
Extreme Mechanics Letters 43 (2021) 101146

H

r
u
m
t
o
K
a
o
t

w
M
I

h
2

Contents lists available at ScienceDirect

ExtremeMechanics Letters

journal homepage: www.elsevier.com/locate/eml

Programmable 3D structures via Kirigami engineering and controlled
stretching
Nicolas A. Alderete a, Lior Medina b, Luciano Lamberti c, Cesar Sciammarella d,
oracio D. Espinosa a,b,∗

a Theoretical and Applied Mechanics Program, Northwestern University, Evanston, IL 60208, USA
b Department of Mechanical Engineering, Northwestern University, Evanston, IL 60208, USA
c Dipartimento di Meccanica, Matematica e Management, Politecnico di Bari, Bari 70125, Italy
d Department of Mechanical, Materials and Aerospace Engineering, Illinois Institute of Technology, Chicago, IL 60616, USA

a r t i c l e i n f o

Article history:
Received 13 October 2020
Received in revised form 7 December 2020
Accepted 9 December 2020
Available online 14 December 2020

Keywords:
Kirigami
Metamaterials
Bifurcations
3D morphing
Shadow Moiré

a b s t r a c t

Kirigami with a variety of cut patterns have been recently investigated as means to transform 2D
surfaces into 3D structures, offering a number of functionalities. In this work, we show that a
single Kirigami motif, defining two inner panels connected by hinges, can generate a rich variety
of out-of-plane symmetric and asymmetric deformation modes. The out-of-plane responses, caused
by local instabilities when a far field tensile load is applied, manifest themselves at the inner
plates, exhibiting a combination of one- and two-dimensional rotations (tilt and twist), effectively
morphing the planar geometries into complex 3D surfaces. By conducting numerical analyses and
experiments, the relationship between changes in the cut geometry, and out-of-plane responses
is identified. In particular, two types of instabilities emerge, coincident bifurcation points for both
inner plates, responsible for two-dimensional tilts, and sequential bifurcation points, which produce
one-dimensional tilts with distinct buckling thresholds. Nonlinear parametric finite element analysis
(FEA) is used to explore the space of possible configurations and characterize the behavior of the
structure as a function of its parameters, revealing a variety of deformation modes and structural
responses of interest. Numerical predictions are experimentally validated using paper Kirigami and
the shadow Moiré technique. The combined numerical–experimental approach reveals a plethora
of programmable and controllable deformation modes with intrinsic nonlinear behaviors, enabled
by tunable imperfections, which promise to influence a variety of applications ranging from light
modulation to fluid flow control.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Kirigami, the age-old Japanese art form of paper cutting, has
ecently transcended its original artistic purpose to become an
nequivocal pathway to the creation of complex structures and
etastructures. From increased flexibility and stretchability in

wo-dimensional materials like MoS2 and graphene [1,2], through
ut-of-plane morphability [3], to bistability [4,5], the value of
irigami-based structures is rich and manifold. Remarkably, from
mechanistic viewpoint, these structures are able to exhibit out-
f-plane deformations, elicited by buckling instabilities under
ension [3,6], as opposed to compression induced buckling, which
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is traditionally observed in beams and plates [7]. Furthermore,
recent developments have shown that such bifurcations can also
yield symmetry breaking [8], hitherto known to primarily occur
in bistable structures (e.g., curved beams, plates and shells) [9–
11]. In sharp contrast to the conventional notion of buckling as
a phenomenon to be avoided, the presence of instabilities can
be exploited to engineer smart structures with broad applicabil-
ity [12]; a distinction that has found its way to metamaterials,
where Kirigami structures are particularly attractive candidates
for controllable shape morphing applications [13].

Interestingly, the space of infinite geometric variations per-
taining to a given Kirigami motif entails an equally vast space
of possibilities to identify and harness unusual mechanical be-
haviors and programmable out-of-plane deformation modes. In
an attempt to address this seemingly intractable design problem,
a subset of geometric configurations, driven by asymmetries in
hinges and cuts, are investigated based on the same Kirigami

motif. Beyond cut design, we provide insights into the subject
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f imperfection control and their impact in Kirigami out-of-plane
isplacements, an essential and previously unaddressed question.
astly, the present investigation attempts to further elucidate the
erits of Kirigami structures, which have already spurred novel
ehaviors, and continue to open up new frontiers in the realiza-
ion of applications such as sensitive tensile strain sensors [14],
iomimetic robots [15,16], tunable diffraction gratings [17], and
olar trackers [7,18].

