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a b s t r a c t

Recent advances in the assembly of three-dimensional (3D) structures driven by compressive buckling
have provided an opportunity to exploit the capability in a broad range of engineering applications.
These include microelectromechanical systems, energy storage, and wearable electronic devices.
The occurrence of defects during fabrication and assembly, or during operation could impact the
performance of the devices. Herein, we investigate the mechanical cycling of structures with different
types of structural defects, including the presence of a pre-existing crack, structures with a thinner leg,
and a pre-buckled leg. Studies of compressive cycling response of these microscale 3D polymer-based
kirigami architectures revealed stiffening behavior for both defective and non-defective structures.
Structural densification, developed internal stress, and deformation of the elastomer substrate were the
reasons for stiffening. Cyclic compression was performed to 50% and extreme condition of 100 % of the
initial height using in-situ scanning electron microscopy. The structures were found to achieve stable
hysteretic cycling with steady-state mechanical response after a number of cycles. The deformation
behavior, the structure stability under cyclic loading, and the load bearing capability were found to be
dependent on the defect type, but they were not catastrophic.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Three-dimensional (3D) architectures have emerged as a
promising replacement of conventional two-dimensional (2D)
structures, due to their application in nano/micro electrome-
chanical systems (NEMS/MEMS) [1–3], biomedical devices [4,5],
energy storage devices [6,7], stretchable and wearable electron-
ics [8,9], robotics [2,10], and elsewhere [11–13]. With recent
advances in fabrication techniques, such as strain-induced fold-
ing/bending and compressive buckling, inspired by the ancient
art of origami/kirigami, various programmed configurations and
scales of 3D structures, from sub-micron to macro-scales can be
realized from 2D patterns [3,14]. In this work, the compressive
forces created by releasing the prestrained elastomer transform
the non-bonded regions of 2D precursors into the desired 3D
kirigami shapes [15].
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The successful implementation of such 3D structures in prac-
tical applications requires a high level of efficiency and reliability.
For example, the mechanical reliability of MEMS devices is a
critical concern that must be considered from design to fabrica-
tion, and ultimately functionality [16,17]. The ideal situation for
structures in applications such as 3D MEMS, sensors, or energy
harvesting devices, is to sustain the external load and associated
repeated deformation for extended periods of time. Factors such
as geometry and thickness of the structure, the level and number
of cyclic loading, and defect-induced degradation during the fab-
rication process, could limit this lifetime and lead to unwanted
malfunctioning of the devices.

In an earlier study, we investigated the mechanical resilience
of different geometries of 3D kirigami structures under single
compressive loading, and found a strong geometric dependent
mechanical behavior in terms of flexibility and elastic recov-
ery [18]. Energy dissipation and durability of these structures un-
der repeated compressive cyclic loading were also examined [19].
The structures demonstrated elastic behavior with minimal hys-
teresis by compressing to 50% of their height. At the extreme
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Table 1
SEM of structures with/without defects tested at 50 and 100% compression.

* The dashed circle shows the site of defect in each structure.

condition of cycling to 100% compression, the structures achieved
stable hysteresis after few cycles and 94% elastic recovery.

Herein, we investigate the mechanical responses of 3D
kirigami-inspired structures with different types of defects. In any
microfabrication process, the aim is always to increase the yield.
However, sometimes defects are introduced in these structures
at different steps of the process. Since buckling is a defect-
dependent deformation, it is essential to investigate how these
structures behave under compressive loading with the existence
of such defects. 3D structures with defects were fabricated using
a controlled compressive buckling approach and mechanically
tested under cyclic compressive loading using in-situ scanning
electron microscopy (SEM).

2. Materials and methods

Fabrication of the 3D structures started with patterning of
2D precursors of epoxy (SU-8, 3 µm thickness) by spin coating
and photolithography on a layer of silicon dioxide (SiO2, 800 nm
thickness), which was previously formed on a silicon wafer by
thermal oxidation. The exposed regions of the SiO2 layer were
then removed by wet etching in diluted hydrofluoric acid (HF).
Spin coating and photolithography were used again to form an-
other layer of photoresist (AZ 5214, 4 µm thickness) on the
non-bonded regions of the precursors. The remaining buried SiO2
layer under the precursors was eliminated by another HF wet
etching process, to facilitate the transfer printing of the precur-
sors from the Si wafer to another silicone elastomer substrate
(Dragon Skin R⃝, 600 µm thickness). A layer of titanium (5 nm
thickness) and SiO2 (50 nm thickness) were deposited on the
precursors by electron beam evaporation to enhance the adhesion
of the bonding regions of the precursors with the elastomer
substrate.

