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Kirigami-Inspired Self-Assembly of 3D Structures

Arif M. Abdullah,* Xiuling Li, Paul V. Braun, John A. Rogers, and K. Jimmy Hsia*

Self-assembly of 3D structures presents an attractive and scalable route to
realize reconfigurable and functionally capable mesoscale devices without
human intervention. A common approach for achieving this is to utilize
stimuli-responsive folding of hinged structures, which requires the integra-
tion of different materials and/or geometric arrangements along the hinges.
It is demonstrated that the inclusion of Kirigami cuts in planar, hingeless
bilayer thin sheets can be used to produce complex 3D shapes in an on-
demand manner. Nonlinear finite element models are developed to eluci-
date the mechanics of shape morphing in bilayer thin sheets and verify the
predictions through swelling experiments of planar, millimeter-scaled PDMS
(polydimethylsiloxane) bilayers in organic solvents. Building upon the mecha-
nistic understandings, The transformation of Kirigami-cut simple bilayers into
3D shapes such as letters from the Roman alphabet (to make “ADVANCED
FUNCTIONAL MATERIALS”) and open/closed polyhedral architectures

is experimentally demonstrated. A possible application of the bilayers as
tether-less optical metamaterials with dynamically tunable light transmission
and reflection behaviors is also shown. As the proposed mechanistic design
principles could be applied to a variety of materials, this research broadly
contributes toward the development of smart, tetherless, and reconfigurable

synthesis) to a few millimeters (too small
for traditional top-down machining
techniques).'! Although it is possible
to achieve millimeter-scaled structures
through additive manufacturing such as
high-resolution 3D printing techniques,
those processes are limited by material
compatibility, nozzle design, and speed.
As the opportunity of human interven-
tion is minimal at these length-scales,
the final structure must be self-assem-
bled through the interactions between
individual components.'? A particular
example is the generation of complex
proteins where, individual amino acids
spontaneously bond together in a way that
leads to 3D folded shapes responsible for
the protein's structure and hence, func-
tionalities.®? This type of self-generated
behavior (also known as self-foldingt*°}) is
also observed in diverse classes of natural
systems across length scales such as the
shape transformation of plants (through

multifunctional systems.

1. Introduction

Freestanding functional systems with complex 3D architectures
become difficult to fabricate when the characteristic length
scale is between micrometers (too big for bottom-up chemical

differential turgor in response to environ-
mental changes),l®”) wrinkling of apple
skins (arising from the drying of under-
lying flesh),®l and gyrification of mamma-
lian brains (due to tangential expansion of the gray matter with
respect to the white matter during growth).”! Advances in the
methods to synthesize organic and inorganic stimuli-respon-
sive materials,'®12  micro-/nanofabrication techniques,™!
and computational sciences have enabled researchers to apply
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naturally observed self-folding design principles toward the
assembling of smart functional devices such as sensors,!'*l
actuators,’®l robots, 118 grippers,['% inductors,?”! batteries,?!l
photonic crystals,!??! and solar cells.[??!

The majority of the self-folded systems rely on a multi-
layer architecture where hinges (localized variations in thick-
ness/ material properties) are patterned at discrete locations
in order to facilitate out-of-plane bending and subsequent 3D
transformation of the 2D structures in response to external sti
muli.[#1011:1319.24] While this particular design paradigm pre-
sents an attractive route to realize complex shapes with spatially
controllable curvatures, certain aspects make the fabrication
and eventually the self-folding behavior of the hinged multi-
layer structures challenging. For example, these structures
rely on heterogeneous integration of materials (with varying
chemical and mechanical properties) along both the in-plane
and through-thickness directions for their actuation. Apart from
introducing more design constraints, incorporating different
materials means increased processing times, stricter fabrica-
tion requirements (in terms of equipment, chemical reagents,
and pre-/ postprocessing steps), and hence higher costs of pro-
duction.”! Additionally, microfabricated self-folded systems
have to overcome additional complexities stemming from strin-
gent mask alignments necessary for appropriate registration
between different components and might need extremely fine
features (lithographically patterned line width) for achieving
the desired curvatures.l>?l Mismatches in the properties of the
constituent materials might also lead to adhesion, delamina-
tion, and fracturing issues during the actuation of the struc-
tures.?#26 Moreover, the presence of numerous layers and
materials will inevitably increase the extent of defects thereby
negatively affecting the yield and functional performance of the
hinged multilayer self-folded structures.[!!