. Materials and methods

.1. Modeling

Consider a flat plate comprised of an array of rectangular
irigami unit cells, Fig. 1a. Each unit cell, Fig. 1b, is assumed
o be initially flat and stress free, exhibiting a Kirigami motif
f thin cuts, parallel to the x and y axes. One of the cuts, of
idth cy and exhibiting a C-shape, is defined by lengths Lx and

y. The other two cuts, of length Lh and width cx, define hinges
f length h on either side, Fig. 1c. These cuts delimit an inner
late with two interior panels connected by hinges. Dimensions
x and ey, describe distances from the loaded and unloaded edges,
espectively, fully defining the unit cell. The plate is assumed to
e made from a homogeneous, isotropic, linear elastic material
ith Young’s modulus E and Poisson’s ratio ν. It has thickness
, which is much smaller than the overall length and width
f the structure. Based on these assumptions, the structure is
odelled as a shell. Since an analytical formulation for this type
f structure is currently unavailable, it was studied via geometric
onlinear FEA, using three-dimensional, finite strain, S4R shell
lements [19], with an average size of cy/2, based on prior con-
ergence studies and experimental validations [8]. In line with
he work carried out in [8], the elastic properties of the simulated
irigami correspond to those of Si3N4. While a specific material
ust be considered in the FEA, the fact that the study deals
ith mechanical–structural phenomena in general and buckling

n particular, entails material-independent results, provided that
he loading is within the elastic regime [20,21].

With the objective of comprehensively exploring the space
f possible three-dimensional shapes, elicited by specific vari-
tions of the generic Kirigami motif, analyses were conducted
or five different general configurations. The first three config-
rations explored the effect of asymmetries in the length of
he hinges (h) with respect to the x- and y-axes (x-asymmetric,
-asymmetric), as well as a combination of both asymmetries
xy-asymmetric). The remaining two configurations explored the
nfluence of asymmetries in the lengths (Lh) and widths (cx) of
he cuts separating the hinges.

The general dimensions of the Kirigami layout and the mate-
ial properties used in the numeric models are given in Table 1.
he values of h, cx and Lh, presented as constants in Table 1,
epresent the upper bounds of the explored parametric space.
o trigger out-of-plane deformation in the structure, each FEA
as preceded by a linear buckling analysis, from which the first
symmetrical eigenmode was extracted, scaled to a maximum
mplitude of 1% with respect to the plate thickness, and used
s an initial perturbation in the subsequent geometric nonlinear
EA [8]. In the latter, the imperfect structure was subject to a
isplacement of ∆x/d = 1 along an edge, with the opposite edge
ully clamped. Following each FEA run, the angular rotations θx
nd θy of the interior panel, closer to the origin, were extracted
sing the center node along the edge (marked as the red dot
n Fig. 1b). Equilibrium curves were then generated from the
eaction forces, divided by the nominal cross section.
2

able 1
eometric and material parameters considered for the FE models.
Dimension Description

d = 0.1 mm Thickness
Ly = 3.5 mm Inner plate width
Lx = 3.5 mm x-cut length
cy = 0.1 mm x-cut width
Lh = 0.1 mm Hinge-cut length
cx = 0.1 mm Hinge-cut width
h = 0.5 mm Hinge length
ex = 1 mm x-cut distance to the clamped edge
ey = 1.5 mm y-cut distance to the free edge
E = 250 GPa Young’s modulus
ν = 0.23 Poisson’s ratio

2.2. Tensile tests and shadow Moiré analysis

Experimental validation of a subset of the diverse shapes, pre-
dicted by the FEA, was pursued using white paper specimens (130
grams per square meter, 150–200 µm thick), with cuts manufac-
tured using a ILS12.150D Laser Cutter (Universal Laser Systems
GmbH, Power: 45 W). In particular, one case from each generic
geometric configuration (e.g., asymmetrical hinges, asymmetri-
cal cut lengths and widths) was selected for proof of concept.
Since the behavior of any structure, particularly Kirigami-based
ones, depend solely on the aspect ratio of normalized dimensions
(e.g., by its thickness), it is possible to scale up the structures
analyzed in the FEA, and attain the same responses [20,22]. Ac-
cordingly, parameters of the simulated Kirigami were uniformly
scaled by a factor of 1.8 for ease of handling and visualization.