The 2D patterns were then transfer printed from the Si wafer
to a water-soluble polyvinyl alcohol (PVA) tape using a poly-
dimethylsiloxane (PDMS) stamp. To form a strong bonding be-
tween the elastomer substrate and the precursors, the silicone
elastomer and the precursors on the PVA tape were exposed to
ultraviolet-induced ozone treatment, which formed a hydroxyl
termination. The elastomer was then biaxially stretched to 75%
prestrain with a mechanical stage. The PVA tape and the 2D
precursors were then laminated on the stretched elastomer sub-
strate and baked at 70 ◦C for 8 min to yield a strong bond
between the substrate and the bonding regions of the precursors.
Thereafter, the PVA tape and photoresist layer were removed
using hot water and acetone, respectively. Releasing the pre-
strained elastomer substrate induced compressive forces which
enabled the out-of-plane deformation of the non-bonded regions
of the precursors, forming the desired 3D shapes. A schematic
representation of the 2D patterns and their transformation to 3D
structures upon releasing the elastomer is illustrated in Fig. 1, for
a table structure without defect and with a crack type defect. The
crack was formed during the assembly process with a length of
∼10 µm. Each resulting nominal kirigami structure is made of
3 µm thickness SU-8, and a height of 60 µm.

The mechanical cyclic compression experiments were carried
out on the structures with/without defects (shown in Table 1)
using a commercial PI 88 SEM Picoindenter (Bruker) equipped
with a diamond flat punch probe with a diameter of 100 µm.
The samples were sputter-coated with 8 nm of Pt/Pd for better
visualization inside the SEM. Displacement-controlled mode was
used to compress the structures to 50% and 100% of their initial
height. The experiment at 50% compression was performed to
enable direct comparison between structures with and without
defect. Since there was no observable change in the structural
performance, extreme compression of 100% was chosen for the
other structures.

3. Results and discussion

3.1. Stiffening of the structures at 100% compression

Fig. 2(a, b) show the load–displacement curves obtained by
cycling of the rotated table structure to 100%. The curves in
Fig. 2(b) were divided for each set for clarity. Three sets of cycling
experiments were carried out. Each set consisted of 10 cycles
resulting in a total number of 30 cycles. 4 min was selected
as the wait time after the complete unloading of the structure
at the end of each set to allow for viscous relaxation of the
structure/substrate. Note that the structure was fully unloaded
only at the last cycle of each test set. The first cycle of each
set, particularly set 1, demonstrated the largest hysteresis loop
with the highest energy dissipation. This could be due to plastic
deformation and initiation of buckling of the leg at the first
cycle. Less energy was dissipated in subsequent cycles, indicating
stabilization of the structure.

The load bearing capacity increased with each set, as shown
in Fig. 2(b). The curves showed three regions for the loading
associated with Hookean-type deformation with a linear slope,
a reduction in the slope due to small buckling, and an increase
in the slope due to stiffening of the structure. Similar behavior
was observed for single compression of kirigami structures [18].
The reasons behind the stiffening can be attributed to different
mechanisms involved during the compression of the structure.
Referring to the recorded movie S1 in the supporting information,
the densification of the structure with increase in compression
forced the legs to ultimately touch the bonding pads and the
substrate, wherein rapid increase in the force with small com-
pression was initiated. According to [20], a slight curvature in a
thin sheet can significantly increase the stiffness during bend-
ing, due to developed internal stresses. Here, the bonding pads
behaved similar to a curved thin sheet subjected to bending at
100%. The role of substrate deformation became more dominant
upon compression to 100%. The compression of the substrate
indicated higher stiffness and load bearing capability, compared
to the structure [19].

The recorded movie S1 shows that a combination of sliding,
twisting, and slight bucking occurred with compression to 100%.
The permanent buckling of the leg, and twisting of the structure
can also be observed from the SEM images shown in Fig. 2(c),
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Fig. 1. (a) Schematic illustration of 2D design patterns and 3D kirigami structures assembled by controlled buckling, and (b) SEM images of the fabricated structures
(scale bar is 25 µm).

Fig. 2. Rotated table structure without defect: (a) Load–displacement curves for 30 cycles of loading-unloading, compressed to 100%, (b) Separated cycling curves
for each set, and (c) SEM images taken before and after 30 cycles, including superimposed initial and deformed structure (scale bar is 25 µm).

which were taken before the experiment started and after the
30th cycle. The buckling of the leg is shown with a dashed white
circle in the SEM images. The superimposed image depicts a
better visualization of the changes in the shape of the structure
after the experiments. The dashed black line represents the initial
structure before the experiment. From the superimposed image
in Fig. 2(c), three distinct deformation modes can be observed: (a)
shifting to the right in the sliding direction, (b) slight reduction

in the height due to buckling of the leg, and plastic deformation,
and (c) in-plane twisting of the structure.

