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Biology is inherently based on 3D designs, 
optimized for performance through billions 
of years of survival in challenging envi-
ronments.[1] These biological structures  
span length scales from the nanoscale 
level, such as DNA,[2] to the macroscale, 
such as shark skin.[3] Additionally, these  
3D structures often consist of various 
levels of hierarchy, as exemplified in 
geckos’ feet.[4] If the advantages of these 
fascinating 3D structures can be realized in 
man-made devices, tremendous advances 
in capabilities of material systems and 
architectures will occur, overcoming the 
inherent limitations of 2D microsystems. 
For example, 3D microelectromechanical 
systems (MEMS) offer vastly improved 
bandwidth and frequency tunability over 
conventional 2D MEMS structures, such 
as cantilevered beams and doubly clamped 
bridges.[5]

Indeed, various shapes and scales of 3D 
structures have been successfully imple-
mented in a number of applications such 
as wearable electronics,[6] robotics,[7] solar 

Mechanically guided 3D microassembly with controlled compressive buckling 
represents a promising emerging route to 3D mesostructures in a broad range 
of advanced materials, including single-crystalline silicon (Si), of direct relevance 
to microelectronic devices. During practical applications, the assembled  
3D mesostructures and microdevices usually undergo external mechanical 
loading such as out-of-plane compression, which can induce damage in or 
failure of the structures/devices. Here, the mechanical responses of a few 
mechanically assembled 3D kirigami mesostructures under flat-punch compres-
sion are studied through combined experiment and finite element analyses. 
These 3D kirigami mesostructures consisting of a bilayer of Si and SU-8 epoxy 
are formed through integration of patterned 2D precursors with a prestretched 
elastomeric substrate at predefined bonding sites to allow controlled buckling 
that transforms them into desired 3D configurations. In situ scanning electron 
microscopy measurement enables detailed studies of the mechanical behavior of 
these structures. Analysis of the load–displacement curves allows the measure-
ment of the effective stiffness and elastic recovery of various 3D structures. The 
compression experiments indicate distinct regimes in the compressive force/ 
displacement curves and reveals different geometry-dependent deformation for 
the structures. Complementary computational modeling supports the experi-
mental findings and further explains the geometry-dependent deformation.
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systems,[8] energy storages,[9] optoelectronics,[10] optomechan-
ical devices,[11] and near-field communication (NFC) devices.[12] 
The incorporation of 3D structures has improved performance 
and extended capabilities in these applications. Different fab-
rication techniques have been developed to form various 3D 
structures, including 3D printing,[13] two photon/multiphoton 
lithography,[14] and self-assembly.[15] However, these methods 
cannot produce inorganic semiconductors such as silicon.[16] 
Alternatively, mechanically driven assemblies such as strain-
induced bending or folding and compressive buckling have the 
potential to extend the range of materials, including silicon.[17] 
Of these options, compressive buckling offers advantages com-
pared to strain-induced deformation in terms of possible 3D 
geometries.[18] Indeed, in the literature one can find a few hun-
dred different 3D mesostructures with different combinations 
of materials (polymers, metals, and semiconductors). These 
structures scale from the sub-micrometer to centimeter scale, 
thus revealing the scalability of the process.[19,20]

The compressive buckling process begins with planar micro-
fabrication of various 2D precursor patterns, consisting of  
multilayer thin membranes. Next, lithography defines a set of 
chemically active bonding sites, while reactive ion etching pro-
duces patterned cuts in the membrane. Such structures are known 
as kirigami as their fabrication concept is based on the Japanese 
art of paper folding and cuts. Transfer printing enables integration 
of these structures with a prestretched elastomeric substrate.[21] 
Although a variety of 3D mesostructures have been fabricated pre-
viously using mechanically guided assembly, their mechanical  
response to applied loads is still unknown. Thus, in this work 
we use in situ compression inside the scanning electron micro-
scope (SEM) to investigate their deformation behavior.

The in situ SEM flat punch compression provides capabili-
ties to simultaneously measure load versus displacement and 
observe deformation in real time.[22,23] Thus, this technique can 
uncover detailed information on material behavior during both 
compression and postcompression. Numerous 3D structures 
have been studied using in situ compression, including indi-
vidual and arrays/foams of carbon nanotubes,[24] metals,[25] and 
hierarchical structures of ceramics/polymers.[26] However, no 
reports exist in the literature on the compression of origami- or 
kirigami-inspired structures.

