-
signing cre @ pnal stiffness):

= ; 0 cos’ @, (5)
y

where 6 iEor angle shown in Figure 2(b) and ¢ is the dihedral angle between the x-y refer-

ny

1532331

ence plane . Here @ and ¢ can take any values between 0 and 90° so that the abso-

lute magnitude efiiegative Poisson’s ratio can be very large if the sector angle of Miura-ori is big (

is folded close to a flat configuration (@ — 07) Figure 4(a). The same Miura-ori

sheets, on the er hand, exhibits a saddle shape when it is bent out-of-plane, indicating a positive
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out-of-plane Poisson’s ratio. Such a peculiar combination of negative and positive Poisson’s ratios is

not available from any monolithic materials.

(b) a=30°

yL_x 2% 17%

39% 89%

- a=30°
[ L
N g _ 1 a=70
& :'h -4 / \ F @ | - G S — a0
= s IR ‘ = H Exp. (@ =30
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g 3 e B ™~
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10 30 50 70 % % 20 a0 60 so Iri-directional 35— 6o g0
Flat o [°] Fully folded Folding ratio [%] auxetic Folding ratio [%]

ties of the architeced origami materials. (a): Top: The in-plane and out-of-plane deforamtion of a
ows a pecurliar combination of negatve and positive Poisson’s ratio. Bottom: The value of the in-
plane ne s ratio is directly related to the Miura-ori design and folding. Adapted with permissions.m’m
Copyright 2013, National Academy of Sciences, Copyright 20111, Copyright 2011, . (b): Top: Possion’s ratio of reentrant
origami materials based on different variations of Tachi-Miura Polyhedron (TMP). Adapted with permissions.[“]
Copyright 20@0. American Physical SocietyBelow: With certain designs and folding configurations, this material shows
auextic beha Il three axes (hightlighted). ..

s

When Miuga-ori sheets with different but compatible designs are stacked together, the Poisson’s

:

ratio along x and y-axes (ny) has the same negative magnitude as the constituent single sheets.

.

However, the Poisgbn’s ratios along z-axis (v, and Vyz) can flip their sign depending on the folding

configuration: Theay are positive when the smaller Miura-ori is bulged-out of the bigger sheets (Fig-

gative when the smaller Miura-ori is nested-in so that the stacked Miura-ori be-
long all three axes (tri-directional auextic). The auxetic properties of origami materi-
als can be further énriched by tailoring the underlying crease patterns. For example, a rigid-foldable

sheet consisting of more generic flat-foldable 4-vertices can exhibit a flip of its out-of-plane Poisson’s
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ratio between positive and negative even without stacking'®?. Using a parametrized curve-like fold

[72]

pattern'’” or a zig-zag folding with cut openings“oo] can give a richer design space to program the

auextic proierties. Besides single origami sheet and stacked sheets, foldable modules used in many

)[50,63,67,101]

origami so exhibit negative Poisson’s ratio (an example shown in Figure 4(b)

Indeed, au ear ubiquitous among the rigid-foldable origamis.

4.2. Nonl unable stiffness

Folding ¥ Jf"Mtrcate yet predictable mechanism to spatially arrange facets and creases so it can
open up exGiti ssibilities to achieve nonlinear and tunable stiffness. Due to the interleaved na-

ture of facets, t rchitected origami materials are essentially close-walled cellular solids, and they
can be divi@led intgitwo categories according to their folding kinematics. The first category is based

on rigid-fol rigamis that have at least one degree of freedom to fold without inducing any

facet defom Therefore, the stiffness of these materials can be tuned by folding on-demand,
and they c cgfmodate additional mechanisms for stiffness control such as fluidics. The second
category ofuoni il material is based on non-rigid-foldable origamis that rely on facet or crease de-

formations to foldJso that typically they exhibit higher stiffness to density ratio. In this subsection,
we review the stiftness characteristics of these two categories of materials. Then we further discuss a

self-locking material that essentially integrate the advantages of these two categories.

Origami m ased on rigid-foldable designs: These architected materials are constructed
using rigid

Their stiffn

origami patterns such as Miura-ori®>’® and Tachi-Miura Polyhedron (TMP)®*..
rties are dictated by the spatial arrangements of facet and creases, and rigid

folding edom to effectively change their orientations. Therefore, one can tune the
stiffness origami materials significantly by on-demand folding. Indeed, this stiffness tuning
capability is he fundamental advantages of architected origami materials compared to other

mecha terials. Several eigenvalue studies have been conducted to uncover this correla-
tion between folding and stiffness properties. In one study, single Miura-ori tube and “zipper-
coupled” tybe assembly were examined by using the equivalent truss-frame approach. This study
showed thhnvalues of different modes of deformation is quite sensitive to folding, and there

is an eigenvalug“bandgap” between the softest mode of folding and other modes of more complex

deformatio e 5(a))". This bandgap narrows significantly near the fully folded and unfolded

configuratiOgguf’the zipper coupling can significantly widen it. Another eigenvalue study investi-
ous deformation patterns and anisotropic stiffness of a stacked Miura-ori

material®/{ This study showed that the stacked Miura-ori exhibits a strong stiffness anisotropy,

which i d to rigid-folding. Other than eigenvalue analyses, experimental and finite ele-
ments a%ere used to investigate the stiffness versus folding relationships of a TMP bellow
assembly'® printed origami inspired building blocks!*".

Rigid-fold igAmi materials can also accommodate the use of fluidic pressure to actively tailor
their stiffness pr ies. Many architected origami materials, such as the stacked Miura-ori, have

ed tubular channels that can be pressurized by fluidic principles (aka. fluidic origa-

car relationships between the internal enclosed volume and external deformation can

ve pressure induced stiffness control™, rapid shape reconfiguration!'*”

191 (Figure 5(b)), and quasi-zero stiffness properties! .

be exploited to ac , recover-

able and programmable collapse!

This article is protected by copyright. All rights reserved.



(a) (C) 50— T ;
10°} i
401 ol
W Z 30. Front Back :
o e
10 . g 2. r
“““ ~ #1,2,3 | B
Ly
................ b | o] #1 lock Tk
25 50 75 25 50 75 #1,2 lock
% extension % extension 5 ---Simulation
2;=2.86 —Experiment
T Y T T Y T ¥ T v T
LS T T
§ 1.00-
60.757
w1
w1
E 0.50
= 0.25
stiffness jumps
0.00 77— 'J' ‘pw
0 10 20 30 40 50
Deformation (mm)

607
< %
Eol Foh
] [ »
f-g ; ._:\\ =
Sl N, O @ 0
172} \“ ) \\
220 "0‘ S 1
3 Lroogy RO
NS (1) Negafive stiffiiess ===~~~
o . g (¥ ;U ness
_ C(-)n‘t‘an.t 20 50 40 20 0
4 pressure Origami length L (mm)

Figure 5. TunMess properties of architected origami materials. (a): Eigenvalue analysis of the rigid-foldable
Miura-ori tube and “zipper-tube” assembly demonstrates how the eigenvalues of different modes of deforamation
: liln olding. Adopted with permissions.m] Copyright 2015, National Academy of Sciences.. Here A; are

onding to differet deformation modes. Mode 7 is the folding deformaiton, and Modes 8~10 are
drmation. (b): Fluidic principle applied to stacked Miura-ori can induce desirable nonlinear
stiffness properties like the recoverable collapse via rigid-folding. The reaction force at collapsing can be tuned by
controlling i sure. Adopted with permissions.[m] Copyright 2016, American Institute of Physics.. (c):
Programme d progressive self-locking in stacked single-collinear origami can introduce discrete stiffness jumps and

create pi stiffness profile. Adopted with permissions.[ms]. Copyright 2018, Wiley-VCH. ..

