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Design of Bistable Soft Deployable Structures via a
Kirigami-Inspired Planar Fabrication Approach

Mrunmayi Mungekar, Leixin Ma, Wenzhong Yan, Vishal Kackar, Shyan Shokrzadeh,
and Mohammad Khalid Jawed*

Fully soft bistable mechanisms have shown extensive applications ranging
from soft robotics, wearable devices, and medical tools, to energy harvesting.
However, the lack of design and fabrication methods that are easy and

potentially scalable limits their further adoption into mainstream applications.

Herein, a top—down planar approach is presented by introducing
Kirigami-inspired engineering combined with a pre-stretching process. Using
this method, Kirigami-Pre-stretched Substrate-Kirigami trilayered precursors
are created in a planar manner; upon release, the strain mismatch—due to
the pre-stretching of substrate—between layers will induce an out-of-plane
buckling to achieve targeted 3D bistable structures. By combining
experimental characterization, analytical modeling, and finite element
simulation, the effect of the pattern size of Kirigami layers and pre-stretching
on the geometry and stability of resulting 3D composites is explored. In
addition, methods to realize soft bistable structures with arbitrary shapes and
soft composites with multistable configurations are investigated, which may
encourage further applications. This method is demonstrated by using
bistable soft Kirigami composites to construct two soft machines: (i) a
bistable soft gripper that can gently grasp delicate objects with different
shapes and sizes and (ii) a flytrap-inspired robot that can autonomously

reconfiguration,”] information
storage, 1] high-speed locomo-
tion on ground!''™! and water,!4!]

adaptive sensing,!'®) and mechanical
oscillation,['”18]  computation,[*?° and
feedback controls!?!l toward achieving
autonomy for fully soft machines. Fabri-
cation is non-trivial for fully soft bistable
mechanisms, including both pre-shaped
and pre-buckled ones.?2) Pre-shaped
bistable mechanisms are either accom-
plished with vacuumed-involved casting
procedures with customized molds!?324l
or with free-form fabrication techniques
(i.e., 3D printing)®! with limited scal-
ability and long fabrication times.[%!
Likewise, pre-buckled ones often require
constrained boundary to precisely im-
pose buckling load,?”%8] which could
increase the fabrication difficulty and
restrain their applications. Therefore,
it is desired to introduce a method for
fabrication and programming of fully

detect and capture objects.

1. Introduction

The rapid development of soft robotics has recently attracted in-
creasing attention from biology, chemistry, materials science, and
engineering.['! Fully soft machines and robots have shown the
capability of outperforming conventional rigid counterparts in
terms of adaptability, robustness, and safety.?] Recently, bistable
mechanisms— - possessing two stable equilibrium states—
have been introduced into soft robotics for achieving high-
performance and multi-functionalities.®) They have demon-
strated various innovative applications in fast grasping,/*®! shape
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soft bistable mechanisms that are easy
to generate and potentially scalable,
which could encourage their further
adoption into mainstream applications.

Recently, pre-stretching method on generating 3D structures
and mechanisms from planar bilayered precursors (structures
before 3D deployment) has drawn increasing attentions thanks
to their scalability and ease for fabrication.3!l The planar
precursors often consist of a pre-stretched substrate with a
bonded top layer; upon release, the substrate imposes compres-
sive load on the top layer to force the bilayered precursor into
3D morphology.[*?l However, to introduce bistability or even mul-
tistability, a spatial variation of thickness and selected bonding
pattern for the top layer are necessary.**! These two technolo-
gies could enable the creation of more delicate 3D configurations
while sacrificing the ease of fabrication. The strain-mismatch be-
tween two layers could also be introduced by combining 2D print-
ing and material relaxation.*#] Although it is possible, no demon-
stration has yet been shown for generating bistable structures us-
ing this method. In addition, the limited choice of materials may
restrict its applications.

