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Mechanical metamaterials are artificial structures with structure-dependent properties. They often harness zero-
energy deformation modes, e.g., a single shape change that limits their applications, resulting in the need for
changeable mechanical responses. We address this limitation by using a flexible material, called light-responsive
shape-memory polydimethylsiloxane (SM-PDMS), to introduce reprogrammability into flexible mechanical
metamaterials. The SM-PDMS is a rubber-like functional material with shape-memory and photothermal effects.
Specfically, we propose three different reprogrammable SM-PDMS metamaterials with different mechanical
responses, namely, an auxetic SM-PDMS, a chiral SM-PDMS, and a buckling-induced SM-PDMS. Finally, a
buckling-induced SM-PDMS was harnessed to make a soft actuator with a reprogrammable preferred locomotion
direction. Despite focusing on reprogramming flexible metamaterials using the light-induced SM effect, our
strategy can be easily extended to other structures and smart materials. More importantly, our strategy paves the
way to change the mechanical responses for similar architectures. Furthermore, our designed flexible meta-
materials have the potential for different applications, such as soft robots, actuation, adaptive safety, and sports

equipment.

1. Introduction

Mechanical metamaterials are artificial structures with distinct
properties attributed to their delicate architecture rather than their
composition [1-3]. Manipulating the local cell geometries and their
global spatial distributions and arrangements enables the design and
creation of mechanical metamaterials with unprecedented properties
and functions, such as an ultrahigh stiffness-to-weight ratio [4-7],
negative Poisson’s ratio [8-13], chirality [14], localized deformations
[15-17], and multi-shape transformation [18-21]. Particularly, flexible
mechanical metamaterials, which can recover their original shape after
large deformations, exhibit great potential for application in soft robots
[22-32], whose performance can be enhanced by the complex collective
behavior of highly deformable flexible metamaterials. For example,
auxetic metamaterials made of rubber-like materials can densely shrink
in all three directions under a large uniaxial compressive load and
recover to its original shape without fracture or failure [11].

Additionally, origami-inspired metamaterials can be designed to possess
single-direction flexible motion while remaining stiff against other types
of deformations [33].

Since being firstly proposed in 2014 in the electromagnetic regime
[34], the concept of programmable metamaterial has been extended to
acoustic, physics, thermal, and mechanics fields [35-40]. Programma-
bility refers to the function that the properties of metamaterials can be
designed and achieved via reconfigurable or digital coding approaches.
Regarding mechanical metamaterials, the programmability can be har-
nessed to obtain a tunable stiffness [37], tailorable negative Poisson’s
ratio and arbitrary thermal expansion [39], and multiple deployable and
reversible configurations [40], among other desirable properties.
However, programmability is always achieved during the design pro-
cess, and the material’s mechanical responses are hardly changed after
fabrication.

To have an impact on soft robots, flexible metamaterial reprog-
rammability is required. This allows changing the complex motion of
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soft robots directly by reprogramming the architecture itself, rather than
fabricating a new one. Several strategies have been harnessed to achieve
reprogrammability, such as combinatorial design [18,41,42], hybrid
materials [43-45], association with additional physical fields [46-49],
and using smart materials (e.g., shape-memory (SM) polymers and
liquid crystalline elastomers) [30,31,50-52]. However, these previous
studies have some limitations. For example, the deformation modes of
hybrid mechanical metamaterials are highly dependent on the external
environment (e.g., temperature and load rate). This implies that it is
difficult to achieve a distinct deformation behavior under the same load
condition [44,45]. To make the reprogrammability free from the
external environment, a discrete assembly has been used to construct
mechanical metamaterials [41]. Similar to Lego bricks, a finite set of
parts can be spatially composed to achieve different properties,
including rigidity, compliance, chirality, and auxetic behavior. To make
it assembly-free with a distinct mechanical response under the same
load, smart materials with changeable properties (e.g, SM polymers)
have the potential to make continuous, monolithic structures with
reprogrammability. However, mechanical metamaterials made of SM
polymers hardly undergo large deformations due to the plasticity of SM
polymers at room temperature (below the transition temperature) [30,
31,53-55]. Therefore, it is desired to make reprogrammable mechanical
metamaterials with SM polymers that can undergo large deformation
and have stimulus-response properties.