The nature of the instability-triggered deformations in flat
Kirigami, consisting primarily of out-of-plane displacements (w),
makes the classic technique of shadow Moiré (SM) ideally suited
for shape characterization. In SM, a linear reference grating of
pitch length p is held fixed before a surface of interest and light
is used to illuminate the grating, thus projecting shadow fringes
on the specimen. Upon out-of-plane deformation, the projected
shadow grating and the reference grating interact to form Moiré
Fringes (MF), from which the topography of the deformed object
can be calculated. Under the assumption of rectilinear propaga-
tion of light, the depth between two consecutive MF becomes a
function of the reference grating pitch (p), and both the angle of
illumination (α) and observation (β), viz. [23,24]:

w =
p

tanα + tanβ
(1)

To ensure constant sensitivity and reduce the deleterious gap
effect [25], the optical setup is usually arranged so that the
light source and the observer are at the same vertical distance
L from the specimen, which reduces the denominator in Eq. (1)
to a constant parameter K = D/L [25,26]. Furthermore, normal
observation (i.e., β = 0) is preferred to avoid distortions when
viewing the specimen.

In accordance with the aforementioned, an SM setup was
configured, as shown in Fig. 2. On the illumination leg, a 150
W optical fiber illuminator (AmScope, Series Haloid Lamp) was
placed at a distance of f = 250 mm from a plano-convex lens
used to collimate light, which was subsequently directed by a
set of planar mirrors upon the specimen to attain a constant
sensitivity of K = 0.98. Observation was performed at a normal
angle by means of a Mako U-503B CCD Monochrome Camera
(Allied Vision Technologies GmbH) with 5 Megapixel resolution,
after passage through a 1x objective. The Kirigami samples were
placed on a micro-mechanical testing platform (Ernest F. Fullam
Inc.) with their edges glued, and commercial chrome on glass
Ronchi Rulings of 100 line-pairs per inch (i.e., 100 lpi, p =
0.254 mm) placed at a distance of 2 mm before the specimens,
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Fig. 1. Representative Kirigami motif. (a) A 2D array of Kirigami unit cells. (b) Schematic diagram of a single unit cell with thickness d, constituting a Kirigami based
plate. The unit cell is externally actuated via an in-plane stress σxx (in red). An inner plate, comprised of two panels and separated from the main plate by cuts of
width cy (inset c), is defined by dimensions Lx, Ly, ex and ey , which are plate length and width, and distances from the loaded and unloaded edges, respectively. The
panels are separated by two cuts of width cx and length Lh , adjacent to two hinges of size h at either side, (inset c). Tilt angles, θx and θy , are represented by the
range double arrows. The orange circle marks the location at which the angles were extracted at the end of each FEA run.
o
t
a
r
1
m
g
t
t
a
w
a
a
f
b
t
s
θ

ere used as reference gratings (Edmund Optics), as depicted
n Fig. 2(b). Tensile tests were conducted under displacement
ontrol, at constant quasi-static rates, and the resulting Moiré
attern recorded after stopping the test. In order to avoid loss
f fringe contrast from the Talbot Effect [26], and plastic hinge
eformation, Kirigami samples were not stretched beyond 500
m.
Unlike the sister method of projection Moiré, in SM, recorded

mages naturally include the image of the reference grating,
hich must be removed prior to accessing the information con-
ained in the MF, Fig. 2(c), (i). To that end, the enhanced im-
ges are first transformed to the frequency domain, via a Two-
imensional Discrete Fast Fourier Transform, where the periodic
ature of the reference grating adopts a natural representation
n the form of bright orders along a principal frequency axis.
ollowing suppression of the first orders and inverse transforma-
ion back to the spatial domain, an image without the undesired
eference grating, Fig. 2(c, ii), is reconstructed. Next, the Moiré
nterferogram is divided into three main sections, separately
omprising the two tilting side panels of the Kirigami structure
Sections 1, 2) and one additional section along the center of the
tructure, partially encompassing the two panels together with
he region limited by the vertical cuts. This subdivision process
esponds to the need to discard the cuts (i.e., discontinuities
n the Moiré signals), and leverages the relative nature of the
isplacements obtained via SM and the confinement of the fringes
o the panels. The signals from each section (I0) are filtered using
Linear Finite Impulse Response Filter (LFIR filter), and subse-
uently digitally shifted in the frequency domain to obtain three
dditional signals (Iπ/2, Iπ and I3π/2); a process known as Digital
hase Stepping, in contrast to the mechanical analogue where
mages are shifted by translation of the reference grating [24].
inally, the wrapped phase (ψw) of the signal (i.e., the variable
ontaining the displacement information) is calculated from the
our signals, viz. [24]:

w = tan−1
(
I3π/2 − Iπ/2

Iπ − I0

)
(2)