A promising alternative method is to bring in Kirigami-
inspired engineering onto the top layer (with uniform thick-
ness); the designated pattern on the top layer could potentially
guide the resulting composite to deform into a pre-programmed

© 2023 Wiley-VCH GmbH
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Figure 1. Overview of the bistable soft structure design. A). The combination of two Kirigami layers and strain mismatch creates 3D soft structures
that are fully soft and bistable. B) To demonstrate its b|stab|||ty, the force-displacement curve of the trilayer soft structure was obtained experimentally,
indicating that the structure can switch from one stable configuration to the other. The force required to change the state is defined as the switching
force. C) The bistable structures can be applied to create a flytrap-inspired robot which allows for autonomous sensing and fast actuation to capture
objects. D) A bistable pyramid can function as a gripper to grasp delicate objects with different size and shape.

geometry without requiring neither a spatial variation of thick-
ness of the top layer nor specified bonding pattern.[*>-%! This
Kirigami-inspired pre-stretching method has enabled various
applications, including deployable 3D shapes,*! self-assembly
structures,?%! etc.[*) Similarly, trilayered sandwiched compos-
ites with pre-stretched elastomeric membranes are introduced
to generate dual-stiffness structures.[*!] Yet, the capability of in-
troducing bistability within this design paradigm has not been
demonstrated. Specifically, a scalable and simple manufactur-
ing method that enables the usage of the uniform material and
bonding could create a pathway for broad adoption of fully soft
bistable mechanisms into intelligent soft machines and robots.
An interesting modification of this method is to use thermal-
treatable elastoplastic materials, such as polyethylene terephtha-
late, for the Kirigami layer. Instead of stress-mismatch, a 3D
structure could be created through heating on a cylindrical cur-
vature, which could function as a gripper upon stretching.[*?
However, requiring additional thermal treatment and specific
materials might complicate the fabrication processes and limit
the application range. A broad comparison of our method with
previous works on generating 3D soft devices is specified in Table
S1 (Supporting Information).

Here, we propose an easy and scalable process to create fully
soft bistable mechanisms from 2D preprogrammed precursors.
This approach introduces the bistability through bonding one
central pre-stretched substrate with two identical Kirigami top
and bottom layers. Once released, the trilayered composite de-
forms into a 3D free-buckling configuration with two stable
equilibrium states, as schematically shown in Figure 1A,B. Our
method allows us to only use commercially available soft elas-
tomer sheet materials, which could vastly simplify the fabrica-
tion processes. We combine physical experiment, finite element
simulation, and composite shell theory to explore and predict the
transition from 2D to 3D shapes and the properties of the re-
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sulting bistable mechanisms. We show methods to create soft
bistable structures with arbitrary shapes and sizes by combin-
ing optimal design results from machine learning algorithm with
scaling analysis. In addition, we explore the multistability of pro-
posed trilayered composites through experiment and simulation.
We demonstrate this generic design and fabrication method by
creating (i) a universal, nondestructive soft gripper that allows
stable grasping of delicate objects such as a strawberry or a but-
ter packet; and (ii) a flytrap-inspired robot that can autonomously
sense and swiftly capture objects (see Figure 1C,D, and Movie
S1, Supporting Information). This work opens a new avenue to
generate a fully soft bistable mechanism with potential applica-
tions in wearable devices, soft robotics, and multifunctional med-
ical devices.

2. Results and Discussion

2.1. Design Concept

Figure 1 presents our concept of designing bistable soft com-
posites. We start with a substrate layer and two identical outer
layers with the same Kirigami design cutouts (Figure 1A). The
Kirigami layers in this example resemble a lotus shape. First, a
biaxial stretch is induced on the substrate layer. Then, the two
unstretched Kirigami layers are aligned and bonded at the top
and the bottom of the pre-stretched substrate layer, generating
symmetry to the composite about the substrate (Figure 1). The
material removal in the Kirigami layers can help the laminated
trilayered structure to achieve targeted global shapes with smooth
transition instead of wrinkling in the local regions.**] Once re-
leased, the strain mismatch between the three layers induces out-
of-plane buckling, since bending is less energetically expensive
than compression for thin shells.[**]
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2.2. Desktop-Scale Physical Experiments