Herein, we report on the compression of kirigami-inspired 
structures, which consist of a bilayer of Si and SU-8 (thick-
ness = 200 and 2000 nm, respectively). SU-8 is an epoxy-based  
photoresist, which is a material commonly used in microfab-
rication capable of yielding a high aspect ratio even in thick 
coatings. The SU-8 can be deposited using simple spin-casting 
and has favorable mechanical properties.[27] During in situ 
compression testing of these kirigami structures, the geometry 
was found to play a critical role in their flexibility and stretch-
ability. Indeed, we found that structural design enables intrinsi-
cally stiff and brittle bulk materials such as Si and SU-8 (≈2–3 
and 10–12% tensile strain to fracture, respectively) to undergo 
large deformation.[28] This results in an overall deformable and 
compliant structure, which can sustain large-scale deformation, 
including twisting and bending. In light of these experimental 
findings, a finite element analysis (FEA) model was developed 
to provide further insight into the maximum stress/strain of 
kirigami structures during compression.

Figure 1 illustrates the 2D design patterns and the transfor-
mation into 3D structures using compressive buckling. Four 
different kirigami structures were made using a fixed prestrain 
of 65%. The red color represents the bonding region to the elas-
tomer substrate. Silicone was used as a platform for the assembly 
of these structures. SEM images were taken before the start of 
the in situ compression experiments (see Figure 1b). A 12 µm 
diameter fiber is seen in front of the table structure and provides 
a perception about the size of these structures.

Precise height measurements for the four fabricated struc-
tures were taken using a profilometer. The height was found to 
be 75 µm for the table and ring structures and 70 µm for the 
tent and rotated table structures. For the rotated table, due to the 
inclined top surface, the height was averaged. The in situ com-
pression was carried out in two steps. In this study, we defined 
the percentage of compression based on the height meas-
urement for each structure. For example, 50% compression  
refers to 35 µm of vertical displacement of the flat punch, 
while 70 µm displacement represents 100% compression of the 
rotated table structure. All structures, except the tent, were com-
pressed to ≈50% of their initial height followed by a complete  
unloading of the flat-punch. 5 min was set as a wait time to 
allow relaxation of the structure and substrate before carrying 
out the next experiment of 100% compression. Both the 50 and 
100% compression experiments were performed on the same 
structure except for the tent structure. These two experiments 
were repeated on a second sample for each structure to assess 
repeatability. The first tent was compressed to 30% while the 
second tent was compressed to 100%.

Figure 2 shows typical load–displacement curves for the four 
structures. The recorded videos for the compression experiments  
are provided in Movies S1–S8 (Supporting Information). The 
load–displacement curves demonstrated three regions in the  
compression of kirigami structures: linear deformation, rapid  
buckling, and stiffening behavior. The three regions are marked in  
Figure 2a and are similar to those identified in other 3D struc-
tures, such as foam-like arrays of carbon nanotubes.[29] The 
deformation was linear and nearly recoverable from the point 
of contact to 50% compression. For the second region, the 
reduction in the slope of the load–displacement plot indicates 
rapid buckling, that is, large displacements produce small 
increases in force. Once approaching a compression of 100%, 
the stiffness increased due to the nonlinear compression of 
the legs of the structures accompanied by deformation of the 
substrate.

Similarly, unloading the structures showed the substrate 
effect. All structures showed the unloading curve with two dif-
ferent slopes, except the tent structure. The change in the slope 
took place around 50 µm displacement. This indicated two dis-
tinct unloading behaviors after removal of the flat punch. First, 
the substrate recovered quickly followed by a mixed relaxation 
of both the structure and the substrate. Indeed, this could be 
seen in Movies S1–S3 (Supporting Information). The tent 
structure showed a drop in the load at ≈100% compression, 
which correlated with a twisting of the structure in the recorded 
video (Movie S4, Supporting Information).