Origami n;s based on non-rigid-foldable designs: These materials can be constructed either

by directly uss on-rigid-foldable crease patterns, or by combining rigid-foldable but kinematically
incomp terns. Since rigid-folding is no longer admissible, the facets would carry most of the
external loads: non-rigid-foldable origami materials therefore lose the aforementioned capability

of stiffness tuning by folding, but they exhibit relatively higher stiffness to density ratios. It was
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shown that by carefully designing the geometry and using well distributed networks of facets to trans-
fer load efficiently, it is even possible to reach the Hashin—Shtrikman upper bounds on isotropic elas-
tic stiffness!' %,
The most *ll— tudied example of non-rigid-foldable origami materials is the foldcore consisting of a
Miura-ori § @ ded to two flat face skins”***'°"!. This material was initially proposed as an alter-
native to thahone ab and technical foam for aircraft applications, because it features open ventila-
tion chagnels thatcan avoid the moisture accumulation issue. Via experiment testing and finite ele-
ment simulations, foldcore materials exhibit a desirable combination of high bending and shear stiff-
ness”"%), Lsorption (to be detailed later), and low effective density. The foldcore further
evolved to WWed folding pattern and multiple layer stacking, which yield a bending stiffness
o the

comparabl neycomb core'”'.

rhombic d on unit cells""*. This material is constructed by assembling rigid-foldable ori-
gami tubesﬁ affine transformations in an interleaved pattern, so that these two types of tubes

Another eMnon-rigid-foldable origami materials is the interleaved materials consisting of
h,

are spatially ortho8pnal to each other. Such arrangement creates a statically over-constrained system

so that the 1s quite stiff in one direction with a desirable stiffness-density scaling relationship.

Self-lockizs origami materials with discrete stiffness jump: When self-locking occurs, the origami

will be “st articular configuration and cannot be folded further. There are various mecha-
nisms that i e locking such as non-negligible facet thickness"'”!, locking elements!'*''" and
active matmz]. Self-locking is an interesting mechanism for the origami materials because it
combines thelc teristics of rigid-folding and non-rigid folding. That is, locking acts like a phase
transiti te where the origami is rigid-foldable to a state where it is no longer rigid-
foldable.

Self-lo rigami materials can be achieved by using non-flat-foldable vertices, whose fac-

ets can come into contact before being folded into a fully flat configuration (aka. facet binding)!"”.

The early study by Schenk and Guest showed that using a non-uniform Miura-ori crease pattern can
ensure that origami material is locked in a predetermined configuration®”. Fang et al. ex-
tended the stydy by using generic 4-vertices, and identified several different self-locking mechanisms

@ [62,113]

that involv,
They furth

inding either within a constituent origami sheets or between adjacent sheets

ed the locking-induced discrete stiffness jumps using both numerical simulations

and experi L2 Before locking occurs, origami deforms by following the kinematics of rigid-
folding so fhe effective material stiffness comes primarily from the crease torsional stiffness. After
self-loc t binding), origami cannot be rigid-folded anymore and facet will instead directly
carry th ad, leading to a much higher stiffness. Based on this principle, one can derive a
method to piecewise linear stiffness profile using single-collinear 4-vertices (Figure 5(c)).

A graded stiffness Was also achieved by the self-locking principle!''*.

nsidered to be multi-stable when it possesses more than one stable equilibria (or
stable stat
ty, which can be characterized by the multiple potential energy minima with respect to folding (Fig-

can remain in any one of these states without external aids. Such unique proper-
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ure 6(a)), is a result of the nonlinear correlations between folding and crease/facet material defor-
mations. Multi-stable origami can exhibit many unique behaviors. For example, they can generate a
rapid “snap-through” response and negative effective stiffness when passing through the critical,
unstabl% during folding. They can also re-configure themselves into different designated

shapes. Th aviors, coupled with the aforementioned tunable stiffness and auxetic properties,

can becom lyst for synthesizing new material properties. Similar to the previous subsec-
tion, the underlying mechanisms to achieve multi-stability can also be divided into two categories:

rigid—foIEa and non-rigid-foldable. In the following subsections, we survey the different multi-

stable origaiiisyi njunction with their potential applications as architected materials.
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Figure 6. Multi-stability of architeced origami materials. (a): Rigid-foldable, generic degree-4 vertices can be strongly
multi-stable via tailroing its sector angles, crease torsional stiffness, and the rest angles. Adapted with permission.m]
Copyright 2016, Copyright 2009, American Institute of Physics. (b): Stacked Miura-ori sheets with different crease
stiffness can be multi-stable via rigid-folding, leading to programmable modulus. Adapted with
permissiaPut 2018, (c) The modulus of a Miura-ori sheet can also be reprogrammed via introducing pop-
through defe PTD), which are non-rigid folding, bistable deformations. Adapted with permission.[m]. Copyright 2014,

odule used in the Flexigami materia. Adapted with permission..llm] Copyright 2018, . Its force-
arly show the two stable states. ..

Origami materials based on rigid-foldable designs: By definition, this kind of origami can fold
smoothly only byconcentrated crease folding without inducing any facet deformations, so their total
potential @ summation of the constituent crease energies (as we detailed in Section 3.1).
Since the ac e configuration space of rigid-foldable origami is well defined, the landscape of

elastic potefftti rgy can be calculated directly according to the prescribed origami pattern,
creases to | sbiffness, and their rest angles. Multiple energy minima (aka. multi-stability) can be

obtained bﬁng the non-unique mapping between folding and crease opening angle, that is,

crease deformatiofi can be the same at different folding configurations. For example, the generic
[74]

degree-4 v an be highly multi-stable with careful designs'*™. A numerical analysis based on a

uniform sa its design space revealed that a generic degree-4 vertex can possess 2 to 5 sta-

ble states; Whi oubly symmetric vertex possesses up to 6 stable states. These results suggest
ibili gnstructing shape-reconfigurable and multi-stable “meta-sheets” with powerful

[118]

Bies (Figure 6(a)). Higher order vertices, such as the water bomb base™ ™ and leaf-

Iso be multi-stable. For example, the leaf-out origami pattern, which includes a

9]
degree its center, features different one-degree-of-freedom deployment “schemes” and
the symme me turned out to be bistable.
Rigid-f i i materials consisting of stacked sheets and assembled modules can also be

multi-stable. For example, the reentrant Tachi-Miura Polyhedron (TMP) shown in Figure 4(b) can be
bistable with specific combinations of facet design and rest angle assignments'®. This bistability,
combined Lementioned auxetic properties, has great potentials for impact absorption and
large stroke tion. The stacked Miura-ori can display multi-stability if the crease torsional stiff-

ness of adj @

configuration*afd the other at bulged-out configuration. If fluidic pressure is supplied to the tubular
channels, d Miura-ori can be switched among being mono-stable, bi-stable, and multi-
stablemﬁhe capability of rapid and autonomous shape reconfiguration. Furthermore, the
fundamenillx thr'a-dimensional nature of folding can impart some unorthodox multi-stability

properties #hat can be harnessed for elastic modulus programming™*! (Figure 6(b)) and even me-
chanical dmtm]. Other than the TMP and stacked Miura-ori, many other origami assembly,

ra-ori sheets are significantly different. One stable state occurs at the nested-in

such as th inspired Kirigami modules in Figure 1(d)"®®, have also been demonstrated to ex-

hibit multi-stabjlity#based on similar physical principles.