Figure 2 presents the experimental setup for fabricating trilay-
ered bistable structures. The experimental setup consists of four
linear translation stages (250 mm travel, Thorlabs, Inc.). The
substrate and the Kirigami layers are made of hyper-elastic ma-
terials. The material properties are listed in Figure S1D (Sup-
porting Information). An arbitrarily large substrate layer is fixed
with its four corners attached onto the four stages, respectively
(Figure 2A1,B1 ). Then, to impose the biaxial stretch upon the
substrate, we induce the substrate layer with the same amount
of stretch in both directions (Figure 2A2,B2). Once stretching is
complete, two Kirigami layers are attached on the top and bot-
tom of the substrate layer directly, since both sides of the lay-
ers already have a strong adhesive agent (Figure 2A3,B3). These
kirigami cutouts are obtained by pre-designing the cutout shapes
in a Computer Aided Design software such as SolidWorks, and
then cutting out the shapes using laser cutting technique.

The system chooses one from the two possible stable config-
urations as an initial shape. This is dependent on multiple ex-
perimental factors. Of them all, gravity plays the biggest role in
determining the initial configuration. Since this is a controllable
manufacturing factor, it can be utilized in case a particular initial
shape is desired. Apart from this, experimental imperfections can
affect this initial configuration and these should be carefully as-
sessed throughout the process. These include but are not limited
to alignment of the kirigami cutouts and the initial crookedness
of the substrate cut. These factors can be controlled by careful
experimental practices, thus, making gravity the biggest but con-
trollable decider of the initial configuration.

Once, the kirigami layers are in place, the excess sub-
strate is cut away according to the desired resulting shape
(Figure 2A4,B4). This is done by holding the composite and cut-
ting it loose carefully along the decided substrate shape (in this
case, a square surrounding the plus sign) using a pair of scissors.
Once released, this planar composite structure then morphs to
either one of the two possible stable configurations arising due
to the strain mismatch within layers. We trim away any excess
substrate further before we let the shape rest until it stabilizes.

For our experimental study, we chose cross-shaped Kirigami
layers and square-shaped substrate layers. With the appropriate
value of pre-stretch 4, these geometric designs of the layers pro-
vide a deformed shape that looks like a pyramid. Figure 2C dis-
plays one such soft pyramid bistable structure. The length of the
2D precursor is denoted as L while the height of the buckled 3D
pyramid is H as shown in the insert of Figure 2C. We define
the configuration it immediately converged to after removing the
boundary condition as the “positive”configuration, while the in-
verted one as the “negative” configuration. Before the measure-
ments were performed, both “positive” and “negative” configura-
tions were given a sufficient period of time to settle down. As the
pre-stretch increases, the normalized height (= H/L) of the pyra-
mid increases in a nonlinear manner, as shown in Figure 2D.
The normalized height for the “positive” and “negative” configu-
rations were close to each other for this size of composite struc-
ture with L = 60 mm. We also studied the switching force that
is required to change from one stable configuration to other, as
shown in Figure 2E,F. We see that it grows nonlinearly as the pre-
stretch increases. The switching force ranges from about 0.1 to
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1.8 N. The testing procedure is detailed in Section S5 (Supporting
Information).

It is to be noted that this experimental method brings a certain
set of limitations on the materials that can be used to manufac-
ture these structures. The materials used should be stretchable
(specifically the substrate layer) and cuttable (all layers involved)
as suits the experimental requirement. Thus, owing to the high
stretch required for the substrate layer, brittle materials or mate-
rials with high rigidity are not viable options for the same. But
on the other hand, the kirigami layer has lesser restriction when
it comes to material, bound only by its ability to be precisely cut-
table. With the current advancement in laser cutting techniques,
a higher range of materials is becoming an allowable option for
this technique. We are still bound to limitations arising due to in-
sufficient precision or the large thickness of cuttable sheets when
it comes to choosing a material. All these material-based limita-
tions should be taken into account before beginning to design
these structures.