The load–displacement curves highlight different levels of 
energy dissipation for each kirigami structure based on the area 
under the load–displacement curve. The rotated table structure 
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had the lowest energy dissipation, followed by the ring, and 
finally the table and the tent structures. The elastic recovery fol-
lowed the same order, that is, the rotated table structures showed 
the highest elastic recovery. The energy dissipation is due to vis-
coelastic/plastic effects and possible fracture events. Therefore, 
structures with lower energy dissipation exhibited higher elastic 
recovery. Table 1 shows the response to mechanical compression  
for all the structures as a function of the load carrying capability, 
elastic recovery, and unloading stiffness. Both the maximum 
load and stiffness were calculated using 50% compression 
experiments to avoid substrate effects. The elastic recovery was 
calculated using the 100% compression experiments. A corre-
lation exists between the stiffness and recoverability, where a 
stiffer structure exhibits less elastic recovery.

Figure 3 provides further insight into the deformation of 
each structure by taking snapshots from each movie during 
compression. The snapshots were taken at intervals of 0, 25, 50,  
and 100% compression. The structures experienced either 
onefold bending, twofold bending, or bending and twisting. 
The deformation in the table structure took place both inward 
(toward SU-8) and outward (towards Si), as illustrated by the 
arrows in Figure 3. That is, some regions of the Si thin film 
experienced tension while others experienced compression. 

These images help explain the rapid buckling or softening of 
the table structure, as they undergo larger elongation in the 
legs in the form of twofold bending. Due to the rotated arrange-
ment of the legs, the rotated table structure deformed by both 
bending and twisting. Finally, both the ring and tent structures 
experienced onefold bending. Additionally, the tent structure 
exhibited slight twisting upon reaching close to 100% com-
pression. The arrows in Figure 3 provide an illustration of the 
deformation direction. For example, the double arrows for the 
table structure show twofold bending.

Corresponding FEA simulations were carried out using the 
commercial software (ABAQUS) and the distributions of max-
imum principal strain in the Si layer under different stages of 
compression are also shown in Figure 3. Good agreement of 
the deformation patterns can be observed between FEA and 
experiments, for all of the cases studied in this work. The FEA 
results indicate strain concentrations at the ribbon–membrane 
connection regions in the table and rotated-table structures, as 
well as the ribbon–ribbon connection regions in the ring and 
tent structures. This is in accordance with the relatively small 
radius of curvature at these regions. FEA predicts slight twisting 
of the tent structures once reaching 100% compression,  
in agreement with the experiments.

Small 2018, 14, 1703852

Figure 1. a) Conceptual illustration of the 3D kirigami structures, which were assembled from 2D precursors by compressive bukling using FEA results 
(scale bar is 100 µm); b) Corresponding SEM images for the 3D structures (scale bar is 30 µm).
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While Figure 3 provides in situ snapshots from the recorded 
experimental and FEA movies, Figure 4 shows the SEM images 
at higher resolution, taken before and after each experiment. 
The 50% compression experiments were nearly recoverable, 
and there was no change in the shape of the legs. However, 
the 100% compression experiments yielded observable plastic 
deformation in all structures except the rotated table structure, 
which recovered to the initial height. The three other structures 
had similar residual deformation in the legs in the form of 
sharp curvature toward the SU-8 layer. Even though the table 
structure had twofold bending, the bottom bending toward the 

SU-8 layer was larger and left larger residual curvature likely 
revealing possible plastic deformation or fracture in the SU-8 
layer. If the SU-8 film yielded and the maximum strain was 
higher than the fracture threshold of SU-8 (≈10–12%),[30] the 
SU-8 will not recover fully and elastically. If SU-8 experiences 
elastic behavior before this threshold, then it will break without 
a plastic domain.[31] Fracture events might explain the softening 
(rapid buckling) for the structures above 50% compression. 
Since the thickness of the Si layer is 10% of the SU-8 layer, frac-
ture events are expected to be experienced by the thicker SU-8 
epoxy layer first.

To better understand the residual curvatures in the legs of 
the structures, FEA was carried out to calculate the von Mises 
stress and maximum principal strains. The von Mises stress is 
used to predict the yielding of a material once subjected to a 
complex loading, while the maximum principal strain provides 
the largest normal strain, which is of interest to understand the 
deformation and/or fracture in the SU-8 layer under compres-
sion. Similar contours are provided in the Supporting Informa-
tion for the Si layer under compression.

Figure 5b revealed insights about the maximum strain expe-
rienced by the structures under 100% compression. Only the 
rotated table structure had a maximum principal strain (≈8.0%) 

Small 2018, 14, 1703852

Table 1. Comparison between kirigami structures in terms of response 
to mechanical deformation.