3.2. Structures with defects

3.2.1. Structure with crack
The successful implementation of such 3D structures to practi-

cal applications such as 3D MEMS sensors requires high reliability
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Fig. 3. (a) Table structure load–displacement curves for 30 cycles compressed to 100%, (b) Separated cycling curves for each set, (c) SEM images taken before cycling
and after each set of cycles (scale bar is 25 µm for the low magnification images and 5 µm for the high magnification images), and (d) Superimposed SEM images
before the experiment and after the 30th cycle (scale bar is 25 µm).

and stability of the structures operating under cyclic mechan-
ical loading. Such loading conditions can induce fatigue in the
structure, which can ultimately lead to cracking and failure. In
Ref. [19], we investigated the mechanical response of a rotated ta-
ble structure subjected to 200 cycles under extreme compression
of 100%. The formation and growth of a microcrack were observed
after the 100th cycle. Herein, the structure had a pre-existing
crack in one of the legs to capture a crack-type defect that could
occur during the fabrication process. Similar to our prior study,
the crack formed at the ribbon-membrane connection, which
turns out to be the more sensitive location for crack formation.

Three sets of cyclic experiments with ten cycles at each set
were conducted at 100% compression on a table structure with a
small crack on its front leg, depicted with a white dashed circle in
Fig. 3(c). Fig. 3(a, b) show the load–displacement curves at each
set. Initially, the structure demonstrated a Hookean response with
linear elastic behavior followed by a large increase in the dis-
placement with little increase in the load due to rapid buckling.
Finally a large increase in the load due to stiffening when the
structure approached 100% compression. The first cycle showed
the highest energy dissipation, while less energy was dissipated
in the first cycle of the 2nd and 3rd sets. The structure achieved
stable hysteresis and stabilized with increasing number of cycles.
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Fig. 4. (a) Table structure load–displacement curves for 40 cycles at 100%, (b) Separated cycling curves for each set, and (c) SEM images taken before and after 40th
cycles, including superimposed initial and deformed structure (scale bar is 25 µm).

The structure became more robust and resistant to crack growth
at subsequent sets.

A combination of sliding and buckling occurred during the
compression to 100% (see the recorded movie S2 for the first
set). The buckling of the leg and permanent deformation of the
structure is clearly discernible from the movie S2, as well as the
SEM images shown in Fig. 3(c, d). Fig. 3(c) shows the SEM images
of the structure taken before the experiment and after each set of
cycling tests. The higher magnification images show the growth
of the crack with cyclic compression at each set. The comparison
of the images after sets 2 and 3 (the 20th and 30th cycle) indi-
cate negligible growth in the crack, compared to the 10th cycle.
The developed internal tensile stress on the leg resulted in the
crack growth. As seen in movie S2, the top portion of the leg
is under tension with buckling of the leg inducing tensile stress
at the crack site. The internal stresses decreased with number of
cycles, which caused the crack growth to decelerate [21]. Fig. 3(d)
depicts the superimposed image before the experiment and after
the 30th cycle. The structure permanently deformed and tilted
in the sliding direction, and the right leg experienced two-fold
bending.

3.2.2. Structure with thinner leg
Numerical analysis of structures with different thicknesses

showed the dependence of the mechanical response on the thick-
ness of the structure [19]. Structures with lower thickness demon-
strated a more compliant behavior with lower load bearing ca-
pacity and stiffness. Here, the thickness effect is incorporated
as a defect in the structure. The structure was compressed for
40 cycles at 100%. The respective load–displacement curves are
depicted in Fig. 4(a, b). During the first cyclic loading, the struc-
ture followed a linear elastic behavior up to a threshold, where a

sudden drop in the load occurred. Referring to the recorded movie
S3, this sudden drop was accompanied by an instantaneous in-
plane twisting and sliding of the structure as well as buckling
of the right leg. The permanent twisting/buckling can also be
observed in the SEM images depicted in Fig. 4(c). The right leg
marked with a dashed white circle and the superimposed image
before and after the experiments show the twisting/buckling in
the legs. The sudden slip/twisting/buckling occurred due to the
asymmetric supporting of the load by the legs. Subsequent cycling
demonstrated a stable hysteresis with minimal degradation of the
structure due to post-buckling/twisting stability. The load bearing
capability decreased after each set, particularly between 1st and
2nd sets.