The retrieved phase, in wrapped form, Fig. 2(c, iii), is two-
dimensionally unwrapped by first performing a one-dimensional
unwrapping along one coordinate, followed by another one-
dimensional unwrapping procedure along the other coordinate
direction. While a variety of two-dimensional unwrapping pro-
cedures are available, with varying degrees of complexity, the
 i

3

described procedure (albeit the simplest method) is able to recon-
struct the deformed shape of the Kirigami programmable struc-
tures to an acceptable degree. With the unwrapped phase (ψuw),
the relative displacements of three sections can be obtained,
viz. [24]:

w = ψuw

( p
2π

) 1
K

(3)

The obtained three-dimensional surfaces from the above sec-
tions are subsequently fitted with two-dimensional polynomials,
and the surfaces from the panels are offset by displacement
matching with the middle region to retrieve the continuous de-
formed shape of the tilting panels of the Kirigami, Fig. 2(c, iv-v).
The zero displacement is chosen at the centroid of the Kirigami.

3. Results and discussion

3.1. Finite element analysis

3.1.1. Effect of hinge asymmetries
First, the effect of asymmetrical hinges with respect to the

x-axis is considered (Fig. 3a–e). In these configurations, one of
the hinges is kept unchanged, with dimension h1 as per Table 1;
while its opposing hinge, with dimension h2, is varied at the
expense of Lx2 up to an upper limit of h2 = h1 + Lx, in increments
f ∆h2 = 0.05 mm. Remarkably, in all examined cases, the
wo interior panels exhibit pitchfork-type curves, emanating from
single bifurcation point, as illustrated in three representative

esponses (σxx/E vs. θx, θy) in Fig. 3a–c (Supplementary Movie
). The parametric study further reveals the existence of three
arkedly distinct regions, characterized by varying h1/h2 ratios,
overning the manifested two-dimensional rotations (Fig. 3e). In
he first region, between the upper limit and h1/h2 ≈ 0.312,
he structures presents symmetric tilting with respect to the y-
xis, with a dominant behavior of θy up to h1/h2 ≈ 0.221,
here it subsides to θx. Unlike the monotonic behavior of θx, θy
ttains a local maximum at h1/h2 ≈ 0.147. More interestingly,
t h1/h2 ≈ 0.312, the intrinsic behavior of the structures changes
rom symmetric to asymmetric with respect to the y-axis, marked
y a sudden shift in the values θx, θy at the symmetry breaking
hreshold. This second region is characterized by a dominant
ymmetry breaking response with monotonic trends for both θx,
y up to h1/h2 = 1.
Next, the effect of y-asymmetric hinges was studied in a sim-

lar fashion, with a parametric sweep carried out in increments
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Fig. 2. Shadow Moiré optical and tensile test setup. (a) Front view of experimental setup with main geometric parameters and schematic representation of the light
paths for the illumination and imaging legs. (b) Top view of Kirigami specimen mounted on a micro-mechanical test platform and reference grating. (c) Sequence of
main steps in shadow Moiré post-processing for the Kirigami.
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of ∆h2 = 0.1 mm. Unlike the previous case, the present hinge
configuration precludes two-dimensional tilting, with each panel
tilting solely around the y-axis (θy = 0) with unequal angles
Fig. 3f–h, Supplementary Movie 2). The corresponding structural
esponses further reveal that these deformations arise from two
ifurcations points occurring in sequence, each one correspond-
ng to each panel. The reason for this behavior lies in the differ-
nce in hinge sizes, resulting in different rotational stiffnesses,
ausing the panel with the smaller hinge size to bifurcate first,
nd the panel with the larger hinge size to bifurcate at a higher
oad/displacement. Notably, the overall behavior of the structure
s consistent in that it presents symmetry breaking throughout
he range of investigated parameters (Fig. 3j). The parametric
weep further reveals that as the ratio gets closer to h1/h2 =