2.3. Finite Element-Based Numerical Simulations

The finite element software, Abaqus,/**! was used to model the
nonlinear large deformation of the hyper-elastic composite struc-
tures. In the simulations, we used the same pyramid shape and
simulated the hyper-elastic materials of the substrate and the two
Kirigami layers using Mooney-Rivlin material models. Solid el-
ements (C3D6) were used to model the layers of the composite
structure. Each layer of the composite was modeled with multi-
ple sub-layers of elements to accurately predict the deformation
of the structure along its thickness. Each sub-layer was meshed
with two sets of 4521 nodes, with the substrate and the kirigami
having 2198 and 6046-node prismatic elements per sub-layer, re-
spectively. The symmetry of the Kirigami was taken into account
for the mesh. Furthermore, the elements at the interface of the
material layers shared nodes constraining their deformation in a
way similar to the layers being bonded together. The center of the
composite structure was set fixed. The pre-stretch was induced by
describing an initial stress condition on the substrate layer. This
initial stress was calculated as the Cauchy stress (o) arising in a
Mooney—Rivlin hyperelastic material (Parameters: C,, C,) due to
a given equibiaxial stretch (A).

o=2cl<,12—%)—zcz(%—,1“> 1)
A nonlinear quasi-static deformation process was simulated with
a very small but non-zero distributed force on the structure to
force it into one of the two possible stable configurations, which
we termed as the “positive” configuration.

One numerical simulation took about 1-3 min wall clock time
on a desktop computer (Ryzen 2950wx CPU @ 2.4 GHz). To un-
derstand the variation of the final shape with pre-stretch, the sim-
ulation was run for multiple values of pre-stretches. The height of
the structure was studied by procuring the maximum and mini-
mum values of the out-of-plane nodal coordinates. Further details
on this study have been described in Section 2.5.

We also study the other stable configuration than the one
the simulation initially provides. This is simulated by model-
ing a force-based actuation on the obtained configuration. Force
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Figure 2. Experimental setup. A1-A4) CAD model of the experimental setup. B1) Schematic representation of the system consist of two-knob stages
(1) on 250 mm tracks (2). B2) Snapshot of the system when the substrate layer (3) is stretched. B3) Attach one Kirigami layer (4) below the substrate
layer, and the other one (5) on top of the substrate layer. B4) Release the pre-stretch by cutting along the outline of the circular substrate.C) Side view of
the trilayer composite structure, and the free buckling shape of the trilayer composite structure. D) Variation of normalized height as a function of the
pre-stretch (L = 60 mm). E) Experimental setup for measuring the switching force during indentation. F) Variation of switching force required to switch
between the two configurations (L = 60mm).
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Figure 3. A) Cross-sectional view of the trilayer and bilayer composite structure. B) Sketch of the side view for a pyramid with height H. C) Sketch of the

side view for a spherical cap with height H.

is applied on four symmetrically placed nodes on the arms of
the cross-shaped Kirigami layer, pushing the structure into the
other stable configuration. This actuation provides us with de-
tails about the “negative” configuration of the structure as well as
brings to light the multiple stable modes that a structure could
have as further described in Section 2.6.

2.4. Analytical Derivation

Figure 3A shows the cross-sectional views of the soft Kirigami
composite structure before buckling. The thickness of the sub-
strate and Kirigami layers are denoted as t, and t,, respectively.
We assume that after the free buckling, the initial stretching en-
ergy of the substrate layer is transformed into the bending energy
of the whole composite structure. This is because that bending
energy is less energetically expensive than compression for thin
shells.I**] Considering the hyperelastic property of the system, the
stretching-induced energy is,

E, = [C1(2/12+%—3>+C2</14+%—3)]At5 2)

where 4 = L;/L =1 + e is the pre-stretch, which is the ratio of the
stretched substrate size L over the unstretched size L. A is the
area of the unstretched substrate. For the square-like substrate,
A= (L/V24).