3.2.3. Structure with pre-buckled leg
Fig. 5(a) shows the cycling of a table structure without defect,

which was carried out in an earlier study for 30 cycles at 50%
compression [19]. The structure demonstrated a linear elastic
behavior with minimal energy dissipation and stable hysteresis
with complete recovery between each set. The defect considered
in this section was introduced to the structure as buckling on
one of the legs during the compressive buckling process. Fig. 5(b)
shows the cycling behavior of the structure at 50% for five sets;
each set consisted of 10 cycles. The maximum force dropped in
the first cycle and then stabilized in subsequent cycles within
each set. The load bearing capability decreased between each set,
as revealed by the downward shifting of the curves. In contrast to
the structure without defect, the structure with defect dissipated
higher energy and did not stabilize by the end of cycling tests.
The load bearing capacity decreased by 37%, compared to the
structure without defect. According to the recorded movie S4, the
deformation was accompanied by sliding due to the asymmetric
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Fig. 5. Table structure load–displacement curves for cycling at 50% compression (a) no defect [19], (b) pre-buckled leg defect, and (c) SEM images taken before
cycling and after 50 cycles, including superimposed initial and deformed structure (scale bar is 25 µm).

support of the load by the legs. The buckled leg is marked in
Fig. 5(c) with a white dashed circle. The structure experienced a
slight change in its shape in the sliding direction, as can be seen
from the superimposed image.

3.3. Modeling using finite element analysis (FEA)

3D FEA was conducted using the commercial software ABAQUS
to simulate the structures with different types of defects. The goal
was to investigate and compare the variations in configuration
and stress/strain distributions upon compression to 100%. The
structures and the elastomer substrate were simulated using
four-node shell elements and eight-node 3D stress elements,
respectively. The convergence of mesh size ensured computa-
tional accuracy. The SU8 kirigami structures were assumed to
be linear elastic with elastic modulus E and Poisson’s ratio ν of
ESU8 = 4.02 GPa and νSU8 = 0.22, respectively. Mooney Rivlin
hyper-elastic model was used to model the elastomeric substrate
with parameters C10 = 0.06757 MPa, C01 = 0.01689 MPa, and
D1 = 0.48 MPa−1. The length for the legs of the structures were
measured to be 55 µm, except the structure with pre-buckled leg
defect, which was 65 µm. All legs had a thickness of 3 µm, except
the structure with thinner leg defect, which had a thickness of
2.1 µm on its thinner leg.

Fig. 6 shows the maximum principal strain and von Mises
stress at 100% compression for the structure without defect and
the structures with different types of defects. For all structures
except the structure with the pre-existing crack, the maximum
strain and von Mises stress developed at the ribbon-membrane
connections. The crack tip experienced the highest stress among
the structures. The structure with thinner leg defect experienced
the highest strain at the thinner leg with bending dominated
deformation. The structure with pre-buckled leg showed similar
strain behavior to non-defective structure, but higher stress at the

top membrane-ribbon connection. All the structures exceeded the
fracture threshold of SU8 (≈10%), leading to permanent plastic
deformation in the legs.

4. Conclusion

Extreme mechanical cycling of 3D kirigami-inspired architec-
tures with defects was performed using in-situ SEM flat punch
compression at 50 and 100%. Three different types of structural
defects, which could result during batch fabrication, were con-
sidered during the compressive buckling process. Apart from the
possibility of occurrence of defects in the assembly process, these
defects might also occur in practical applications during operation
under extreme conditions. Therefore, it would be beneficial to
know how the existence of defects would impact the mechanical
response and durability against compressive cycling. Reduction
in load bearing capacity, energy dissipation, and deformation of
the structures were found to be a function of the defect type.
The crack type defect created a large plastic deformation in the
sliding direction. The thinner leg type defect caused a sudden
snap during the first cycle with a slight permanent twisting re-
maining after the experiments. The structures maintained stable
hysteresis and achieved post-buckling stability after a few cycles,
which is advantageous. Compared to the structure without defect,
the pre-buckled leg in the structure induced non-instability in the
load–displacement response with higher energy dissipation and
decreased load bearing capacity by 37%. The degree of plastic de-
formation was found to be a function of defect type. The existence
of crack in one of the legs caused the largest plastic deformation.
A common characteristic between the investigated 3D structures
and other 3D kirigami structures is their beneficial compliance
and elasticity, although variations exist based on the specific
structure design (since the stresses generated are geometry de-
pendent). FEA results showed the dependency of stress/strain
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Fig. 6. FEA results for single compression to 100% for the structures with and without defects. The dashed circle shows the site of defect in the structure.

distribution and deformation on the defect type. The internally
developed stress and the deformation of the substrate were the
mechanisms behind stiffening, once compressed to 100%. It is
worth noting that despite the defect type, all structures ulti-
mately achieved stable hysteresis with steady-state mechanical
behavior, which is advantageous in practical applications, as they
do not lead to catastrophic failures.
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