To address these aforementioned limitations and challenges, we
propose a novel strategy that combines imperfections with the SM effect
to reprogram the deformation behavior of mechanical metamaterials. In
this study, SM fillers and photothermal nanoparticles were combined
with polydimethylsiloxane (PDMS), a rubber-like soft material, to
impart light-responsiveness and SM capabilities (Fig. la). After
receiving light stimulation, the proposed SM-PDMS becomes softer and
reconfigurable above the melting point (T,,) because of the photo-
thermal effect. The deformed shape remains after cooling to room
temperature (below the crystallization temperature, T.), and it recovers
its original shape after further light stimulation. Guided by numerical
analyses, we demonstrate the ability to harness the SM-PDMS to design
three different flexible metamaterials with distinctive deformation
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modes, namely, an auxetic SM-PDMS, a chiral SM-PDMS, and a
buckling-induced SM-PDMS, which exhibit reprogrammable expansion
and shrinkage, twist, and rotation behaviors, respectively. Finally, for
demonstration purpose, we show an application for manipulating the
buckling-induced SM-PDMS to make an actuator capable of locomotion
along a preferred direction after on-demand local stimulation. Further-
more, we expect the reprogrammability of SM-PDMS to be particularly
advantageous in soft robotic applications requiring reversible, on-
demand mechanical responses.

2. Experimental section
2.1. SM-PDMS preparation

The SM-PMDS was prepared by mixing the PDMS (10:1 mix ratio,
Sylgard 184, The Dow Chemical Company, USA) with a SM filler (1,10-
decanediol, TCI AMERICA, USA). Before mixing with the PDMS, the SM
filler was milled into powder using a mortar and pestle mixing grinding
bowl. Then, the photothermal effect was introduced by doping with 0.2
wt% TiN nanoparticles (Nisshin Engineering Inc., Japan). A Thinky
PDMS Mixer (Thinky Mixer ARE-310, THINKY, USA) was used to effi-
ciently mix, disperse, and deaerate the SM fillers, TiN nanoparticle, and
PDMS mixture for 5 min. Thereafter, the well-mixed SM-PDMS was
degassed in a polycarbonate desiccator under high-vacuum conditions
for 30 min.

The SM-PMDS metamaterials and specimens used for the mechanical
tests were fabricated using the molding method, as shown in Figs. A.1,
A.2,A.3. These molds were designed using a computer-aided design
software (3Ds max, Autodesk, USA), and their dimensions are shown in
Figs. A.1b, A.2b, and A.3b, respectively. The designed molds were
printed using a stereolithography three-dimensional (3D) printer (Form
3, Formlabs, USA) with a light-reactive thermoset resin (Clear Resin,
Formlabs, USA). The molds were washed with isopropyl alcohol for 10
min, followed by curing at 60°C for 30 min. A hydrophobic layer was
coated on the surface of the molds using 1H, 1H, 2H, 2H-perfluorodecyl-
trichlorosilane (C;9H4Cl3F;7Si, TCI AMERICA, USA) via chemical vapor
deposition in a desiccator for 30 min to easily detach the SM-PDMS from
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Fig. 1. Reprogramming the deformation behavior of a beam using the SM effect. (a) Photothermally-induced SM effect of a SM-PDMS. The SM-PDMS has an original
length (Lo) and its SM filler component was solid (top insert). During photothermal stimulation and under a load, the SM filler was melted and the SM-PDMS was
gradually stretched (right insert). After keeping the load until it cooled down, the SM filler solidified and the SM-PDMS kept a stretched temporary length (L)
(bottom insert). The SM filler was melted after receiving local photothermal stimulation again, and the SM-PDMS gradually recovered to its original length (left
insert). (b) Tuning deformation modes using a hybrid beam or applying pre-bending to form a geometric imperfection. The buckling direction of a SM-PDMS beam
could be manipulated by either applying local stimulation to form a hybrid beam (corresponding to the stimulating state) or applying a pre-bending to form a