, both angles get closer to each other in terms of absolute
4

alues, while reducing the effect of sequential bifurcation, un-
il convergence to an equal value, at h1 = h2. Moreover, the
xistence of a lower bound is revealed, from which the second
ngle bifurcates at a hinge ratio of h1/h2 ≈ 0.238. This bound is
ttributed to the displacement amplitude used in the FEA, since
n enlarged stiffness requires a higher load, and consequently, a
igher prescribed displacement, to elicit the second bifurcation.
Finally, the combined effect of hinges, asymmetrical with re-

pect to both x-y axes, was parametrically studied in increments
f ∆h2 = 0.1 mm. Similar to the first configuration, these
tructures display two-dimensional tilting (θx, θy) from a single
ifurcation point (Fig. 4a–c, Supplementary Movie 3), with a lower
ound at h1/h2 ≈ 0.128 and three distinct regions, along with
symmetry breaking threshold at h1/h2 ≈ 0.384 (Fig. 4e). This

ast value is slightly higher than the one encountered for the
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Fig. 3. (a–e) x-asymmetric Kirigami. Non-dimensional equilibrium responses and final out-of-plane displacement contours: (a) h1/h2 = 0.151; (b) h1/h2 = 0.25; (c)
1/h2 = 0.5; corresponding to configuration (d); (e) Rotations versus hinge ratio for ∆x/d = 1, with undefined, y-symmetric (x-asymmetric), and symmetry breaking

regions. (f–j) y-asymmetric Kirigami. Non-dimensional equilibrium responses and final out-of-plane displacement contours: (f) h1/h2 = 0.227, (g) h1/h2 = 0.263, (h)
1/h2 = 0.5, corresponding to configuration (i). (j) Rotations versus hinge ratio for ∆x/d = 1. Note: rotations are given in absolute values due to the stochastic
ature of the direction of the tilts.
h
v
t
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irst configuration. In addition, θx sees an increase in value with
ising hinge ratio, while θy sees a maximum value at h1/h2 ≈ 0.2
ollowed by a decrease, until the two angles meet at h1/h2 ≈

.233. As for the symmetry breaking threshold, an abrupt ‘‘jump’’
n values occurs for both angles, until θ decreases and vanishes at
y s

5

1/h2 = 1. Regarding θy values, this configuration presents lower
alues when compared to the first configuration, showing that
he additional asymmetry can interfere with two-dimensional
ilting, while slightly increasing the operational range of the
ymmetric region.
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Fig. 4. (a–e) Kirigami with xy-Asymmetry. Non-dimensional equilibrium responses and final out-of-plane displacement contours: (a) h1/h2 = 0.208; (b) h1/h2 = 0.294;
nd (c) h1/h2 = 0.5; corresponding to configuration shown in (d); (e) Rotations versus hinge ratio for ∆x/d = 1, with undefined, y-symmetric (x-asymmetric), and
ymmetry breaking regions. (f–g,j–k) Kirigami with asymmetrical cut lengths. Non-dimensional equilibrium responses and final out-of-plane displacement contours:
f) Lh1/Lh2 = 0.2; (g) Lh1/Lh2 = 0.828 corresponding to configuration (j); (k) Rotation versus cut length ratio. (h–i,l–m) Kirigami with asymmetrical cut widths.
on-dimensional equilibrium responses and final out-of-plane displacement contours: (j) cx1/cx2 = 0.004; (k) cx1/cx2 = 0.818, corresponding to the configuration (l);
m) Rotation versus cut width ratio. Note: Rotations are given in absolute values due to the stochastic nature of the direction of the tilts.
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.1.2. Effect of vertical cuts asymmetries
The last two studied configurations examine the effect of

symmetrical cut lengths (Fig. 4f–g, j–k) and asymmetrical cut
idths (Fig. 4h–i, l–m), with overall behavior trends obtained

rom parametric sweeps, using increments of ∆Lh2 = ∆cx2 =

.01 mm. For both cases, it is revealed that two-dimensional
ilting is significantly restricted, with the apparent values of θy
eing relatively negligible in comparison to the values of θx. As
or the latter angle, variations in cut length can affect its final
 p

6

alue, whereas variations in cut width seem to exert no ap-
arent influence. Differences aside, both configurations exhibit a
ominant asymmetric behavior throughout the considered para-
etric range.