Is based on non-rigid-foldable designs: This kind of origami folds by a combination
of facet deforma and crease bending, and the compliance of facet allows the origami to access

the otherwise unavailable folding configurations. In this case, multi-stability can arise if the origami
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possesses multiple configurations where its facets are un-deformed, but the transition between
these configurations requires significant facet buckling or bending. For example, one can create
reversible and bistable pop-through defects (PTD) in the classic Miura-ori sheet (Figure 6(c))**®.. This
phenom ges due to the presence of ‘accessible’ bending modes as the facet bending stiff-

s of Miura-ori by strategically placing/removing defect pairs, leading to a new

ness becomg8edmparable to the crease folding stiffness. The PTDs can be used to program the
compressi @

class of re-programmable metamaterial. In another example, kirigami cutting principles were ap-
plied to-cr !e a Blo—inspired, bistable origami cell with potential applications in shape morphing and
camouflagharray of these cells was created by combining stiff ABS facets and flexible sili-

cone facetsg@hi re pneumatically actuated. A sub-millimeter scale, polymer-gel based square

[76]

twist pattefp was dlso demonstrated to be bistable'”™. This non-rigid-foldable pattern is always

mono-stable | ratio of facet bending over crease torsional stiffness is smaller than 1 (aka.

Kf/KC < iflis always bistable if this ratio exceeds 1000 (Kf/KC >10%). Thus, the bistability

SC

in such origami patterns can be controlled by changing the facet to crease stiffness ratio. Kresling is

another well-stu bistable and non-rigid-foldable crease pattern, which has been studied for its
ns in deployable structures® and robotic locomotion?”. Recently, a Kresling
derived pa d Flexigami (Figure 6(d)), where slit cuts are introduced to impart additional
has been shown to exhibit superior specific modulus than the current low-density mate-
rials™*”). Thus, a stacked Flexigami has the potential to be used as multi-functional deployable cellu-

lar materi

4.4. Dynamics
The afo
ed origamim

ioned studies mainly focused on static or quasi-static characteristics of the architect-
s. However, their intricate nonlinear elastic properties could lead to interesting
dynami istics and applications. Nevertheless, studying the dynamics of folding is still a

nascent field and there are only a few researches conducted in this area. One study by Yasuda et al.
examined se nonlinear elastic wave propagation in a multiple degree-of-freedom origami material

[121]

consisting igMiura Polyhedron (TMP) modules"“". They examined the formation of rarefac-

tion waves he geometry-induced elastic nonlinearity of TMP modules, and explored the fea-

G
sibility of @ nonlinear wave propagation for tunable vibration and impact mitigating. An-

other study gated the base excitation response of the bi-stable stacked Miura-ori cell through
both num lation and experiments™?. The results revealed that the intra and inter-well
dynami istable stacked Miura-ori are strongly influenced by the asymmetry in its force-

deformatiagm relatignship. A cylindrical truss structure inspired by the Kresling folding pattern were
investigaﬁorvﬁation isolation both numerically and experimentally™***|, This vibration isola-
tion functi ed from a quasi-zero stiffness (QZS) property obtained by integrating a linear
spring witmble Kresling pattern. In an experimental demonstration, the Kresling vibration
isolator manageddgisolate 21% of the wave energy in the Tohoku-Pacific Ocean earthquake and 6%

quake. The aforementioned fluidic origami can also generate quasi-zero stiffness
ration isolation™®. Unlike the Kresling-based cylindrical truss structure, the QZS
properties of the fltiidic origami did not arise from mechanical springs but rather originated from the

interaction between internal pressure and folding. This provided a unique mechanism for develop-
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ing an adaptive QZS vibration isolator. In another study, the nonlinear dynamics of an adaptive ori-
gami stent system was numerically simulated to understand its deployment™?’.
BesidesWs of reciprocal folding, the geometric periodicity in origami materials also make
them versatilgacoustic metamaterials. In this case, folding offers a pathway to tailor the underlying
periodicity @ e tunable acoustic behaviors. For example, rigid-folding of Miura-ori sheet can
clusions into square, hexagonal, rectangular, and asymmetrical patterns, thus

significamt|y@ile@and frequency spectrum of the corresponding acoustic bandgaps[126 1271 Such and
[128],[126,127] [129,130] d

similar featlires have been utilized for noise mitigation , wave guiding

focusing™
4.5. Impauption

Numerlcalwrlmental studies on the impact absorption performance of origami foldcore ma-

terials are due to their potential applications in the aerospace structures. An excellent

paper by Heimbs reviewed the early studies in this topic'’®, so this section focuses on briefly discuss-
ing the essentlﬂ/smal principles and recent progresses. Due to the non-rigid-foldable nature, the
origami fol forms in different ways based on the loading condition. Under quasi-static load-
ing or low- mpact (that is, the impact velocity is lower than the elastic wave propagation

speed), theffoldcore consisting of conventional Miura-ori sheets typically fails via facet buckling or

fracturing a))"®. Buckling occurs if the Miura-ori is made of ductile materials like the ara-

mid fabric cture is more likely if the material is brittle like carbon reinforced composite.

Nonethele ilure modes are capable of absorbing impact energy. Especially, if the impact is

local, t ped origami creases can act like a stopper to localize damage®. To further
improve ct absorption performance, indented folds can be added to the Miura-ori sheets to
induce a dif ilure mode called travelling hinge line (THL)®***2. In this mode, the additional

ed folds can travel along the facet, creating a more uniform reaction stress (Fig-
ure 7(b)). Under high velocity impact from a solid projectile, the face skins absorb most of the im-
pact energ!through highly localized fracturing and de-bonding between the skin and origami core.

However, st impact (aka. a non-uniform external pressure field), both face skin stretching

[133,134] [91,94]

. Curved creases

and origa uckling play important roles and the Kirigami
cutting™®
derivatives, and
that themrigamis typically feature facets orientated near perpendicular to the face
skins!”® ven based on the optimized origami core designs, experimental test results
from th mples are consistently lower than the numerical predictions[1°7'137'138], and the
imperfem crucial role in this discrepancy. Imperfection can originate from inaccurate

7(c)) were explored to obtain superior impact absorption than Miura-ori and its
eir geometric designs can be tailored for performance optimization. It is found

origami geometryfnon-uniform material property, as well as imperfect bonding between face skin

and origami herefore, various methods have been recently examined to incorporate these

[95,139-141]

imperfection f ter numerical accuracy

hting that besides the aformentioned mechanical properties, the architected
(1421931 and thermo

Itis wor
origami materials fave also shown protentials in reconfigurable electromagnetic

applications™*, however, discussion on these topics are beyond the scope of this paper.
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Figure 7. Impact absorption studies of different origami materials. (a): Experlmentals results showing the facet failures in
a Miura-ori based foldcore under low velocity impact. Adapted with permlssmn Copyrlght 2013, . (b) Traveling hinge
line (THL) prdPagation in a indended Miura-ori core under quasi-static compressive load. Adapted with permission. (132
Copyright ZOLte element simulation and experiment showmg the facet crushing in the chess-board pattern

shown in Figure f: Adapted with permission. [135] Copyright 2015,.

lications of the folding induced properties
The Iong lisk of mechanical properties available from origami materials leads to many potential ap-

pIe the auxetic properties are known to increase the shear and indentation
[146]

USC

resistan rowde strain amplification The shape re-configuration capabilities by folding
have great s in shape morphing for high performance aircrafts and vehicles™” %!, Studies
on the nonlinear si’fness properties of origami can lay down the foundation for building relatively
light, stiff, yet rec 16l
propertie
freque

figurable materials for adaptive civil infrastructures™". Many nonlinear stiffness
ami, like the discrete stiffness jumps and quasi-zero stiffness, can be used for low-
149 The multi-stability from folding is probably the

perties to impart multi-functionality in structures and material systems. In addi-

tion to the property programming and mechanical diode effect discussed in Section 4.3, multi-

ion isolation and absorption
most promising
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|[150] [151]

stability can also be exploited to achieve broadband vibration control*”", energy harvesting'~", and

[152,153]

even robotic locomotion . Studies on the impact absorption of foldcore materials have paved

the way for commercial applications in aerospace and automotive industries.