geometric imperfection (corresponding to the temporary state).
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Fig. Al. Reprogramming a 3D auxetic metamaterial made of SM-PDMS. (a) Process of preparing a 3D auxetic metamaterial using 3D printing to make a mold, and
the illustration of applying local light stimulation. (b) Mold design of a prepared 3D auxetic metamaterial.
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Fig. A2. Reprogramming a 3D chiral metamaterial made of SM-PDMS. (a) Process of preparing a 3D chiral metamaterial using 3D printing to make a mold, and the
illustration of applying local light stimulation. (b) Mold design of a prepared 3D auxetic metamaterial.
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Fig. A3. Reprogramming a 2D buckling-induced metamaterial made of SM-PDMS. (a) Process of preparing a 2D buckling-induced metamaterial using 3D printing to
make a mold. (b) Sample size of a mold for preparing the buckling-induced metamaterial. (c) Illustration of applying local light stimulation.
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the molds. Subsequently, each mold was filled with uncured SM-PDMS,
and was then baked for 24 h at 60°C. The specimens were finished by
detaching them from the molds.

2.2. Mechanical properties investigation

Uniaxial tensile tests were performed using a motorized test stand
(AG-Xplus-10kN, Shimadzu, Japan) at a constant displacement rate of
10 mm/min to evaluate the stress-strain curves and Young’s moduli of
the SM-PDMS specimens. ASTM D 412-06 (A) was used to assess the
tensile properties of dog-bone (dumbbell)-type samples produced using
3D-printed dog-bone molds [56]. High-temperature tests were con-
ducted in a thermostatic chamber (TCE-N300, Shimadzu, Japan).

In addition, the SM effect of SM-PDMS was evaluated using the fixity
and recovery of the SM-PDMS dog-bone samples. First, an SM-PDMS
dog-bone sample of the original length (L,) was placed in a
temperature-controlled motorized test stand. After heating to 100°C for
10 min, the sample was slowly extended to 40% strain (the length after
stretching, L;). Then, the sample was removed from the test stand after
cooling to room temperature. The sample would slightly shrink and
maintain a temporary length (L) owing to internal stress after releasing
the load. Subsequently, the samples were placed in an oven at 100°C for
10 min. The samples almost recovered their initial shape and maintained
a permanent length (L,). The process was repeated five times for each
sample to obtain the average fixity and recovery values. The strain of the
SM-PDMS samples at each step was calculated as ¢; =In(L; /L), fori =s,
t,p. The fixity (Ry) and recovery (R;) are then given by Ry = ¢; /&5 and
R, = (&, — &/ (&s — €0), respectively.

The fatigue test of the SM-PDMS samples was performed via dynamic
mechanical analysis (DMA, DMA-242E, Netzsch, Germany) according to
ASTM E1640-18 [57]. The DMA tests were conducted on cylindrical
specimens with a radius of 3 mm and height of 5 mm, a heating rate of
1°C/min, and frequency of 5 Hz. The DMA chamber was heated and
cooled to 100°C for 20 min and then further cooled to 50°C for 20 min.
This process was repeated nine times. During each hold time, three
load-unload cycles with a maximum stress of 10 kPa were applied to the
samples.

The melting point (T;,) of the SM-PDMS samples with different
weight ratios of the SM filler was monitored via differential scanning
calorimetry (DSC-60, Shimadzu, Japan). Approximately 10 mg of each
SM-PDMS sample was placed inside an aluminum pan with a pierced lid.
The sample was heated to 150°C and held for 10 min at a scanning rate
of 10°C/min under a nitrogen flow of 100 mL/min.