.1.3. Programmable direction via imperfection control
Underlying the deformation modes presented in Figs. 3–4

ies the question whether the direction of the out-of-plane dis-
lacements (e.g., Up–Down) can be pre-programmed into the
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tructures without alteration of the motif, and without relying
n more complex sources of imperfections (e.g., those arising
rom residual stresses after the cutting process). Relevant for
ndividual Kirigami structures, the posed question bears relevance
hen unit Kirigami are integrated into metastructures, where

nteractions between different unit cells may arise, imposing
ew interactions and constraints on the system, and potentially
indering the desired excitation of modes apparent at the sin-
le Kirigami level. Hence, this degree of control is paramount
or a successful application of Kirigami structures in reliable
ngineering devices.
To gain insight into the possibility of controlling the directions

f the tilting panels, the role of surface offsets as imperfections
as investigated in Kirigami unit cells, 1D arrays and 3D arrays.
he methodology outlined in Section 2.1 for nonlinear FEA was
aintained, with the exception that nodes in prescribed pan-
ls were perturbed in the out-of-plane direction, as opposed to
sing specific buckling modes as geometric imperfections. The
roposed class of imperfections can be achieved in 3D printing
nd photolithography techniques without compromising the 2D
ayout of the Kirigami.

Fig. 5 illustrates the successful direction pre-programming
n a variety of Kirigami 1D arrays and in a 3D Kirigami tube
ith deployable panels. In the 1D metastructures, y-asymmetric

and xy-asymmetric Kirigami cells were concatenated in a 6 × 1
array and subject to tension, following the imperfection pattern
shown in Fig. 5a. The tilt of the y-asymmetric structures was
pre-programmed to yield continual (3 Up–3 Down) and alternate
(Up–Down x3) out-of-plane modes. Conversely, the nature of the
displacement modes discovered for the xy-asymmetric Kirigami
enabled tailoring the individual panel imperfections to yield a
mixed sequence (Up/Up–Down/Down–Up/Down: Symmetric). At
the 3D level, perhaps more interesting is the fact that in the tube
made of y-asymmetric Kirigami, no imperfections are required
to tilt the panels, hence a natural emergence of the Kirigami
effect is predicted due to the Poisson effect (Fig. 5b,i). To enforce
outward tilts, two different levels of imperfection are studied.
At the first level, panels continue to tilt inwards, despite having
the same imperfections that were successful in pre-programming
deformation in 1D arrays. At a higher level of imperfections,
the desired displacement is predicted. Though simple, these toy
models underscore the importance and challenges that Kirigami
metastructures pose to yield robust functional structures.

3.2. Experimental validation via Shadow Moiré

Recorded SM interferograms and the reconstructed three-
dimensional shapes from the selected cases tested are shown
in Fig. 6a–f. Reconstructed surfaces are in very good agreement
with the programmable shapes predicted by the FEA. Partic-
ularly interesting are the results shown in Fig. 6e, where the
xy-asymmetric structure is shown to display asymmetric out-
of-plane deformation (i.e., one panel up, one panel down), as
predicted by imperfection analysis, and stressing both the im-
portance of initial geometric imperfections and the potential
to control the deformation modes. Experimental validation of
the predicted shapes highlights the scalability of these designs,
which have been shown to work at the nanoscale [8], hence
encompassing four orders of magnitude.

3.3. Potential applications

The variety of programmable shapes, enabled by simple vari-
ations of the proposed two-dimensional Kirigami, promise to
influence several applications in diverse fields encompassing op-

tics, acoustics, energy harvesting and space exploration, as well as

7

fluid and thermal-flow control. In addition to the available shape-
space, applications of these programmable Kirigami benefit from
the simplicity of their cut-layout, stretch-actuation modes, and
their ability to control the deformation via imperfection engi-
neering. Access to the bifurcated states with smooth transitions
further enables force–displacement control, a pivotal requirement
in sensitive applications.

3.3.1. Light modulation: from energy harvesting to solar sails
The realm of optics and light-steering technologies, coupled

with energy harvesting, constitute a particularly fertile ground
for the implementation of shape programmable Kirigami act-
ing at scales encompassing the nano-, micro- and macroscale.
Perhaps the most obvious applications of these Kirigami struc-
tures are in the form of multiform mirrors, programmable thin
lenses and diffractive elements, which can compete with cur-
rent MEMS based methods, especially when dealing with mirror
arrays. Presently, such paradigms require actuation signals for
each mirror, increasing the overall level of engineering and com-
plexity in design and follow-up fabrication [27,28]. Although
recent progress towards design of 2D arrays of deformable plates
has been achieved, actuation can still be cumbersome due to
the required circuitry [29]. In sharp contrast, the value of the
variegated shapes reported here, lies both in their ability to be
easily incorporated into larger arrays and their conformity to
predetermined shapes upon simple stretch actuation, thus greatly
simplifying the design to a single actuation source at the edges of
the metastructure.