5. A Higabrication Techniques

Fabricatip ngefstinegar chitected origami materials is essentially a process of creasing and manipulating
thin sheet§to desired 3D shapes, so that the aforementioned material properties can be realized
for practic entations. Fabrication of origami materials benefits greatly from the aforemen-
tioned devg@lopability characteristics, meaning that the complex shapes of origami can all be devel-
oped from i flat piece of sheet material. This is a procedure that can be automated so that
origami mageri n be made efficiently and rapidly. Here, a successful fabrication technique
should be Weate a periodic pattern of both mountain and valley creases at different size

I

scales (typically, the length of a crease line is smaller than 1cm). It should also be able to effectively

assemble a large namber of folded origami sheets or modules together when necessary. It is worth

noting tha a large number of literatures on advanced fabrication via folding, and interested
readers ca the reviews by Shenoy and Gracias®?, Xin Ning et al.%, and Yihui et al.™** for
more inforRaation. The following subsections briefly highlight two fabrication strategies that have

been shown capable of producing the desired periodic tessellation of both mountain and valley

creases. m
5.1. By external mechanical force

Using e orce to crease and fold origami sheets is effective and applicable for a wide variety of

material sele uch as paper, plastic, and metal sheets, etc. Folding by hand obviously is the

ple, and it is still arguably the most powerful way to fold paper into extremely
[57,61,155,156]

most in
complicated shapes . Indeed, hand folded paper Miura-ori can be carbonized directly into
a structurakmaterial for load bearing and electro-chemical applications (Figure 8(a))!**”.. Customized
press mac e also used to successfully fabricate foldcore material in large quantities®. Be-

aw sheet materials are usually creased according to the desired pattern by plotter

Folding by ress machine, however, can only create relatively large origami sheets where

fore folding

cutter, lase or chemical etching.

the crease lines are at least centimeter long. Buckling induced folding is a very promising method to
addres ming. The physical principle underlying this buckling based method is simple
and scaMeets subjected to in-plane compressive stress can buckle out-of-plane and gen-

erate3Dg jm features****®*°_|f the thin sheet has embedded origami creasing, the buckling
induced deformatin can concentrate along these crease lines and effectively create coordinated
folding. A mechanijcally guided folding technique was recently developed by exploiting this principle
Firstly, thin films (or 2D precursors) with non-uniform thickness and slit cuts

2D fabrication methods (e.g. photolithography and etching). The finished precur-
sors were then hed to a pre-stretched silicone elastomer substrate at designated “bonding

sites.” Chemical treatments were applied at these bonding sites to ensure a strong adhesion be-
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tween precursor and silicone substrate, and sacrificial layers were added underneath non-bonding
regions (aka. facets and creases) to eliminate the undesired adhesion from van der Waals forces.
Finally, the pre-stretch in the silicone substrate was released to create the compressive stress need-
edto bu“d the origami sheet. This method can produce complex and periodic origa-
mi/kirigamij Bikes at vastly different length scales (from micrometer to meter), therefore, it is a
promising défor fabricating the architected origami materials. Besides compressive stress,
extension stress applied to a 2D Kirigami sheet with purposefully distributed slits cuts can also gen-

erate bu-ckgg Eerormation and eventually folding (Figure 8(c))™".

2.5mm

g
5mm ) mng

Figure 8. Examplesafffabrication techniques that can produce bi-directional, periodic, and small scale folds, which are
essential fo stiucting architected origami materials. (a) Carbon origami based on hand folded Miura-ori paper.
Adapted "@ ission.*”) Copyright 2018. (b): Mechanically-guided, compressive buckling induced folding. Adapted
with permissio opyright 2016,. (c): Stretching induced buckling. Adapted with permission.[m] Copyright 2017, (d)
Self-folding induced by'embedded shape memory alloy (SMA). Adapted with permission.[m] Copyright 2015, National
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Academy of Sciences. (e, f): Cross-linking layers of passive and active polymers. Adapted with permission.[163’164]. Copy-
right 2015, Wiley-VCH, Copyright 2011, (g) 4D printing. Adapted with permission“ss] Copyright 2016, . ..

tress mismatch (self-folding)
ing is to make the crease lines “active”, so that they can fold by themselves with

[ than the mechanical force (e.g. heat, humidity, light, etc.). Such autonomous

folding Eq rnal bending moments along the crease lines, and they can be generated by
inducing a iform stress distribution through the thickness. That is, if the internal stress at the

crease line region is higher than the upper half, a valley fold will be created; on

ountain fold is created when the internal stress is higher at the upper half. The
neutral plane uch folding deformation is directly related to the sheet material thickness, stiff-
ness, and imress distribution, so careful designs are necessary to ensure that the neutral
plane is we si#éned to induce effective folding. This is especially important if any electronic

componen bedded in the origami sheet!**®!

. A wide variety of response materials, such as
shape memory allgys and hydrogels, are well-suited for generating the required internal stress mis-
match and some of them can be fabricated at micro and even nano-scale. However, current state of
the art aremnited to creating simple geometries such as polyhedrons, tubes, and curved
surfaces. techniques have demonstrated the capability of producing a periodic arrange-

ment of bothsmewtain and valley folds that are essential for constructing architected materials.

Here we piovid yrief highlight of these approaches.

Bimorp j ph crease: This is a well-studied method to create active crease lines for self-
folding. is to embed two or three layers of different responsive materials along the desig-
nated creasgdim®s, so that they can generate the desired internal stress mismatch in response to the
externa bi-morph design can provide unidirectional bending, while the tri-morph can

provide bi-directional folding for both mountain and valley folds. Moreover, if the stress can be re-
lieved by r@moving the stimuli, the self-folding becomes reversible. Embedding a layer of shape
memory alk) into a thin polymer sheet is a common method to achieve self-folding at the

millimeter g igure 8(d))™”, this method has shown superior controllability and programmabil-

ity by simplg current inputs™®**®®. Bimorph and tri-morph active creases were also fabricat-
ed at smaller scales by applying a layer of molten solder on Au films'*®®), lithographically patterning
chromium copper layers®™ (Figure 1(c)), and crosslinking layers of passive and active

polyme i 8(e)).

Differenm in monolithic material: A layer of monolithic responsive material can exhibit

self-foldin gnitude of stress generation varies through its thickness. For example, by care-
fully contralli ultraviolet exposure energy and direction, a photodefinable epoxy film (SU-8)

gradient of cross-linking, which creates a differential swelling for controlled

ing (Figure 8(f))™***. Similar mechanism was also achieved in liquid crystal elasto-

[170]

trolling the direction of the molecular order through the film thickness “"~. Achiev-

ing such differentidl swellings typically requires a very intricate control of the fabrication process,
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and the material selections are relatively limited. This technique has more potentials for creating
soft origami materials capable of reversible folding.

4D printWeasingly popular method of achieving self-folding is 4D printing, where the

ion refers to time. By this method, 3D printing techniques forms a heterogeneous
[171,172]
or

fourth dimen

sheet with(lg
hydrogeI[16 @desired origami shape can be achieved by applying appropriate stimuli after

printingMFigUFEI8(8)). 4D printing is a variation of the bimorph and tri-morph method, and the gen-
eral accessWility of the 3D printers makes it a promising technique for constructing the architected

passive and active materials (such as shape memory polymer

B

origami materia

It is worth i at besides using the responsive materials, many other techniques have been
established ieve self-folding at different length scales, such as using surface tension™**7%,
thermal ewm, intrinsic residual stress in thin film™®'"”! and lattice mismatch!*”®, Although
the folding pattefn generated by these techniques are relatively simple at this stage, further devel-
opment will surefgenrich the origami material fabrication especially at smaller sizes.