Compression tests were conducted using a motorized test stand (JSV-
H1000-10N, JISC, Japan) at a constant displacement rate of 10 mm/
min. Before the tests, local light stimulation was applied to each spec-
imen using a high-brightness lighting box (LLBGR-A-15 x 20 ~ 25 x
15, AITEC SYSTEM, Japan) with an irradiance of 800 W /(m?-sr) for 30
s. During light irradiation, the surface of each specimen was covered
with a delicately designed photomask printed using a non-transparent
resin (White Resin, Formlabs, USA). During the compression tests, the
deformation processes of the specimens were observed using a high-
speed camera.

2.3. Finite element method simulations

Finite element method (FEM) simulations were conducted to inves-
tigate the mechanical response of SM-PDMS metamaterials using a FEM
simulation platform (COMSOL Multiphysics Ver. 5.6, COMSOL, Swe-
den). The constitutive material model of SM-PDMS was fitted to the
tensile tests using a six-parameter hyperelastic material model (i.e., the
Ogden material model) [58-61]. For the SM-PDMS with 30 wt% SM
filler, the material parameters were set as [uy, Uy, fi3] =
[-0.79,-3.96,3.37] MPa and [, a2, a3] = [1.83,—3.25,-2.8] at room
temperature (i.e., non-stimulated region), and [uq,py, ps) =
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[0.01,—5.12,14.43] MPa and [a;, a2, as] = [4.00, —0.36,0.11] above T,
(stimulated region), respectively. The models were meshed using
approximately 1 x 10° ~ 3 x 10° second-order triangular solid ele-
ments for the two-dimensional (2D) geometries and second-order
tetrahedral solid elements for the 3D geometries. Specifically, simula-
tions of the 2D auxetic SM-PDMS and chiral SM-PDMS were performed
under periodic boundary conditions as the 2D auxetic SM-PDMS and
chiral SM-PDMS metamaterials were periodic. The method applied pe-
riodic boundary conditions to pairs of faces of the unit cell based on a
representative volume element technique [62,63].

A multiphysics coupling (heat transfer with radiation in absorbing
scattering media) simulation was performed using COMSOL to simulate
the photothermal response of an SM-PDMS beam receiving local light. In
particular, it allowed heating to be computed because of radiation ab-
sorption. A 2D model (rectangle) was used with a thermal conductivity
of 0.16 W/m/K, heat capacity of 2005 J/kg/K, absorption coefficient of
293 cm™1, and scattering coefficient of 1.4 m™! [64,65]. The top right
surface of the rectangle was radiated with an incident intensity of 800
W/(m?-sr). The P1 approximation discretization method was applied to
the simulation because the model was based on linear anisotropic
scattering [66].

3. Materials design strategy

The basic idea of this study was to harness either material or geo-
metric imperfections to reprogram the deformation modes of flexible
metamaterials (see Fig. 1b). Considering a beam under a compressive
uniaxial load as an example, it was difficult to predict the bending di-
rection for a perfect beam. However, if the beam was hybrid and
composed of laterally attached beams (made of two materials with
different stiffnesses), it would predictably buckle to the stiffer side
(when loaded slowly in compression). Another way to predict the
bending direction was by introducing geometric imperfections. The
beam would bend on its curved side if it has an initial curvature.