The scalable nature of these Kirigami designs [8], makes said
advantages non-exclusive to the micro scale, which makes them
promising candidates for solar collection applications, where
tracking solar troughs and panels are commonly employed to
reflect and absorb sunlight, respectively. Current paradigms rely
on actuation and control of heavy rotating panel rows [30], indi-
vidual mirrors to create linear Fresnel reflectors [31], or Kirigami
stretchable strips able to unidirectionally reflect light [7,18]. The
Kirigami designs presented here, not only have higher usable
areas (versus Kirigami strips) and adaptive control via simple
stretching, but can also achieve two-dimensional tilting, which
could significantly expand the versatility of such systems.

The discovered y-Asymmetric Kirigami for example, could be
ssembled into linear arrays and used as multimodal solar col-
ectors for dual solar energy harvesting, taking advantage of the
atest developments in solar harvesting flexible thin films [32].
he tilting panels could form Fresnel mirrors with stretch based
ariable focal distances (Supplementary Movie 4), whereas the still
anels and frames could be used as solar panels for direct solar
ollection. With the aid of ray tracing simulations performed in
OMSOL Multiphysics, eight Kirigami geometries (n = 8) were
elected and placed at a constant separation distance (s = 12.55
m), and actuated so that the angle of each panel (θi) enables

ocusing of light (focal distance hf = 70 mm) incoming at a
ertical angle (θs = 0

◦

), as per [33] and demonstrated in Fig. 7(a).
Furthermore, the identified Kirigami shapes could be engi-

neered as optical or acoustic diffusers to create tailored spatial
distributions of light and sound, operating on reflection princi-
ples. For example, an array of six x-asymmetric Kirigami reflective
structures was used in a ray tracing simulation with collimated
light shone from above. Upon stretching, the distribution of re-
flected light is dramatically altered, while still maintaining an
ordered distribution, Fig. 7(b). Extension of these concepts could
be used to impact the energetic efficiency of illumination or
sound systems in interactive displays or even in stealth tech-
nologies, where it has been shown that rough topographies can
effectively conceal targets in radar-type sensing [34].

Conversely, instead of using the Kirigami structures to direct
light, light could be exploited to steer solar-sail type structures
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Fig. 5. Response of multidimensional Kirigami arrays due to pre-programmed imperfections. (a) 1D Kirigami arrays: (i–ii) y-asymmetrical Kirigami array with continual
nd alternating imperfections; (iii) xy-asymmetrical Kirigami with mixed imperfections. (b) 3D Kirigami arrays: (i) No imperfections, panels in (ii) Continual outwards
mperfections, panels in; (iii) Continual outwards imperfection, panels out.
omprised of a multitude of shape programmable Kirigami reflec-
ors. Kirigami with the investigated cut-layout have high surface
rea-to-mass ratios, structural rigidity, and due to their shape-
rogrammable nature, the ability to actively modify the Solar
adiation Pressure force vector, which in the case of flat plates is
function of the surface orientation (n) and reflectivity [35]. As
uch, manufacturing of shape programmable Kirigami, combined
ith optically responsive materials (e.g., thermochromic materi-
ls), could open a gamut of linear and angular steering control
ossibilities in deployable solar sails and microsatellites, Fig. 7(c).

.3.2. Other applications
The integration of Kirigami structures into morphable sur-

aces also holds the potential to be exploited in friction and
ydro-/aerodynamic flow control applications. Unlike previous
ttempts at friction and adhesion control relying on still config-

rations [36], Kirigami structures resembling placoid scales have

8

been shown to allow active modulation of dry friction [37]. The
various Kirigami shapes here presented could also be used for
active modulation of dry friction with the added benefit of sim-
pler cut-layouts. Furthermore, by tailoring the assembly of many
various Kirigami cells, higher-order shapes could be achieved
(e.g., mountain-valley, Fig. 7d,i), thus enabling hierarchical and
multiscale friction modulation. Moreover, the possibility of con-
trolling the imperfections to favor a specific tilt direction, coupled
with the range of observed curvatures and nonlinear structural
responses, could be integrated in haptic feedback systems for
various texture sensing applications.