Structure
Maximum load 
bearinga) [µN]

Max compression 
deptha) [µm]

Elastic  
recovery [%]

Unloading  
stiffnessa) [N m−1]

Rotated table 220 36.1 89.5 6.1

Ring 500 36.2 84.2 13.9

Table 670 35.6 77.7 18.1

Tent 450 20.4 70.2 23.7

a)Properties measured at 50% compression experiments to avoid substrate effects.

Figure 2. Load versus displacement data for flat-punch compression of a) table, b) rotated table, c) ring, and d) tent structures.
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lower than 10%, therefore it maintained an elastic deformation. 
Other structures experienced strains higher than the fracture 

strain threshold of SU-8, which led to the residual change in 
the curvature of the legs and potentially fracture events. In 

Small 2018, 14, 1703852

Figure 3. Snapshots taken from the recorded movies (experiments and FEA) at the start of the compression, 25, 50, and 100% compression for the 
a) table, b) rotated table, c) ring, and d) tent structures (scale bar is 30 µm).
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terms of stress, structures with bending-dominated deforma-
tion experienced high stresses in the bottom of the legs. On the 
other hand, the rotated table structure had higher stresses in 
the top part of the legs due to the combined bending/twisting 
deformations.

Figure S1 (Supporting Information) shows contours of von 
Mises stress and maximum principal strain in the Si layer only 
for all the fully compressed structures. The maximum strain 
(stress) is mainly located at the ribbon–ribbon (or ribbon– 
membrane) connections, which means the compression 
loading is mainly taken by these regions. The maximum 

principal strain for the Si layer is about 4.3% for the table 
structure, and in the range of 2.9–3.5% for the other struc-
tures. Even though the maximum strain is slightly higher 
than the maximum tensile strain to fracture for bulk Si 
(2–3%), other researchers reported that nanoscale silicon 
structures can reach higher tensile strains of ≈5–7% without 
fracture.[32] Indeed, yielding does not occur in single-crystal-
line silicon until fracture takes place. The yield strength is 
7000 MPa,[33] and only the table structure approached this 
limit. Therefore, there is no indication of fracture or crack 
in the silicon layer. We anticipate that fracture could have 

Figure 4. SEM images taken before the start of compression, after 30–50%, and after 100% compression for the a) table, b) rotated table, c) ring, and 
d) tent (scale bar is 30 µm).
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occurred in the thicker SU-8 layer for the table, ring, and 
tent structures, where the strain was higher than the fracture 
threshold of SU8 (≈10%).

This work discussed the fabrication and deformation of  
3D Si/SU-8 kirigami structures, which have potential applica-
tions in 3D NFC devices and 3D MEMS devices. The operation  
of these devices requires a high level of mechanical reliability 
of their components. For example, MEMS are made of silicon 
and its oxides, which are inherently stiff and brittle, and can 
undergo only 2–3% tensile strain to fracture in 2D configu-
rations. However, silicon can undergo larger deformations 
without fracture once fabricated in 3D configurations, as shown 
herein and by other researchers.

Multilayered 2D precursors of brittle Si and SU-8 buckled to 
create functional flexible 3D structures. In situ flat punch com-
pression provided insight into the deformation mechanics of 

kirigami structures. In particular, during 50% compression, the 
structures recovered elastically back to their initial heights. By 
comparison, 100% compression produced permanent changes 
and possible microfracture events in the curvature of the legs 
of the structures. Still, no experimental evidence of the micro-
cracks/delamination was observed in the structures, even up 
to 100% compression, thereby highlighting the flexibility of 
these structures. Computational FEA modeling supported the 
experimental findings and provided further insight into the 
dependence of deformation on the geometry of the structures. 
The mechanical and geometric properties (such as bending 
stiffness) at the connections play an important role during the 
deformation (compression, bending, or twisting) of the struc-
tures and influence the final configuration of the kirigami 
structures, which should be considered during the design of 
such 3D structures.