6. Discuglon, Ehallenges and Future Directions

This report ils the recent progress of architected origami materials regarding their geometric
design strateg echanics models, achieved properties and relevant fabrication techniques. The
intricate ge nd kinematics of folding offers the possibility to achieve many desirable and

evenu terial properties, such as auxetics, on-demand tunable stiffness, multi-stability,

vibration an t management. The developability and scalability of folding offers the possibility
to fabric mi materials at vastly different sizes without losing the desired properties. Moreo-

ver, de origami materials is also causing the theories of origami mechanics to evolve,

which reveals how the constitutive properties and spatial orientations of facets and creases can be
designed f@K the targeted material properties. Finally, the topic of origami materials is facilitating
the synerg n different branches of origami research — including crease design, analytical

modeling, ation — which had been individually and separately evolving.

On the otherfia
opportuni mature and flourish. The first challenge is on origami design. Currently the most
popularn idesigning origami materials is to directly use the available folding patterns, like

the classic Wiura-ghi, even though they were created for other purposes. This approach has led to

d, there are several challenges need to be addressed in order to enable this exciting

interesting'tesults so far, however, it does not fully leverage the vast design space in origami. Differ-
ent crease Eemgnjethods are available, like the popular “tree method”™, but they are intended for

achieving shape by folding rather than a specific material property. Therefore, an im-
portant next s this field is to derive an origami crease design methodology that can incorporate
the me f folding. This new methodology will combine the geometric constraints for proper
folding, su velopability and periodicity, and the different mechanics model of origami. It

should be able to search and create crease folding pattern with computational efficiency.
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The second challenge is on mechanics modeling. Although quite a few origami mechanics model are
available (as detailed in Section 3), none of them has the desired combination of high computational
efficiency and anal-itical accuracy. The different types of truss-frame models are capable of qualita-

tively an mechanics of origami, however, none of them so far have shown any quantita-
tive agree ith experimental results, which were typically obtained on universal testing ma-
chines. Su gpancies can be significant when large facet deformations are observed like in the

non-rigid-fo e origamis. Finite element simulation, on the other hand, is quite computationally
expensi’e MCause there’s no elements specifically tailored for origami problems. Moreover,
experimean from the origami material prototypes show significant variations due to the
unknown a tain parameters, this might require some identification methods to be incorpo-
echanics model™. Indeed, the lack of an accurate and computationally effi-

be a critical issue for this field, so much efforts are needed to advance the state of

rated into
cient model cou

the art.

The next c is the further study into the dynamic characteristic of folding. So far the vast
majority of origamiirelated research focuses on static or quasi-static behaviors, however, the few
studies dis this report suggested that the dynamic behaviors of origami materials have
strong pot r many applications like low-frequency base excitation isolation and wave propa-
gation con erstanding the dynamic characteristics induced by reciprocal folding is still a rela-

tively open research topic.

Research rication of architected materials via origami folding faces its own unique chal-
lenges. For example, the ideal self-folding mechanism should be able to induce, orient, and pattern

stresses in a variety of thin film materials with minimal manual interventions. Itis
still difficult t lop such self-folding schemes that can satisfy all of these requirements. The
Iding mechanism requires new design rules for mapping the desired folded shape
onto the thin film precursors.

ChaIIengesSlated to the synergy between different branches of origami research are still pressing.
A successful development of origami materials for practical applications will need tighter integration
of design,

For exampl& abrication of origami materials, especially at smaller scale, requires careful consid-

erations of sheet thickness and fabrication uncertainties. But almost all of the currently

material designs are based on the strategies of stacking sheets or assembling
none of the aforementioned fabrication techniques can achieve these outcomes,

except for imting. Gaps between the different aspects of developing architected origami mate-
rials need to be e ined and bridged.

Finally, while 13 interesting mechanical properties have been achieved in the origami materials,

of the art focU revealing the potentials of origami materials and its applications, however,
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identifying real-world applications in which origami materials can outperform other technologies is
crucial for the long term sustainability of this research topic.

{

Acknowl S

S. Li, S. S-a hi, and P. Bhovad acknowledge the support from National Science Foundation (Award #
CMMI-163 1449 CAREER, 1760943) and Clemson University (Startup Funding and Dean’s
Faculty Fel Award). H. Fang and K. W. Wang acknowledge the support from National Science
FoundationfAward'# CMMI-1634545) and the University of Michigan Collegiate Professorship.

G

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

NUS

, R. J. Lang, Folding Paper: The Infinite Possibilities of Origami, Tuttle Publishing,
USA, 2013.

=
X

Z =<
—+
a

(2]

ject Origami: Activities for Exploring Mathematics, CRC Press, Boca Raton, FL,

(3]
(4] J. Kennedy, E. Lee, A. Fontecchio, in IEEE Front. Educ. Conf., IEEE, Erie, PA, 2016.

. Dasquens, M. Prat, in Origami 5, A K Peters/CRC Press, 2011, pp. 151-164.

[5] N. J@Boakes, in Origami 5, A K Peters/CRC Press, 2011, pp. 173-187.

I

[6] R. J. Lang, in Annu. Symp. Comput. Geom., ACM Press, New York, New York, USA, 1996, pp.

m O
[o¢]
_U:I

[7] e, ). O'Rourke, Geometric Folding Algorithms: Linkages, Origami, Polyhedra,

i niversity Press, New York, NY, USA, 2007.
(8]
(9]
[10] D. isseix, Int. J. Sp. Struct. 2012, 27, 1.

, Deployable Structures, Laurence King, London, UK, 2015.

s

, Nat. Phys. 2017, 13, 318.

{

U

[11] E. ernandez, D. J. Hartl, R. J. Malak Jr, D. C. Lagoudas, Smart Mater. Struct. 2014,

23, 09400
[12] % Int. J. Sp. Struct. 2015, 30, 55.
[13] M. Sché A. D. Viquerat, K. A. Seffen, S. D. Guest, J. Spacecr. Rockets 2014, 51, 762.

[14] S.A.Zirbel, R. J. Lang, M. W. Thomson, D. A. Sigel, P. E. Walkemeyer, B. P. Trease, S. P.

This article is protected by copyright. All rights reserved.



[15]

(16]
(17]
(18]
(19]

[20]
[21]

[22]

(23]
(24]
[25]
(26]
(27]

(28]
[29]
(30]
(31]
(32]
(33]
(34]
(35]

(36]
(37]
(38]

(39]
[40]

Magleby, L. L. Howell, J. Mech. Des. 2013, 135, 111005.
T. Tachi, in Origami 5 (Eds.: P. Wang-lverson, R.J. Lang, M. Yim), A K Peters/CRC Press, Boca

Rati, FL, :"SA, 2011, pp. 253-264.

E. T. Filipov, T. Tachi, G. H. Paulino, Proc. Natl. Acad. Sci. 2015, 112, 12321.

Y. eng, Z. You, Science (80-. ). 2015, 349, 396.

S-.FeltonI M. Tolley, E. D. Demaine, D. Rus, R. Wood, Science (80-. ). 2014, 345, 644.
S. I\gashita, S. Guitron, M. Ludersdorfer, C. R. Sung, D. Rus, in 2015 |EEE Int. Conf. Robot.
utor, , Seattle, USA, 2015, pp. 1490-1496.

A
A. AirouzehW. Paik, J. Mech. Robot. 2015, 7, 021009.
E. Vander Hoff, Donghwa J, Kiju L, in 2014 IEEE/RSJ Int. Conf. Intell. Robot. Syst., |IEEE, Chicago,

Usmp. 1421-1426.