Additionally, surface patterning via stretch actuation could
be used in flow control systems to actively modify fluid–solid
boundaries and impact heat transfer. For instance, certain
Kirigami configurations yield shapes resembling the dermal den-
ticles found in the skins of sharks, which have been shown to
reduce pressure drag and improve hydrodynamic performance
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Fig. 6. Experimental validation via SM technique. Interferograms and reconstructed deformed shapes. (a) y-axis asymmetrical hinges h1/h2 ≈ 0.23; (b) x-axis
asymmetrical hinges, h1/h2 ≈ 0.15; (c) Asymmetrical vertical cut width cx1/cx2 ≈ 0.2; (d) Asymmetrical vertical cut length Lh1/Lh2 ≈ 0.2; (e) xy− axes asymmetrical
hinges , h1/h2 ≈ 0.21, asymmetric deformation mode; (f) Side view of tested paper samples.

9
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(

Fig. 7. Potential applications of shape programmable Kirigami structures. (a) Ray tracing simulations of a Linear Fresnel mirror comprised of y-asymmetric Kirigami;
b) Ray tracing simulations of optical reflective diffusers made of x-asymmetric Kirigami; (c) Conceptual Kirigami solar sails with steering control via adaptive
shape-morphing; (d) Conceptual applications of Kirigami for friction (i) and fluid flow control (ii) and velocity profile obtained via Computational Fluid Dynamics of
water around Kirigami flow modifiers (iii).
via passive bristling mechanisms [38]. Hydrodynamic and aero-
dynamic skins, as well as smart fabrics, could incorporate pro-
grammable Kirigami structures to actively emulate such flow
modifying mechanisms and implemented along sections of air-
craft fuselage or ship hulls, Fig. 7(d, ii). Similarly, Kirigami ar-
rays could be employed as inserts for active modulation of heat
transfer and fluid mixing in microfluidic applications. Existing
solutions in the form of winglets and twisted-tapes have been
proven to affect heat transfer, but in passive form [39]. Depending
on their deformation state, the Kirigami structures discussed here
could act as tunable vortex generators to perturb the flow field
and affect the evolution of the boundary layer, to impact heat
transfer rate, Fig. 7(d, iii).
10
4. Summary and conclusions

Investigations on the effects of asymmetries in the hinges and
cuts of a simple Kirigami motif illustrate the rich space of achiev-
able 3D out-of-plane morphologies. Depending on the Kirigami
cut dimensions, a range of three-dimensional surfaces can be ob-
tained, exhibiting one- and two-dimensional rotations with sym-
metry breaking characteristics. Access to these deformed states
was found to be facilitated by double pitchfork buckling phenom-
ena, emanating from single bifurcations, or double sequential bi-
furcation points, as identified by rigorous FEA parametric studies
and experimental measurements using shadow Moiré.

The undertaken analyses also provide insight in the form of
design guidelines for the application of the Kirigami motif into
a variety of engineering structures. For example, should two-
dimensional tilting be a desirable outcome, one could include
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symmetries with respect to the longitudinal axis of the Kirigami
otif or a combination of asymmetries with respect to the longi-

udinal and transverse axes. If, on the other hand, gradual changes
re sought, where each interior panel attains a different angle
round the longitudinal axis, asymmetries with respect to the
ransverse axis should be employed. Conversely, variations in cut
idths and lengths furnish insensitivity in terms of achievable
ngles and participating modes, respectively. Such distinctions
re of value in determining the degree of imperfections needed
or a given application. The studied Kirigami pattern, though
imple at first glance, exhibits a versatility that, if bolstered by
achine learning and optimization techniques, could be lever-
ged to design a cornucopia of multiscale applications, forming
he basis for application-driven research.

The successful experimental validation of computational pre-
ictions, using a different material and scaled geometry, demon-
trate scalability and transferability of the Kirigami design prin-
iples. As such, the observed behaviors could be leveraged with
D and active matter. For example, a tunable electromagnetic
ield could be achieved, in the subwavelength regime, using 2D
aterials. In the context of active material, e.g., cell cultures,

he 3D morphing could be exploited in the investigation of cur-
otaxis on cellular migration and tissue assembly. Regardless of
cale, material and application, Kirigami metastructures and the
otential emergence of novel effects from their assembly posit
ntriguing open questions, currently under vigorous investigation
y various groups.
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