In the linear material region, we can approximate the
stretching-induced energy for the substrate layer as,

E = Lace 3)
S 2 s

where C, = Ejt /(1 - v?). E, and v are the Young’s modulus and
Poisson’s ratio of the substrate layer, respectively.

Meanwhile, we assume a small strain criterion to calculate the
bending energy as follows:

1
E, ~ EAD“'KZ (4)

where D, is the equivalent bending stiffness of the trilayer,
which is derived in Section S4 (Supporting Information). From
the observation of the deformed 3D shapes, we further assume
that the deformed shape is close to a pyramid shape, with the side
view sketched in Figure 3B. For the pyramid like shape, the cur-
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vature is related by the angle ¢, the half-length of the cross shape
L/2, and the height of the pyramid H via the equations as follows,

Kzitan(£> (5)
L 2

H= gsm@) (6)

Hence, combining Equations 5 and 6 gives the pure geometric
relationship,

H_Llgin (£> = Lsin (arctan K—L> (7)
L 2 2 2 4
Since arctan (k L/4) function is bounded between 0 and 7/2, the
normalized height, H/L, is bounded between 0 and 0.5. A perfect
fold would give H/L = 0.5. This helps explain why in both simu-
lations and experiments, the normalized heights plateau at very
large amount of pre-stretches in Figure 4.

By balancing stretching-induced energy in Equation 3 and
bending energy in Equation 4, the curvature x can be calculated
as,

2 S (8)
AD D, 1+e

which suggests that the system is bistable with positive and neg-
ative configurations.

Hence, H/L can be analytically estimated from the external
prestretch as,

H 1 . C e L
— = +=sin| arctan = 9)
L 2 Dy1l+e4

It can be found that the simplified analytical model captures sim-
ilar trend with the experiments and simulations, which further
verifies the concept of shape-forming trilayer structures.

For other 3D shapes close to spherical caps in Figure 3C, the
relationship between normalized height and curvature are found
to be presented in Equation 10. The detailed derivations are in
Section S3 (Supporting Information).

H_«xL (10)
L
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Figure 4. A) Comparison of the free-buckling shapes in (A1-A4) simulation and B1-B4) experiment for the cross-shaped Kirigami composite structure
(L=40 mm) at different amount of pre-stretch A = 1.2, 1.4, 1.6, 1.8, 2.0. The colorbars correspond to the distribution of stress in the deformed trilayer
structure. C—E) The variation of the normalized height of the free-buckling shape as a function of the pre-stretch. Three examples showing different
length/thickness ratio with diameter/width ratio fixed. (C) L/t, = 40. (D) L/t, = 60. (E) L/t, = 80. F) Variation of the energy landscape at different
pre-stretch. Below a certain threshold, the composite structure hardly buckles.

2.5. Effect of Size and Pre-Stretch on Free Buckling Shapes

In this section, we focus on the cross-shaped Kirigami layers
with square-shaped substrate as shown in Figure 2. The thick-
ness of the material is denoted as t (including ¢, and t, for the
substrate and Kirigami layer, respectively), the length and width
of the kirigami are denoted as L and w, respectively.

For a fixed size of kirigami composite structure, we first in-
vestigate the effect of prestretch on the buckling shapes. A few
examples of Kirigami composites with different amount of pre-
stretches are presented in Figure 4A,B. The geometry in simu-
lations agrees well with the results of experiments. The height
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of the composite structure increases with the amount of pre-
stretch, as shown in Figure 4C-E. This is because with the in-
crease in strain energy in Figure 4F, the converted shell bending
energy becomes larger. There exists a certain threshold, below
which the composite structure hardly buckles. Despite the as-
sumptions introduced in the analytical model, the experiment,
simulation and analytical model exhibit similar trend. As pre-
stretch increases, the maximum heights of these pyramid-like 3D
shapes are bounded by a certain maximum.