S. Miyashfa, S. Guitron, K. Yoshida, Shuguang L, D. D. Damian, D. Rus, in 2016 IEEE Int. Conf.
Robot ., IEEE, Stockholm, Sweden, 2016, pp. 909-916.

S. ms Guitron, S. Li, D. Rus, Sci. Robot. 2017, 2, eaao4369.

A. P ,'T. Yan, B. Chien, A. Wissa, S. Tawfick, Smart Mater. Struct. 2017, 26, 094007.

H. chang, K. W. Wang, Bioinspir. Biomim. 2017, DOI 10.1088/1748-3190/aa8448.

C. Lm E. Gultepe, D. H. Gracias, Trends Biotechnol. 2012, 30, 138.
M. n Y. Chen, S. Hovet, S. Xu, B. Wood, H. Ren, J. Tokuda, Z. T. H. Tse, Int. J. Comput.

ig/. Surg. 2017, DOI 10.1007/5s11548-017-1545-1.

L. Xu, vyu, N. A. Kotov, ACS Nano 2017, 11, 7587.

. G. Lagally, Nano Today 2015, 10, 538.

V. B. Shenoy, D. H. Gracias, MRS Bull. 2012, 37, 847.

P. \/sng, T. A. Meyer, V. Pan, P. K. Dutta, Y. Ke, Chem 2017, 2, 359.
M. Schenk, S. D. Guest, Proc. Natl. Acad. Sci. 2013, 110, 3276.

J. ﬂkee, ! P. Singer, E. L. Thomas, Adv. Mater. 2012, 24, 4782.

A. A. Zadpogr, Mater. Horizons 2016, 3, 371.

J. Bauer, L.
170

. Meza, T. A. Schaedler, R. Schwaiger, X. Zheng, L. Valdevit, Adv. Mater. 2017,
01850.

i, V. Vitelli, J. Christensen, M. van Hecke, Nat. Rev. Mater. 2017, 2, 17066.
N. Turner, B. Goodwine, M. Sen, Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2015, 1.

This article is protected by copyright. All rights reserved.



[41]
[42]

(43]
[44]

[45]
[46]
[47]

(48]

[49]
(50]
(51]
(52]
(53]
(54]
(55]
(56]

(57]
(58]

[59]
(60]
(61]
(62]
(63]
[64]

[65]

S.J. P. Callens, A. A. Zadpoor, Mater. Today 2018, 21, 241.

X. Ning, X. Wang, Y. Zhang, X. Yu, D. Choi, N. Zheng, D. S. Kim, Y. Huang, Y. Zhang, J. A. Rogers,
AdvgMaterglnterfaces 2018, 1800284.

ToIIey, Nat. Rev. Mater. 2018, 3, 101.

S. X ) K. I. Jang, W. Huang, H. Fu, J. Kim, Z. Wei, M. Flavin, J. McCracken, R. Wang, A

Bad®&a ! Xiao, G. Zhou, J. Lee, H. U. Chung, H. Cheng, W. Ren, A. Banks, X. Li, U. Paik,
-G_Y Huang, Y. Zhang, J. A. Rogers, Science (80-. ). 2015, 347, 154.

r M. L. Culpepper, J. Mech. Robot. 2016, 8, 051012.
w C.R. Fish, X. Chen, G. M. Whitesides, Adv. Funct. Mater. 2012, 22, 1376.
an, K. Nan, D. Xiao, Y. Liu, H. Luan, H. Fu, X. Wang, Q. Yang, J. Wang, W. Ren, H.
ang, H. Li, J. Wang, X. Guo, H. Luo, L. Wang, Y. Huang, J. A. Rogers, Proc. Natl.
. 2015, 112, 11757.

ng, J. Wang, F. Liu, X. Guo, K. Nan, Q. Lin, M. Gao, D. Xiao, Y. Shi, Y. Qiu, H. Luan,
J. H. Kim, ang, H. Luo, M. Han, Y. Huang, Y. Zhang, J. A. Rogers, Adv. Funct. Mater. 2016,
26,
S. Tgtlve Matter, The MIT Press, Cambridge, MA, 2017.
J.T. elde, J. C. Weaver, C. Hoberman, K. Bertoldi, Nature 2017, 541, 347.
N. M. Stern, D. H. Gracias, Appl. Phys. Lett. 2009, 95, 091901.

IEEE Trans. Comput. 1976, C-25, 1010.

t. Assoc. Shell Spat. Struct. Symp., Valencia, Spain, 2009, pp. 2287-2294.
D. Fuc abachnikov, Am. Math. Mon. 1999, 106, 27.
S Rep. 1972, 37, 137.

Y. Chen, H. Feng, J. Ma, R. Peng, Z. You, Proc. R. Soc. A Math. Phys. Eng. Sci. 2016, 472,

2012846

. Saito, JSSME Int. J. Ser. A 2006, 49, 38.

ho, X. Gong, E. Jung, D. M. Sussman, S. Yang, R. D. Kamien, Phys. Rev. Lett. 2014,

;u R. Neville, F. Scarpa, C. Remillat, B. Gu, M. Ruzzene, Compos. Part B Eng. 2014, 59, 33.
ech. Des. 2013, 135, 111006.

. ature 2007, 448, 419.

S. B, H. Ji, K. W. Wang, Phys. Rev. E 2016, 94, 043002.
Silverberg, Proc. Natl. Acad. Sci. 2017, 114, 3590.

, T. Yein, T. Tachi, K. Miura, M. Taya, Proc. R. Soc. A Math. Phys. Eng. Sci. 2013, 469,

E. T. Filipov, G. H. Paulino, T. Tachi, Proc. R. Soc. A Math. Phys. Eng. Sci. 2016, 472, 20150607.

This article is protected by copyright. All rights reserved.



(66]
(67]
(68]

(69]

[70]
[71]
[72]
[73]
[74]
[75]
[76]

[77]

(78]

[79]

(80]
(81]
(82]

(83]
(84]
(85]
(86]
(87]
(88]

(89]
[90]

[91]

H. Yasuda, J. Yang, Phys. Rev. Lett. 2015, 114, 185502.
S. Kamrava, D. Mousanezhad, H. Ebrahimi, R. Ghosh, A. Vaziri, Sci. Rep. 2017, 7, 46046.

J%elde, T. A. de Jong, Y. Shevchenko, S. A. Becerra, G. M. Whitesides, J. C. Weaver,

C. HOberman, K. Bertoldi, Nat. Commun. 2016, 7, 10929.

T. w dv. Archit. Geom. (Eds.: C. Ceccato, L. Hesselgren, M. Pauly, H. Pottmann, J.
SpriRger Vienna, Vienna, Austria, 2010, pp. 87-102.

g\/gltuialtls, M. van Hecke, Phys. Rev. E 2016, 93, 023003.
L. HE »E. Vouga, T. Tachi, L. Mahadevan, Nat. Mater. 2016, 15, 583.

H. F . Wang, S. Li, Extrem. Mech. Lett. 2017, 17, 7.
J. L. Silverbgrg, J. H. Na, A. A. Evans, B. Liu, T. C. Hull, C. D. Santangelo, R. J. Lang, R. C.
Hayward, I. Cohen, Nat. Mater. 2015, 14, 389.

B. Lg, A. A. Evans, J. L. Silverberg, C. D. Santangelo, R. J. Lang, T. C. Hull, I. Cohen, arXiv Prepr.
201

. Dyn. Fail. Compos. Sandw. Struct. (Eds.: S. Abrate, B. Castanié, Y.D.S. Rajapakse),
Spriage herlands, Dordrecht, 2013, pp. 491-544.
. D. Guest, in Origami 5 (Eds.: M. Yim, R.J. Lang, P. Wang-lverson), A K Peters/CRC
ca Raton, FL, 2011, pp. 291-304.

wn

A s, J. L. Silverberg, C. D. Santangelo, Phys. Rev. E 2015, 92, 013205.
T. A. Witten, Rev. Mod. Phys. 2007, 79, 643.