In an effort to resolve the above-mentioned problems, here
we report the programmable and on-demand generation of
complex 3D shapes from hinge-less planar bilayers incorpo-
rating Kirigami cuts. Kirigami design principles have previously
been incorporated into a diverse class of materials to develop
mechanical force actuated functional systems for optics,/?”-%%l
actuation,?”) soft robotics,% stretchable electronics, 3132l energy
harvesting,33l  reconfigurable metamaterials,*3¢ building
skins,B3”] and graphene-based[*®l applications. Our goal here is
to explore how rational introduction of Kirigami cuts enhances
the range of shapes achievable with stimuli-responsive bilayers.
It is worth mentioning that, although the self-folding behavior
of bilayers is often thought to be one involving simple unidi-
rectional bending,*! the nature of bilayer morphing strongly
depends on its geometric parameters and structural instabili-
ties.**2] We rely on a finite element modeling (FEM)“3-#/]
guided approach as the FE models enable us to understand the
mechanics behind the bilayer shape transformation behavior
and the relationships between initial geometries, applied stim-
ulus, and transformed shapes. We also fabricate millimeter-
scaled hinge-less poly(dimethylsiloxane) (PDMS) bilayers with
different cross-linking densities (Figure S1, Supporting Infor-
mation) and transform them into complex 3D configurations
such as those representing letters from the Roman alphabet,
quasi-axisymmetric flower petal-like structures, and open/
closed polyhedral architectures with varying number of faces
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(through solvent-induced swelling experiments). We exploit the
bilayer morphing to demonstrate optical systems with tunable
light transmission and reflection windows. As our computa-
tional model is based on the theory of elasticity, which is inde-
pendent of length scales and material properties, our proposed
design principles could be realized with a diverse array of mate-
rial systems across length scales. Our research would broadly
contribute toward the development of smart, shape reconfigur-
able metamaterials, and self-assembly of mesoscale systems.

2. Result and Discussion

Figure 1a,b shows a set of Kirigami shapes where cuts are
introduced from the sides of squares and rectangles. The cuts
essentially transform a structure with a single aspect ratio into
multiple plate and beam-like geometric units with varying
aspect ratios. As shown, a cut on a rectangle (square) with
edges W and H (W and W) will result in three geometric units
where two rectangles with edges W and (H-B)/2 are connected
by another rectangle with edges A and B. The aspect ratios of
the constituent units and hence their subsequent shape trans-
formation behavior could be tuned by adjusting the cut width.
These Kirigami shapes are the basic building blocks of a variety
of 3D shapes to be demonstrated in this work. We performed
finite element calculations to understand the mismatch strain
induced bending behavior of the Kirigami-cut structure as a
whole and their individual geometric units (separated from the
original structure). The aim was to investigate whether the con-
nections between individual units (abrupt changes in dimen-
sions within the structure where one unit ends and another one
starts) would change their behavior and if so to what extent. A
representative set of results are shown in Figure S2 (Supporting
Information) where the curvature values of the individual con-
stituent units (one short, narrow beam and two longer, wider
plates) are compared to those of the original structure at varying
levels of mismatch strain (bending). As shown, at low strains,
the curvature values throughout the entire structure remain
relatively uniform. But at high strains, the narrower region
exhibits lower curvatures than the wider ones. In all the cases,
individual geometric units matched the behavior of their coun-
terparts within the original structure reasonably well. The cur-
vature variations between geometric units could be attributed
to the differences in their aspect ratios. We found that for the
same length, the bending curvature is higher for wider struc-
tures (Figure S3, Supporting Information) but for the same
width, the curvature is independent of the length (Figure S4,
Supporting Information). For the same bilayer length,
increasing the width gradually shifts the bilayer behavior from
a state of plane stress to that of plane strain which eventually
results in higher curvatures along the bending direction.* But
increasing the length (for the same width) does not cause any
such shift in the deformation state along the bending direction
and hence the curvature values remain the same.