We found that these requirements were satisfied using SM-PDMS as a
constituent material, as shown in Fig. 1. SM-PDMS is a rubber-like
material that maintains its permanent shape at room temperature. It
becomes softer and reconfigurable after heating over its T, by receiving
light due to the photothermal effect and retains the temporarily
deformed shape after cooling. This process is known as the programming
process. It can return to its permanent (original) shape from the
temporarily deformed shape by reheating, paving the way to reprogram
it. SM-PDMS was prepared by physically mixing PDMS with a SM filler
(i.e., 1,10-decanediol), followed by doping with plasmonic titanium
nitride (TiN) nanoparticles to enable precise photothermal stimulation.
PDMS is elastic, transparent, biocompatible, and gas-permeable, and can
achieve more functionalities via surface and bulk modifications. For
example, its stiffness can be tuned by changing the mixing ratio and it
can become electrically and thermally conductive by embedding free
molecules, nanoparticles, or by altering the composition of the base
elastomer before polymerization. These characteristics make it a suit-
able candidate for soft robotics and actuators [22-25,29]. TiN nano-
particles, a broadband plasmonic light absorber, are responsive to
sunlight and thus can locally heat their surrounding [67]. SM-PDMS was
physically entrapped with solid crystalline small molecules of SM filler
that induced a reversible phase transition in the permanent network
(crosslinked PDMS). The permanent network was a hyperelastic
network that maintained a permanent shape and recovery after a large
deformation. The entrapped SM filler, which dominates the SM effect,
can fix a temporary shape by counterbalancing the load stored in the
permanent network.

The stiffness needs to be investigated first to harness the SM-PDMS to
reprogram flexible metamaterials. We demonstrated the ability to tune
the stiffness of SM-PDMS over a wide range (Fig. 2a and b). Fig. 2a shows
the stress-strain curves of dog-bone test specimens with different SM
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Fig. 2. Material properties of the constituent material (photothermally-induced SM-PDMS) for mechanical metamaterials. (a) Stress-strain curves of SM-PDMS (T, ~
76°C) at 50 °C and 100°C. (b) Effective Young’s modulus versus the weight percentage of SM filler. (c) Shape fixity (Rf) and recovery (R,) versus the weight
percentage of SM filler. (d) Light-response test of a dumbbell-type SM-PDMS sample with 30 wt% SM filler content. The sample was stretched 20% before given light
stimulation. The light stimulation was turned off after the stress became stable. The stress did not reach to the original zero value due to the residual stress in PDMS.

(e) Fatigue test of an SM-PDMS sample with 30 wt% SM filler content..

filler weight percentages. They were fitted using the Ogden hyperelastic
material model to calculate the Young’s modulus at a small strain (E =
%Zle u;0), as shown in Fig. A4. Importantly, the SM-PDMS exhibited an
elastic behavior in the low-strain region even in the hard state below the
melting point. This was clearly different from the general SM polymers
that exhibited plastic properties under similar conditions. As shown in
Fig. 2b, the Young’s modulus at room temperature increased from 0.78
to 3.52 MPa as the SM filler increased from 0 to 50 wt%. The Young’s
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modulus at 100°C (above T,,) decreased from 0.78 to 0.27 MPa. A
similar tendency in terms of the shear modulus is also shown in Fig. A5.
This indicated that increasing the weight percentage of the SM filler can
increase the stiffness difference between the SM-PDMS before and after
local stimulation. A stiffness difference of six times could be achieved for
an SM-PDMS with 30 wt% SM filler. Note that the T,, and T, of the SM-
PDMS were barely affected by the weight percentage of the SM filler and
were maintained at approximately 76°C and 64°C, respectively, based
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Fig. A4. Curve fitting of a typical stress-strain curve for a dogbone specimen of an SM-PDMS using the Ogden hyperelastic material model.
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on the differential scanning calorimetry (DSC) thermal analysis (see
Fig. A6). The DSC thermal analysis was carried out at —50 ~ 150°C, and
there was no damage found on the SM-PDMS. For the sake of applica-
tion, room temperature is the suitable ambient surrounding for the
proposed SM-PDMS metamaterials.

Geometric imperfections are highly associated with two SM factors:
shape fixity (Ry) and recovery (R;). Ry is the ability of SM-PDMS to fix its
temporary shape during the programming process, whereas R, is the
ability of SM-PDMS to recover its permanent shape during the reprog-
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ramming process. Rf was dominated by the reversible phase (SM filler),
whereas R, was dominated by the permanent network (PDMS). Fig. 2c
shows the effect of filler weight percentage on Ry and R,. The results
showed that with an increase in the filler weight percentage, Ry
increased from approximately 80% to 95%, whereas R, remained above
95%. The SM-PDMS sample with 30 wt% SM filler had an Ry of 93% and
R; of 97%. Geometric imperfections could be achieved by applying pre-
bending to a locally stimulated beam, as shown in Fig. 1b. That is, a
compressive load was applied on a beam after local stimulation, and the
beam would keep a bent status if the load was kept until cooling to room
temperature. The magnitude could be controlled by applying different
compressive strains on the beam.