Figure 5. FEA results for the compression of SU-8 layer in the kirigami structures (under 100% compression) showing von Mises stress (MPa, left 
column) and maximum principal strain (right column) for the a) table, b) rotated table, c) ring, and d) tent. The substrate and punch were removed 
to allow visual observation of the stress and strain contours in the structures.
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In addition, the energy dissipated by these structures is 
important as it indicates whether they will be durable against 
repeated deformations and maintain stable hysteretic cycling. 
Future work needs to focus in addressing how these struc-
tures behave under repeated compressive load. The energy 
dissipation is due to viscoelastic and plastic effects. Therefore, 
the strain rate and other time-dependent properties need to 
be explored as well for both the structures and the substrate. 
Besides geometry and time-dependent properties, the thick-
ness of each of the Si and SU8 layer, which is not studied here, 
could be a variable to reduce the maximum strain (stress) in 
the structure. The agreement between the computational and 
experimental results suggests the possibility for future com-
putational simulations to optimize precursor design for load 
bearing, energy dissipation, and elastic recovery capabilities.

Experimental Section
Materials and Fabrication: Preparation of 2D precursors of silicon 

and epoxy (SU8) bilayers exploited photolithography and reactive ion 
etching to pattern a thin layer of silicon (200 nm in thickness) using 
silicon on insulator (SOI) wafer. Wet etching by hydrofluoric acid (HF) 
fully dissolved the exposed silicon dioxide (1 µm in thickness) on the 
SOI wafer. The following spin-coating and photolithography steps 
defined the pattern of the epoxy (SU8) layer (2 µm in thickness) on top 
of the silicon layer. Another spin-coated and lithographically defined 
photoresist layer (AZ 5214, 4 µm in thickness) covered the silicon and 
epoxy (SU8) patterns but left the bonding regions exposed. Wet etching 
in HF fully removed all the silicon dioxide underneath the patterns, 
thereby facilitating the transfer printing process. Deposition of titanium 
(5 nm in thickness) and silicon dioxide (50 nm) through electron beam 
evaporation promoted the adhesion of the bonding regions.

Transfer printing of the 2D precursors began with retrieving the 
patterns from SOI wafer to a polydimethylsiloxane (PDMS) stamp. 
Laminating water-soluble tape onto the PDMS surface enabled the 
transfer of 2D precursors from PDMS stamp to water-soluble tape. The 
buckling process utilized silicone elastomer (Dragon Skin, 600 µm in 
thickness) as the assembly substrate. Ultraviolet–ozone treatment of 
the silicone elastomer and 2D precursors on water-soluble tape induced 
hydroxyl termination for strong bonding. The silicone elastomer was then 
stretched to carry the 2D precursors along with the water-soluble tape. 
Heating at 70 °C for 8 min formed strong chemical bonding between 
the bonding regions of the 2D precursors and silicone elastomer. After 
dissolving water-soluble tape with water and AZ 5214 as acetone, 
releasing the prestrain applied to the silicone elastomer enabled out-of-
plane translations of the nonbonding regions.

Mechanical Characterization: A PI 88 SEM PicoIndenter (Bruker 
Nano Surfaces, Eden Prairie, MN) was used to perform the in situ 
compression experiments. An extended range (xR) transducer allowed 
for large displacement up to 150 µm. The indenter itself consisted of a 
diamond flat punch with a 100 µm diameter. The experiments utilized 
a displacement-controlled mode at a loading rate of 1 µm s−1. The 
samples were coated with 5 nm of Pt/Pd to provide charge dissipation 
during SEM observation.

Finite Element Analysis: 3D FEA simulated the final configurations and 
strain distributions of the 3D structures using the commercial software 
ABAQUS. The kirigami structures consisted of four-node shell elements, 
and the elastomer substrates consisted of eight-node 3D stress 
elements. Surface contact is applied between the structure and substrate 
with friction coefficient of 0.3 (“penalty” setting for tangential behavior 
and “hard contact” for normal behavior in ABAQUS). Convergence of 
mesh sizes ensured computational accuracy. The elastomer substrate 
was modeled using a hyperelastic constitutive relation (Mooney–Rivlin 
model) with parameters C10 = 0.06757 MPa, C01 = 0.01689 MPa, and  

D1 = 0.48 MPa−1 in ABAQUS. The elastic moduli (E) and Poisson’s ratios 
(ν) for SU-8 and silicon were ESU-8 = 4.02 GPa, νSU-8 = 0.22, ESi = 130 GPa,  
and νSi = 0.27.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the authors.
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