Figure 1c demonstrates the finite element (FEM) calcula-
tions of mismatch strain induced curvature values along the
longitudinal axis (Y-direction) for the structures shown in
Figure 1a. All the structures bent along their longitudinal axes
due to energetic considerations*?! and the pristine rectangle
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Figure 1. a,b) Rectangles (width W and height H) and squares (arm length W) where cuts are introduced from the sides. The geometric parameters
for the Kirigami cuts (width A and height B) are also shown. For a) and the pristine square of b), the origins of the coordinate systems pass through
the corresponding geometric centroids. For squares with side-cuts, the origins of the coordinate systems pass through the centroids of the units
with width (W — A) and height ((W — B)/2). ¢,d) The calculated bending curvature values (at varying mismatch strains) along Y and X directions of
the coordinate axes for rectangles and squares shown in (a,b). e,f) The shape transformation behaviors of polymeric bilayers as they swell in organic
solvents of varying concentrations (purple layer swells more than the white one). In e,f), (iv) and (vii) are morphed counterparts of (i), (v), and (viii)
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(b)

Figure 2. 3D shapes resembling letters from the Roman alphabet are developed through the swelling of Kirigami-cut PDMS bilayers to make up
a) ADVANCED FUNCTIONAL MATERIALS and b) UIUC MECHSE (University of Illinois at Urbana-Champaign, Mechanical Science and Engineering).

The scale bars are 5 mm.

(shape 1 in Figure 1a), owing to its broader shape at the middle
experienced pronounced bending than its counterparts across
mismatch strains. For the structures with side cuts (shapes 2
and 3 of Figure 1a), changes in geometric parameters between
interconnected units resulted in curvature variations. As the
specific locations and extents of the Kirigami cuts (and hence
the geometric parameters of the units) are controllable, it is
possible to tune the bending curvature values at a particular
location for this class of structures. In case of the Kirigami
shapes cut from a square (Figure 1b), the geometric units
located at the two ends undergo bending along a direction that
is perpendicular to that of the pristine square. This occurs as
Kirigami cuts change the longitudinal axis directions of the two
end-located units. Figure 1d shows the curvature values (along
the X-direction) at different mismatch strains for this class of
structures calculated using FEM. Near the edges, the pristine
squares demonstrated some curvature values as those regions
were bent along both the axes. Similar to their rectangular
counterparts, the curvature distribution for squares with side
cuts depends on their geometric parameters and hence they
could be controlled. Figure 1e,f shows the experimental results
for the above-mentioned structures as they undergo bending in
response to varying mismatch strains. These results illustrate
the relationships between geometric parameters, applied stim-
ulus, and the transformed shapes of the Kirigami-cut structures
and qualitatively validate our finite element calculations.

The above-mentioned framework presents a unique opportu-
nity for on-demand shape reconfiguration of Kirigami-cut, 2D
bilayers into complex 3D shapes. Several demonstrations are
shown in Figure 2 where letters from the Roman alphabet are
realized through the swelling of PDMS bilayers to form the words
ADVANCED FUNCTIONAL MATERIALS, UIUC (University
of Illinois at Urbana-Champaign), and MECHSE (Mechanical
Science and Engineering). The planar bilayer designs, their
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gradual shape transformation behavior with varying mis-
match strains, and corresponding finite element calculations
are included in the supplementary material (Figures S5-S19,
Supporting Information). As demonstrated, mechanistic prin-
ciples can be employed to design Kirigami-cut bilayers where
the interconnected geometric units vary both in dimensions
and axial directions. Such differences are responsible for the
spatial variations in their bending directions and curvature
values. Using the same principle, other classes of complex 3D
shapes could also be realized as the strategic generation and
subsequent modification of the geometric units depend on the
rational incorporation of Kirigami cuts within bilayered rectan-
gles/ squares. Development of a comprehensive optimization
scheme could also be done to solve the inverse problem of iden-
tifying the 2D bilayer design parameters and required extent of
the external stimuli for given 3D shapes.