We further increase the length L, but fix the length /width ratio,
L/w, and the thickness of the composite structure t. This means
that the ratio of length/thickness, L/t, is increased. Figure 4C-E
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Figure 5. A) Sketches of free-buckling mode shape 1 and mode shape 2 in the “positive” and “negative” configurations. B) The free buckling shapes
for the cross-shaped Kirigami composite structure (L = 80 mm) at different amount of pre-stretch A = 1.2, 1.4, 1.6, 1.8, 2.0. The Mode 1 and 2 are also
predicted in simulations. C) The simulated variation of normalized height of the two modes in the “positive” and “negative” configurations as a function

of pre-stretch A.

presents the variation of normalized height at different L/t. At the
same level of pre-stretch, the maximum normalized height for
the pyramid tends to be larger for thinner composite structures
(with larger L/t). Such a behavior can be understood from the
scaling relationship in Equation 9.

2.6. Multistability

As L/t increases to around 80 (L = 80 mm), we find there could be
multiple free-buckling mode shapes in the positive and negative
configurations, as shown in Figure 5A,B. This behavior is not ob-
served for composite structures with smaller L/t in Figure 4. For
the kirigami composite of L = 80 mm, a systematic variation finds
that, at a small pre-stretch, the free buckling shape is dominated
by the mode 1 defined in Figure 5A. As the amount of pre-stretch
increases, the mode 2 type emerges. The four edges of the cross-
sections start to buckle locally. In the two modes, the cross shapes
buckle in different directions. This leads to the difference in the
height of the two modes presented in Figure 5C. Considering the
symmetry of the trilayered structure, the soft structures in this
case have four stable configurations. Such a multistable behavior
further functionalizes the structure to possess more mechanical
properties. This also opens the door of conducting systematic an-
alytical research to understand the mechanism behind the multi-
stability phenomena in the future.

2.7. Creating the Trilayer Bistable Structures that Achieve Target
3D Shape
Based on the same design concept of combining Kirigami struc-

tures and strain mismatch, Miha et al. and Ma et al.’”! for the
first time demonstrated that the planar bilayered composite can
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be deformed to 3D soft structures. Ma et al.?®! further devel-
oped a machine learning-aided approach to explore the opti-
mal Kirigami cuts, pre-stretch and Kirigami size that achieves
targeted 3D shapes, such as peanuts and flowers. The high
dimensional design space is well represented by around ten
features using Variational Autoencoder. To accelerate the op-
timization of the reduced feature set, active learning is used
to compare the target with the free-buckling shape in nonlin-
ear finite element simulation, and strategically correct searches
in the reduced dimension design space. Compared to Ediso-
nian search, the developed machine learning approach can re-
duce the optimization time from hundreds of days to just a few
hours.

The previous research enables rapid prototyping of soft
Kirigami structures through a Kirigami bilayered composite
structure. If we continue to add more Kirigami layers in the
system, we can introduce bistability for these soft kirigami
structures, which can be used for wider applications, such as
biomimetics *° and soft actuators.?’]

Even though the proposed machine learning approach by Ma
etal.’®l reduces the number of searches from millions of designs
to order of hundreds, it still takes about 6 h of computational
time on a desktop computer (Ryzen 2950wx CPU @ 2.4 GHz).
In this section, we want to test whether we can achieve similar
targeted 3D bistable structures just by modifying the size and
the amount of pre-stretch while keeping the optimized Kirigami
patterns the same as the bilayered counterparts. To achieve this
goal, we make use of the scaling analysis derived from the energy
conservation.