Des, 7,091401.

S. Li ang, Smart Mater. Struct. 2015, 24, 105031.

S. D@nt. J. Solids Struct. 2006, 43, 842.

E.T %K. Liu, T. Tachi, M. Schenk, G. H. Paulino, Int. J. Solids Struct. 2017, 124, 26.
ﬂ. Buskohl, J. J. Joo, G. W. Reich, R. A. Vaia, in Origami 6, 2016, pp. 1-11.
IHaulino, Proc. R. Soc. A Math. Phys. Eng. Sci. 2017, 473, 20170348.

A. . Fuchi, P. R. Buskohl, Int. J. Solids Struct. 2018, DOI
10.1016/J.4SOLSTR.2018.05.011.

J. Cai, X g, Z.Ya, F. Jiang, Y. Tu, J. Mech. Des. 2015, 137, 061406.

K. Fshi, P. R. Buskohl, G. Bazzan, M. F. Durstock, G. W. Reich, R. A. Vaia, J. J. Joo, J. Mech.

, K. Drechsler, S. Kilchert, A. Johnson, Compos. Part A Appl. Sci. Manuf. 2009, 40,

1941.
X. Zhou, H. Wang, Z. You, Thin-Walled Struct. 2014, 82, 296.

This article is protected by copyright. All rights reserved.



[92]
(93]
[94]
[95]
[96]

[97]
(98]
[99]
[100]
[101]

[102]
[103]
[104]
[105]
[106]
[107]

[108]
[109]
[110]
[111]

[112]

[113]
[114]
[115]
[116]

[117]
[118]

J. Ma, Z. You, J. Appl. Mech. 2014, 81, 011003.
S. Liu, G. Lu, Y. Chen, Y. W. Leong, Int. J. Mech. Sci. 2015, 99, 130.

JM Z.You, Int. J. Solids Struct. 2015, 53, 80.

S.Fi t. J. Mech. Mater. Eng. 2015, 10, 14.
T.S ement Modeling of Non-Rigid Origami: Parametric Study on Bistable Origami

Usinﬁ the Finite Element Method, Delft University of Technology, 2017.
rm, P. Schatrow Y. Klett, Appl. Compos. Mater. 2015, 22, 857.

Sab, Int. J. Solids Struct. 2010, 47, 2620.
A. L@ab, Int. J. Solids Struct. 2012, 49, 2778.
H. Paulino, Sci. Adv. 2015, 1, e1500224.
mwa M. Feng, L. Yan, J. Wang, J. Wang, S. Qu, J. Phys. D. Appl. Phys. 2016, 49,
S. Li, K. W.MWang, J. R. Soc. Interface 2015, 12, 20150639.
, K. W. Wang, Phys. Rev. Lett. 2016, 117, 114301.
hi, S. Li, in Proc. ASME SMASIS, ASME, Snowbird, UT, USA, 2017, pp. 2017-3754.
Chu Y. Xia, K. . Wang, Adv. Mater. 2018, 1706311.
J. B e . N. G. Wadley, R. M. McMeeking, Nature 2017, 543, 533.
L. Karger, A. Wetzel, D. Hartung, Compos. Part A Appl. Sci. Manuf. 2007, 38,
E, T. Tachi, S. Calisch, K. Miura, Smart Mater. Struct. 2014, 23, 094012.
J. M. Gattas, Z. You, Eng. Struct. 2015, 94, 149.

;ng,Y Chen, J. Mech. Des. 2015, 137, 021701.
M. T. Tolley, B. Shin, C. D. Onal, E. D. Demaine, D. Rus, R. J. Wood, Soft Matter

T. GGP. A. Lester, T. L. Koh, Call E K, D. H. Gracias, E. K. Call, D. H. Gradias, Langmuir
7.

2007
S. Li, K. W. Wang, Proc. R. Soc. A Math. Phys. Eng. Sci. 2016, 472, 20160682.
W Y. Chen, Int. J. Mech. Sci. 2018, 136, 134.
S. Li, J. Intell. Mater. Syst. Struct. 2018, 29, 2933.

J. L. Silverberg, A. A. Evans, L. McLeod, R. C. Hayward, T. C. Hull, C. D. Santangelo, I. Cohen,
Science (80~ ). 2014, 345, 647.

anti, S. H. Tawfick, J. A. Hart, Extrem. Mech. Lett. 2018, 21, 17.

B. H. J. M. Lund, R. J. Lang, S. P. Magleby, L. L. Howell, Smart Mater. Struct. 2014, 23,
094009.

This article is protected by copyright. All rights reserved.



[119]
[120]
[121]

[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]

[138]
[139]
[140]
[141]
[142]

[143]

[144]
[145]
[146]
[147]

H. Yasuda, Z. Chen, J. Yang, J. Mech. Robot. 2016, 8, 031013.
S. Daynes, R. S. Trask, P. M. Weaver, Smart Mater. Struct. 2014, 23, 125011.
Chong, E. G. Charalampidis, P. G. Kevrekidis, J. Yang, Phys. Rev. E 2016, 93,

043!0
H. F H. Ji, K. W. Wang, Phys. Rev. E 2017, 95, 052211.

S-.IshidaI H. Uchida, H. Shimosaka, |. Hagiwara, J. Vib. Acoust. 2017, 139, 031015.
S. I!|da, K. Suzuki, H. Shimosaka, J. Vib. Acoust. 2017, 139, 051004.

G. V. RBodhigues, L. M. Fonseca, M. A. Savi, A. Paiva, Int. J. Mech. Sci. 2017, 133, 303.

M. @Li, K. W. Wang, Phys. Rev. B 2017, 95, 064307.

M. W. Wang, J. Appl. Phys. 2017, 122, 154901.

P. Pm, P. Suryanarayana, G. H. Paulino, J. Mech. Phys. Solids 2018, 118, 115.

S.B . T. B. Overvelde, E. R. Chen, V. Tournat, K. Bertoldi, Sci. Adv. 2016, 2, e1601019.
M. BW. Wang, J. Sound Vib. 2018, 430, 93.

R. , D. T. Lynd, Smart Mater. Struct. 2016, 25, 085031.

J. EZ. You, Int. J. Impact Eng. 2014, 73, 15.

A.P

C. Batra, Thin-Walled Struct. 2017, 115, 311.

A. mc. Batra, Thin-Walled Struct. 2018, 129, 45.

P
, J. M. Gattas, Z. You, Int. J. Mech. Sci. 2015, 101-102, 421.
W.C ®Hao, Artic. Int. J. Impact Eng. 2018, 115, 94.
"P. Middendorf, S. Kilchert, A. F. Johnson, M. Maier, Appl. Compos. Mater. 2007,

14, 363.
S. I-g'mbs, J. Cichosz, M. Klaus, S. Kilchert, A. F. Johnson, Compos. Struct. 2010, 92, 1485.

E. Ba er, P. A. Guidault, C. Cluzel, Compos. Struct. 2011, 93, 2504.
S. K @ . F. Johnson, H. Voggenreiter, Compos. Part A Appl. Sci. Manuf. 2014, 57, 16.
R.S ischer, Appl. Compos. Mater. 2015, 22, 791.

. ng, L. Jing, K. Yao, Y. Yang, B. Zheng, C. M. Soukoulis, H. Chen, Y. Liu, Adv. Mater. 2017,
17 ) 0412.

E.B YVasios, K. Bertoldi, Adv. Mater. 2017, 29, 1700360.