Figure 3a shows the second group of structures where
radial cuts are introduced within pristine squares. The cuts
start from a circle at the center of a square and extend to the
corners. For a square of side length L, these shapes could be
defined by the radii of the circular mid-section R and cut width
o (angles subtended by the cuts at the centroid of the square).
We performed finite element computations to understand the
stimuli-responsive shape transformation behavior of these
structures and observed bifurcation of equilibrium shapes.
Bifurcation is a structural instability mechanism solely arising
from the nonlinear geometric behavior of thin shell structures
that eventually minimizes the mid-section stretching at high
mismatch strains.*%*# In our case, the squares with Kirigami
cuts transitioned from quasi-axisymmetric doubly curved
shapes to asymmetric singly curved ones at critical strains. The
effects of their initial shapes on bifurcation strains are shown
in Figure 3b. Shapes with larger R bifurcate at lower mismatch
strains while showing minor dependence on the cut width.
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Figure 3. a) The geometric parameters (arm length L, mid-section radius R, and cut width ) for squares with radial Kirigami cuts. b) Dependence
of the bifurcation mismatch strains on the geometry of the Kirigami-cut squares. Computational findings on the shape transformation behavior of
these structures are presented in (c). Experimental demonstrations where Kirigami-cut PDMS bilayers assume prebifurcated/postbifurcated configura-
tions after swelling in organic solvents are included in (d). The scale bars for (d) are 5 mm.
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When the mid-section circle radius R is small, bifurcation
occurs at higher mismatch strains as the radial cuts become
bigger. The effects of the geometric parameters on curvature—
mismatch strain relationships are demonstrated in Figure S20
(Supporting Information). As shown, prior to bifurcation the
extent of out-of-plane deformation (hence curvature) remains
the same along all the directions but at the post-bifurcated
state, cylindrical configurations with preferred bending direc-
tions emerge. The computational predictions and experimental
results for the shape transformation behavior of this class of
structures are shown in Figure 3c,d (also Videos S1 and S2, Sup-
porting Information). Of the four structures, (i) and (iii) have
smaller circular mid-sections than their counterparts shown in
(i) and (iv) (Figure 3c,d). At the same value of mismatch strain,
structures with large mid-sections bifurcated into singly curved
configurations while the ones with small mid-sections retained
their quasi-axisymmetric prebifurcated shapes. For prebifur-
cated structures, we observed either a cage-like shape (large
cuts—(iii) in (Figure 3c,d) or a flower petal-like shape (small
cuts—(i) in (Figure 3c,d) where free corners of individual trian-
gular plates undergo out-of-plane bending as they come toward
each other. It is to be mentioned that the experimental images
demonstrated here were captured from the top. Side views of
deformed 3D structures (obtained through mismatch strain
driven bending of bilayers) were reported elsewhere.[*!]

For squares with radial Kirigami cuts, we also investigated
the class of structures where the cuts pass through the edges
instead of corners (Figure S21, Supporting Information). These
structures also demonstrated the occurrence of bifurcation
where the critical strains were dependent on the mid-section
sizes and cut widths. The effects of geometric parameters on the
transformed configurations (i.e., prebifurcated axisymmetric or
postbifurcated asymmetric ones) at a given mismatch strain
are also evident. The variations in the bifurcation behavior of
different squares with radial Kirigami cuts arise from their dif-
ferences in the geometric parameters as L/R ratios governed
the extent to which the Kirigami sheets experienced bending
and stretching. Within our computational scheme, we ensured
that the elements used in our finite element mesh were signifi-
cantly smaller than the geometric parameters of the analyzed
structure. This is necessary for accurately capturing the defor-
mation behavior of the Kirigami sheets. If the Kirigami sheets
approach size scales where the discrete structure of the matter
dominates and the classical elasticity theory is not applicable
anymore (tens of nanometer),” molecular dynamic simula-
tions would be necessary (instead of finite element modeling)
to understand the deformation behavior.