The 3D shapes we focus on in this section are the unilobe
shape and the bilobe shape (Figure 6). For these 3D shapes, we
can assume the curvature is approximately the same everywhere.
In this case, the relationship between the curvature and height is
derived in Section S3 (Supporting Information). Then, equating
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Figure 6. Comparison of the free buckling shape for bilayer and trilayer soft Kirigami composite. The Kirigami patterns is fixed, and the structures can
create three target shapes A) Unilobe structure. B) Bilobe structure. C) Structure with negative Gaussian curvature. First column: Kirigami patterns in red
and circular substrate in blue. Second column: Bilayer structure with specific combination of pre-stretch and initial radius. Third column: Trilayer structure
with the same combination of pre-stretch and initial radius as the bilayer counterpart. Fourth column: Trilayer structure with adjusted pre-stretch and

radius.

the bending energy and stretching energy, the normalized height
H/L can be approximated by

== (11)
8\ D, 1+e

E L G e
L

For the structure of a certain radius R, the bending stiffness
D,, for the trilayer is about 3 times of the bilayer counterpart.
Figure 6 shows two examples where the Kirigami patterns in
the first column can be used to create a target unilobe and a
bilobe bilayer structures in the second column.l¥*¥] The mate-
rial properties for the substrate and Kirigami layers are shown
in Figure S1D (Supporting Information). The material constants
for the Kirigami layer leading to unilobe structures are C’fg and

C];g . While the constants for kirigami that creates the bilobe shape
are C* and C. If we apply the same amount of pre-stretch to
the trilayer structure of the same size as the bilayer counterpart,
then the free-buckling shape is still flat in the plane. This is due
to the increased stiffness in the system. To create the targeted
3D shapes of similar height ratio H/L, the pre-stretch and size
need to be adjusted according to Equation 11. The last column in
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Figure 6 shows some examples when the pre-stretch varies near
the value for the bilayer counterpart, but the radius of the struc-
ture is increased, we can still fabricate unilobe and bilobe shapes
of similar H/L using these trilayer composite structures.

There also exists a limiting condition when the scaling rela-
tionship can be further simplified. When the thickness of the
substrate is very thin, and the bending stiffness of the substrate is
negligible, the equivalent bending stiffness of the trilayer is about
8 times of the bilayer counterpart with the same size. Hence, the

i or size L needs to be increased to approximately 2/2 of the
bilayer structure.

2.8. Applications of Bistable, Soft Kirigami Composites

To show the potential applications, we used bistable soft Kirigami
composites to realize two soft machines: (i) A bistable soft gripper
that can grasp delicate objects with different shape and size (see
Figure 7A-C); (ii) A flytrap-inspired robot that can autonomously
and passively sense and capture objects (see Figure 7D-F).

The soft gripper is mainly composed of a bistable dome (4.2
gram, with cross-shaped Kirigami layers), an extending shape
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Figure 7. Demonstrating bistable soft composites with two applications. A) The mechanism of a soft gripper composed of a bistable dome actuated
by an extending shape memory alloy(SMA) spring. B) The detailed structure of the gripper with labels. C) The gripper has the ability to gently grasp
delicate objects of different shapes and sizes. D) Venus flytrap can detect preys and close its leaves quickly to capture preys. E) This strategy can be
mimicked by mechanically embedding sensing and actuation into structures by using a bistable dome. F) A magnet was inserted into the bottom of the
object. With the help of the magnetic force, the snap-through of the dome could be directly triggered by the touch of the toy. G) Snapshots show the
autonomous object detection and quick closing of leaves without requiring external sensing, control, and actuation. To help overcome the energy barrier
of the bistable dome, we attached a permanent magnetic bead on the bottom of the object while placing another one underneath the platform.