K , A. Alderson, Adv. Mater. 2000, 12, 617.
hman, Nature 2003, 425, 667.

J. Sun, Q. Guan, Y. Liu, J. Leng, J. Intell. Mater. Syst. Struct. 2016, 27, 2289.

This article is protected by copyright. All rights reserved.



[148]
[149]
[150]

[151]
[152]
[153]
[154]

[155]

[156]

[157]
[158]

[159]

[160]

[161]

[162]

[163]

[164]
[165]
[166]

[167]

[168]

[169]

S. Daynes, P. M. Weaver, Proc. Inst. Mech. Eng. Part D J. Automob. Eng. 2013, 227, 1603.
R. A. Ibrahim, J. Sound Vib. 2008, 314, 371.

W. W. Wang, Harnessing Bistable Structural Dynamics: For Vibration Control,
Energy Harvesting and Sensing, John Wiley And Sons, 2017.

i, N. Tolou, M. Schenk, J. L. Herder, J. Intell. Mater. Syst. Struct. 2013, 24, 1303.

'I'-.ChenI 0. R. Bilal, K. Shea, C. Daraio, Proc. Natl. Acad. Sci. 2018, 115, 5698.

B. ISml, A. Gillman, P. Buskohl, R. Vaia, Proc. Natl. Acad. Sci. 2018, 201805122.
Y

.z
17

Zhang, Z. Yan, Q. Ma, X. Li, Y. Huang, J. A. Rogers, Nat. Rev. Mater. 2017, 2,
n, D. Shoji, C. J. Hansen, E. Hong, D. C. Dunand, J. A. Lewis, Adv. Mater. 2010, 22,

B.Y.A

zzm

S. T. Brittath, O. J. A. Schueller, H. Wu, S. Whitesides, G. M. Whitesides, J. Phys. Chem. B 2001,
105

M. :Iach, R. Martinez-duarte, Carbon N. Y. 2018, 133, 140.

G. Eides, N. Bowden, S. Brittain, A. G. Evans, J. W. Hutchinson, Nature 1998, 393,
6

14

W. T, , N. Bowden, P. Onck, T. Pardoen, J. W. Hutchinson, G. M. Whitesides, Langmuir
2000, 7.

Z.Yan, F. Zhang, F. Liu, M. Han, D. Ou, Y. Liu, Q. Lin, X. Guo, H. Fu, Z. Xie, M. Gao, Y. Huang, J.
. Nan, J. Kim, P. Gutruf, H. Luo, A. Zhao, K. C. Hwang, Y. Huang, Y. Zhang, J. A.
dv. 2016, 2, e1601014.

i, K. Bertoldi, Phys. Rev. Lett. 2017, 118, 084301.
E. Hawkes, B. An, N. M. Benbernou, H. Tanaka, S. Kim, E. D. Demaine, D. Rus, R. J. Wood, Proc.

NathkAcad. Sci. 2010, 107, 12441.
J. Hh Evans, J. Bae, M. C. Chiappelli, C. D. Santangelo, R. J. Lang, T. C. Hull, R. C.

Hay v. Mater. 2015, 27, 79.

M. mm Zarafshar, D. H. Gracias, Nat. Commun. 2011, 2, 527.

S. G@RSESAY Matsumoto, R. G. Nuzzo, L. Mahadevan, J. A. Lewis, Nat. Mater. 2016, 15, 413.
£~ase, in 2017 IEEE 30th Int. Conf. Micro Electro Mech. Syst., IEEE, 2017, pp. 231-
234I '

S. M. T. Tolley, R. J. Wood, in 2014 IEEE Int. Conf. Autom. Sci. Eng., IEEE, 2014, pp.
1232-123

K. m i, K. Tsuchiya, Z. You, D. Tomus, M. Umemoto, T. Ito, M. Sasaki, Mater. Sci. Eng.

A 20 , 131.

hawa, S. S. Gurbani, M. D. Keung, D. P. Demers, M. R. Leahy-Hoppa, D. H. Gracias,
“Wett. 2010, 96, 191108.

This article is protected by copyright. All rights reserved.



[170] T.H.Ware, M. E. McConney, J. J. Wie, V. P. Tondiglia, T. J. White, Science (80-. ). 2015, 347,
982.

[171] Q. ;, C. K.iunn, H. J. Qi, M. L. Dunn, Smart Mater. Struct. 2014, 23, 094007.
[172] T.-H. Kwok, C. C. L. Wang, D. Deng, Y. Zhang, Y. Chen, J. Mech. Des. 2015, 137, 111413.

[173] D. m hao, C. McKnelly, A. Papadopoulou, A. Kadambi, B. Shi, S. Hirsch, D. Dikovsky,

M. WE™Olguin, R. Raskar, S. Tibbits, Sci. Rep. 2015, 4, 7422.
[174] E itesides, M. Boncheva, B. Y. Ahn, E. B. Duoss, K. J. Hsia, J. A. Lewis, R. G. Nuzzo, Proc.
Nat, ci. U. S. A. 2002, 99, 4769.

[175] . Lwyles, J. Genzer, M. D. Dickey, Soft Matter 2012, 8, 1764.
[176] T.G. ”B. R. Benson, E. K. Call, D. H. Gracias, Small 2008, 4, 1605.

[177]

—
[9)

N Bassik, T. G. Leong, Jeong-Hyun C, B. R. Benson, D. H. Gracias, J.
ct®mechanical Syst. 2009, 18, 784.

<0
S
0o

[178] .J. Nichol, H. I. Smith, G. Barbastathis, Appl. Phys. Lett. 2006, 88, 053108.

[179] , K. W. Wang, J. Xu, Mech. Syst. Signal Process. 2018, 108, 369.

Author Mani

This article is protected by copyright. All rights reserved.



Authors’ Biographies

—_L_J

Suyi Li is an assistant professor of mechanical engineering at the Clemson University.
He received his Ph.D. at University of Michigan in 2014. After spending two additional
years at Michigan as a postdoctoral research fellow, he moved to Clemson in 2016 and
established a research group on dynamic matters. His technical interests are in origami-
inspired adaptive structures, multi-functional mechanical metamaterials, and bio-
inspired robotics.

Hongbin Fang is an associate professor in the Institute of Al and Robotics at Fudan
University since 2018. He received his Ph.D from Tongji University in 2015. Prior to his
current position, he worked as a postdoctoral research fellow at the University of Mich-
igan (2015 to 2017) and at the Hong Kong Polytechnic University (2017-2018). Fang’s
technical interests are in origami-inspired mechanical metamaterials, bio-inspired
robotics, nonlinear dynamics and control.

Kon-Well Wang is the Stephen P. Timoshenko Professor of Mechanical Engineering at
the University of Michigan since 2008. He received his Ph.D. from the University of
California at Berkeley in 1985, worked at the GM Research Labs, and started his aca-
demic career at the Pennsylvania State University in 1988. Wang’s technical interests
are in adaptive structures and structural dynamics via exploring emerging areas such as
piezoelectric circuitry networks, metastable metastructures, and origami and cellular-
composites.

This article is protected by copyright. All rights reserved.



The Table of Contents Entry:

i

Architecte mi Materials: How Folding Creates Sophisticated Mechanical Properties

Crl

Origami, t t art of paper folding, has become a framework of designing and constructing
architectedimaterigls. These materials consist of folded sheets or modules with intricate geome-
tries, and feature.many unique and desirable mechanical properties. This report highlights the re-

cent progressés ingrchitected origami materials, especially the folding-induced mechanics, and dis-

S

cusses the s ahead.

anu

Keyword® anical Properties

M

Suyi. Li*, Hongbin Fang*, Sahand Sadeghi, Priyanka Bhovad, and Kon-Well Wang*

Author

This article is protected by copyright. All rights reserved.