A few of the shapes reported in this work have some simi-
larities with swellable multilayer configurations reported in
the literature.’'>2l However, our work differs in terms of geo-
metric parameters and patterning requirements. We consider
square and rectangular bilayers with side/radial Kirigami cuts.
Due to their plate-like configurations, these structures undergo
a combination of in-plane stretching and out-of-plane bending
(instead of unidirectional bending as observed in beam-like
structures). Although the occurrence of bifurcation eventually
leads to the bending of the Kirigami-cut sheets at higher strains,
the selection of plate-like structures offers additional opportu-
nities to tune the bilayer shapes at varying mismatch strains
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(quasi-axisymmetric doubly curved and asymmetric singly
curved as stated earlier). Also, our structures did not have any
in-plane patterned hinges (localized variations in thickness/
material properties). Due to this reason, the fabrication of our
bilayers is straightforward and the actuation protocol is simple.
We further explored possible applications for the above-men-
tioned structures as tunable optical transmission and reflection
systems.[?753>4 For these experiments, we incorporated fluores-
cence nanoparticles within the PDMS matrix and performed
fluorescence microscopy (at varying mismatch strains) to com-
pare luminescence profiles, as demonstrated in Figure 4. A high
luminescence value refers to an elevated level of optical reflec-
tion while a low luminescence value means that the particular
sample is primarily transmitting the incident light. Figure 4a
shows a geometry with large cut widths at low and high mis-
match strains with corresponding luminescence profiles along
different directions. As the structure undergoes out-of-plane
bending, changes in its reflective behaviors are evident as the
peak luminescence value is reached in a much more gradual
manner (Figure 4a-iv) than that of its counterpart where the
deformation is negligible (Figure 4a-iii). The sizes of the reflec-
tion window along the two orthogonal directions remained the
same when compared to each other (low mismatch strains—
green and red lines in Figure 4a-iii, high mismatch strains—blue
and yellow lines in Figure 4a-iv) as bifurcation is yet to occur
for this particular geometry. However, the optical reflection
window shrinks (yellow line in Figure 4a-ii) from its original
state (red line in Figure 4a-i) as the projected edge to edge
length decreases at high mismatch strains (Figure 4a-v). As
shown in Figure 4b, bifurcation is observed when the cut
widths are small (while the remaining geometric parameters
remain unchanged) and hence it is possible to achieve different
reflective behaviors along the two orthogonal directions at high
mismatch strains (blue and yellow lines in Figure 4b-iii).
Bifurcation also changes the optical behavior along the
diagonal direction in a significant manner as demonstrated
by the presence of multiple peaks and valleys on the lumines-
cence profile (Figure 4b-iv). Compared to its original shape (red
line in Figure 4b-i), the plateau at the middle is bigger due to
stretching of the mid-section (green line in Figure 4b-ii). The
overall size of the optical reflection window becomes bigger as
the neighboring units come toward each other and where their
corners meet, optical reflection occurs (Figure 4b-iv). The peaks
and the valleys on each side of the plateau emerge due to the
overlapping of the edges (variations in out-of-plane deforma-
tion) and optical transmission through the pre-existing gaps
between the units. Complex optical reflection windows (with
multiple peaks and valleys) could also be generated from the
shape transformation behavior of structures where the Kiri-
gami cuts pass through edges instead of corners (Figure 4c). At
the postbifurcated state, a portion of the strongly cross-linked
layer could be seen through the cuts. Due to variations in out-
of-plane deformation, this layer demonstrates different optical
transmission characteristics as shown in the luminescence pro-
file. The optical tunabilities of the proposed systems could be
enhanced further through the incorporation of other types of
Kirigami cuts and/or fluorescence species (with very different
excitation frequencies). We would like to mention that, unlike
traditional optical metamaterials, the structures demonstrated
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Figure 4. Demonstration of Kirigami-cut squares as optical metamaterials. The plotted luminescence profiles are along the lines drawn on the fluorescent
images. a) The shrinking of the optical reflection windows (similar along the two orthogonal directions) prior to bifurcation. b) The selective shrinking

(along one direction) and tuning of both the optical transmission and reflection windows (along the diagonal direction) after bifurcation. c) The broad-
ening of the optical reflection window through variations in out-of-plane displacements of different portions within a bilayer. Scale bars are 1 mm.
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in this work are bigger than the wavelength of the transmitted/
reflected light. However, our proposed design principles could
be realized at smaller length scales (hundreds of nanometers)
to achieve tunable optical properties from engineered systems
that transform their shapes in response to external stimuli.

A combination of radial and side cuts could be used to develop
other classes of complex 3D shapes of functional interest in an
on-demand manner. Polyhedral geometries are one such family
of structures with demonstrated applications as small scale con-
tainers for chemical delivery, sensors, metamaterials, 3D gra-
phene-based devices, and microfluidic systems.P>>° Motivated
by the hierarchical assembly of small-scale biological materials,
origami-like self-folding protocols have been developed where
planar sheets with localized hinges undergo stimuli-responsive
bending to transform into polyhedra with multiple faces. In this
article, we show the possibility of realizing polyhedral shapes
from Kirigami-cut bilayers that do not require spatially patterned
hinges for their shape morphing. The curvature variations in
hinged systems (higher curvature near the hinges and lower/
zero curvature away from the hinges) stem from localized varia-
tions in thickness and/or material properties introduced through
lithographic patterning. Modifying the above-mentioned struc-
tural parameters results in out-of-plane bending stiffness vari-
ations, which could also be achieved through the alteration of
in-plane geometric characteristics.