memory alloy (SMA) spring, and a mechanical pusher (see
Figure 7A). The center of the bistable dome is attached to the
end of a rail. One end of the SMA spring is fixed on the rail,
while the other is joined with the pusher. The spring can be acti-
vated by Joule heating through electrical power. Thus, the bistable
dome stays at the upward stable equilibrium when unactuated;
the pusher can glide along the rail when the SMA spring is pow-
ered and eventually causes the dome to snap-through to the other
stable state. To facilitate the grasping, we modified the original
Kirigami pattern by extending the top Kirigami and substrate lay-
ers on the edges so that the added parts of the dome can form
hook-shaped structures locally as shown in Figure 7B. This shows
the potential of our method to generate more sophisticated 3D
structures to enable more functionalities through a monolithic
planar process. We show the ability of our gripper by grasping
various fragile objects, including a strawberry (15 gram), a but-
ter packet (9.7 gram), and an UCLA plush bear (12.6 gram) as
shown in Figure 7C. We also demonstrate sturdy grasping of a
25.3g cable spool (Figure 1D and Movie S1, Supporting Infor-
mation) under moderate disturbance. It is worth noting that we
only need energy during the transition phase while no energy is
required to keep the gripper closed, which could save consider-
able amount of energy for applications where long grasping time
is necessary. We have provided more details on this gripper in
Section S7 (Supporting Information).

Adv. Mater. Technol. 2023, 2300088

2300088 (9 of 11)

The flytrap-inspired robot consists of a bistable trilayered
dome (with lobe-shaped Kirigami layers) (see Figure 7E). The de-
sign parameters are described in Table S2 (Supporting Informa-
tion). The transition of the robot from the open state to the closed
one happens by applying a minimum loading force of ~0.7N.
This also agrees with the analytical result, where the weight of the
object should be no smaller than the maximum restoring force
due to bending,

95 AD, K
=2 — 12
0Z |,=n 0z (12)

z=H

where k = 8z/L%, where z is the vertical coordinate. Plugging
the geometrical and material parameters for the flytrap-inspired
robot, it can be found that the minimum loading force is around
1N.

This snap-through transition with the intrinsic energy bar-
rier can function as embedded sensing and fast actuation to au-
tonomously capture an object. We demonstrate this by placing a
self-made toy (made from Plasticine) at the center of the robot;
the loading causes the bistable dome to snap-through and thus
quickly close leaves to trap the object. The closing happened
within 0.4 s (see Figure 7F and Movie S1, Supporting Informa-
tion) while the toy maintains intact thanks to the softness of the
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trap. To facilitate the transition, we harnessed magnetic force
by attaching a magnetic bead on the bottom of the toy with an-
other magnetic bead underneath the robot. Although this is out
of scope of this paper, we could lower the energy barrier by us-
ing thinner sheet materials or reduce pre-stretch to further re-
lease the requirement for magnetic beads. This embedded sens-
ing and actuation into soft material could reduce the complex-
ity and weight, and increase the adaptability of resulting devices;
without requiring external electronic control and actuation could
also make our robots applicable for cases where conventional
electronics can not survive.

3. Conclusion

In this paper, we numerically and experimentally studied the in-
fluential parameters on how an initially planar substrate layer
and two Kirigami layers can be used to fabricate bistable soft 3D
structures. The structure size and applied pre-stretch are found
to be very critical in affecting the geometry and the stability of the
free-buckling shapes. By introducing analytical analysis to the op-
timized Kirigami patterns for bilayer counterparts, we found that
by carefully adjusting the pre-stretch and structural size, we are
able to directly extending the 3D shapes designed for bilayers to
trilayer structures. This combined approach provides a rapid way
of designing and fabricating soft, bistable composite structures
of different targeted 3D shapes. The proposed fabrication tech-
niques, systematic parametric analysis, and mathematical mod-
elings can lay a foundation in applications in soft robotics, and
wearable devices etc. We demonstrate the advantage of using
these soft bistable structures in engineering tasks that requires
fast grasping and stable manipulation for delicate objects, and
autonomous object detection and fast object capturing.

Supporting Information

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