Ae =0.05 Ae =0.16 Ae =0.36

Ae =0.05 Ae =0.29
(e)

Ae = 0.03 Ae =0.19 Ae =0.28
(9)

k3

Ae =0.03

Ae =0.19

Ae =0.28

In Figure 5a—d, pristine triangles and squares of varying sizes
are modified with Kirigami cuts to create geometries consisting
of multiple triangular (equilateral) and square-shaped units
connected by narrower links. The in-plane geometric param-
eters for the Kirigami-cut square are shown in Figure S22 (Sup-
porting Information) where each of the five plate-like units has
arm lengths “L” and each of the four links have arm lengths
“H” (H < L). When the bilayer is thin (Figure S23, Supporting
Information), each of the five square-shaped plates assumes
prebifurcated shapes with minimal out-of-plane bending (con-
siderable in-plane stretching) at low mismatch strains. These
units eventually bifurcate at high strains as confirmed by the
curvature contours. The four links, however, undergo unidirec-
tional bending across all the mismatch strains owing to their
boundary conditions (two edges free and two others are con-
nected to two different units). The behavioral difference between
the two types of units is responsible for the shape at high strains
where the bending curvature is higher along the X-axis than that
along the Y-axis (Video S3, Supporting Information). When the
bilayer is thick, the four links again experience unidirectional
bending but the five plates maintain their pre-bifurcated shapes
up to high strains. This leads to the development of a five-faced
open box-like shape where the five bigger units of the planar
bilayer are curved to the same extent along both the co-ordinate
axes (Figure S24 and Video S4, Supporting Information).

Ae =0.14 Ae =0.04 Ae =0.13
(d)

Ae =0.15 Ae = 0.04 Ae =0.12
(f)

Ae =0.10 Ae =0.03 Ae =0.14
(h)

Ae =0.10 Ae =0.03 Ae =0.14

Figure 5. Morphing of Kirigami-cut bilayers into polyhedral geometries such as a) tetrahedron, b) open cube with five faces, c) cube, and d) hexagonal
prism. For these four demonstrations, gradual shape transformations of the bilayers are shown at increasing and decreasing mismatch strains.
Bifurcated counterparts of a,c,e,g) are shown in b,d,f,h). Scale bars are 3 mm.
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Generation of polyhedral shapes is governed by the occur-
rence of bifurcation. In Figure S25 (Supporting Information),
we show computational results elucidating how bifurcation
mismatch strains depend on the geometric parameters of the
Kirigami-cut square. For a constant bilayer thickness, bifurca-
tion occurs at higher strains for higher values of L/H. When
H is low, the links do not affect the behavior of the plates.
As the links get bigger, their unidirectional bending tends to
impact the morphing behavior of the plates to a greater extent
(due to enhanced connections) and hence bifurcation occurs
earlier. For constant values of H and L, thinner bilayers bifur-
cate at lower strains owing to their intrinsic compliance for
bending and vice versa. Generation of pyramids/five-faced
open boxes (prebifurcated) or postbifurcated shapes from Kiri-
gami-cut bilayers is rationalized through the above-mentioned
design principles. Building upon them, we also report complex
polyhedral shapes such as hexahedron (cube— six square-
shaped faces) and octahedron (hexagonal prism—two hexag-
onal-shaped and six square-shaped faces) with their bifurcated
counterparts as shown in Figure 5e-h and Videos S5 and S6
(Supporting Information). For the fabrication functional poly-
hedra, the individual faces of the bilayer might need appro-
priate patterning before self-folding. In those cases, the design
guidelines developed in this work would still be applicable as
they are independent of particular processing and/ or material
characteristics.

In this work, our choice of the material-solvent system was
based on our prior research expertise and experimental con-
venience. As our computational model is independent of mate-
rial selection, the design principles reported here would be
applicable to other stimuli-responsive material systems. Hence,
polymers and hydrogels responsive to functionally relevant
stimuli such as heat (liquid-crystal elastomer (LCE),l®) shape-
memory polymer,®!] and pNIPAMI?)), chemical/solvent diffu-
sion (poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)®3 and poly(ethylene glycol) diacrylatel®), light
(shape-memory polymerl®! and graphene oxide/ polypeptide
compositel®®)), biochemical enzymes (gelatin and carboxym-
ethylcellulosel®”)), salt concentration (poly(methacryloxyethyltri
methylammonium chloride)®)), pH (acrylic acid and 2-(dimeth-
ylamino) ethyl methacrylatel®)), and magnetic fields (polypyr-
role embedded with Ni/Au’" and PDMS embedded with Fel*)
could be used to self-assemble bilayered Kirigami sheets. As a
possible application of our work, we demonstrated a dynami-
cally tunable optical system realized from self-assembled Kiri-
gami sheets. However, tetherless and on-demand shape recon-
figuration behavior of Kirigami structures could also be used
to design smart functional entities such as sensors, actuators,
drug delivery devices, tissue engineering scaffolds, robots, and
energy harvesting systems.

3. Conclusion

Our work demonstrates the possibility of achieving complex
3D shapes in a programmable and on-demand manner from
freestanding, hingeless, 2D bilayers of uniform thickness. Our
approach involves the incorporation of Kirigami cuts within the
geometry of self-folding bilayers where one layer isotropically
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expands with respect to the other in response to an external
stimulus. We develop nonlinear finite element models to iden-
tify the relationships between initial bilayer geometry, applied
stimulus, and transformed configurations. We verify the mech-
anistic understandings through swelling experiments of PDMS
bilayers with varying cross-linking densities and generate intri-
cate shapes such as letters from the Roman alphabet and open/
closed polyhedral architectures. We also present a dynamically
tunable optical system whose light transmission and reflection
behaviors could be controlled through bilayer shape transfor-
mation. As the proposed design principles rely on a compu-
tational framework which is independent of length scales and
material properties, our work could contribute toward the
development of smart functional systems for sensing, actua-
tion, optics, electronics, drug delivery, and tissue engineering
applications.

4. Experimental Section

Finite Element Analysis: The commercially available finite element
analysis package ABAQUSI"! for understanding the mechanics of the
stimulus-responsive shape transformation behavior of Kirigami-cut
bilayers was used. Following an already established protocol,[40:4372-74]
the mismatch strain-driven bilayer morphing was modeled as an
equivalent thermal expansion problem where one layer expands with
respect to the other in response to a hypothetical temperature. In our
computations, 4-node general purpose shell elements with through-
thickness variation in material properties (the element size was
determined from separate mesh refinement studies) and appropriate
boundary conditions were used. While simulating the bifurcation
behavior, small imperfectionsi %4149 were incorporated for reliably
capturing the bilayer deformation beyond critical strains. Hyperelastic
material properties (bulk and shear moduli are 962 and 0.18 MPa for
the weakly cross-linked layer and 1214.8 and 32.2 MPa for the densely
cross-linked layer) were used in our model. As the swelling of PDMS
in organic solvents results in polymeric gels with nonlinear material
properties,”>7¢ our approach enabled to develop qualitative predictions
of the bilayer morphing behavior applicable to other stimulus-responsive
material systems in general.

Experimental Protocol: Polydimethylsiloxane (Dow Corning Sylgard
184—Ellsworth  Adhesives), silicone pigments (Cirius Silicone
pigments—Dick Blick Art Materials), and fluorescent dyes (Fluorescein
sodium salt—Sigma-Aldrich and Alexa Fluor 594—Thermo Fisher
Scientific) were used to fabricate two sets of bilayer samples where
the first set was used for general shape transformation experiments
(Figures 1,2,3, and 5) and the second set was used for optical
metamaterial demonstrations (Figure 4). In general, we started by
developing the mixture for the densely cross-linked layer (1 part white
pigment: 2 parts base: 8 parts crosslinker for the first set and 1 part white
pigment: 2 parts base: 8 parts crosslinker: 1.1 parts diluted Fluorescein
for the second set) which is spin-coated on precleaned glass slides and
partially cured in an oven for 30 min at 90 °C. Then the mixture for
the weakly cross-linked layer (1 part purple pigment: 0.48 parts base:
9.52 parts crosslinker for the first set and 1 part purple pigment: 0.48
parts base: 9.52 parts crosslinker: 1.1 parts diluted Alexa Fluor for the
second set) was developed, which is spin-coated on top of the partially
cured layer and the entire bilayer is cured for 60 min at 70 °C. The spin-
coating was done for 30 s at 720 rpm and at 1030 rpm for the first
and second set of samples. Bilayers of different shapes were laser-cut
from the glass-slides once they reached room temperature after curing.
A previously reported protocol was followed to perform the bilayer
shape transforming experiments in solvent mixtures of 1-propanol and
xylene (Fisher scientific).*"* Image)””l was used for postprocessing the
figure presented in this paper.
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