Considering the mechanical properties and SM effect, the SM-PDMS
with 30 wt% SM filler had a suitable reprogrammable performance (i.e.,
six-time stiffness difference before and after local stimulation; T, =
76°C; T, = 67°; Ry = 93%; and R, = 97%) and was used for fabricating
mechanical metamaterials. The recovery of the material after deforma-
tion is called a deforming cycle, and changing the deformation mode is
called a reprogramming cycle. To investigate the fatigue resistance of
SM-PDMS, we conducted two 1000-cycle load-unload tests on a
dumbbell-type SM-PDMS sample (with 30 wt% SM filler) at room tem-
perature and 100°C, respectively. For each deforming cycle, the sample
was stretched to 20% and then released to its original length. The stress
was measured and the results are shown in Fig. A7. The results show that
the stress repeated well even after 1000 load-unload cycles for the test at
room temperature; however, for the test at 100°C, the peak stress
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Fig. A6. (a) DSC curves of SM-PDMS samples with different SM filler weight percentage. (b) Melting and crystallization temperatures versus SM filler weight
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Fig. A7. Load-unload tensile tests of a dumbbell-type SM-PDMS sample with 30 wt% SM filler at (a) room temperature and (b) 100 °C.
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gradually decreased initially, which can be attributed to SM filler loss.
Because the SM filler was physically mixed with the PDMS rather than
via chemical bonding, some of the SM filler on the surface would flow
out after melting while being driven by the repeatedly pressing, soft-
ening the SM-PDMS. However, as the proposed SM-PMDS metamaterials
are actuated at room temperature and the high temperature is just used
to change their deformation modes, they can keep anticipative me-
chanical responses for their practical applications. Furthermore, we also
investigated the reprogramming cycles using via DMA. The change in
strain was measured to evaluate the repeatability by maintaining a
certain stress (10 kPa) and varying the temperature (50-100°C). To
demonstrate this, 15 load-unload cycles were applied to an SM-PDMS
sample with 30 wt% SM filler at 50°C (below T.). Then, the tempera-
ture was gradually increased to 100°C (above T,), followed by the
application of another load-unload cycle on the sample. After cooling to
50°C, load-unload cycles were performed again on the sample. The SM-
PDMS sample could sustain 15 heating—cooling cycles without fracture
(see Fig. 2e), showing acceptable repeatability.

To precisely measure the response time of the reprogramming pro-
cess, we conducted a photothermal response test on a pre-stretched
dumbbell-type SM-PDMS sample (Fig. 2d). The sample was pre-
stretched at 20% tensile strain, and then light irradiation was applied
on the sample’s surface. The stress was monitored, which sharply
decreased for 15 s and gradually converged under light irradiation. This
is because the sample became soft when heated above its melting tem-
perature due to the photothermal effect. The light irradiation was kept
for 20 s and was turned off after the stress became stable. Afterward, the
stress gently decreased because the SM-PDMS was almost fixed to the
deformed shape after cooling. It is worth noting that a small residual
stress remained after fixing the SM-PDMS, which further demonstrates
that the SM-PDMS cannot perfectly keep its deformed shape (i.e., the
fixity is less than 100%, as shown in Fig. 2¢). A demonstration of how to
harness local light stimulation to create a hybrid beam with material
imperfections is shown in Fig. 1b, where a beam buckles to the right
after left-side local stimulation. The preferred buckling is due to the
softening of the left-side part owing to the photothermal effect by doping
plasmonic nanoparticles. Fig. A8 demonstrates the temperature and
phase changes of the hybrid beam under light radiation, which makes
local light stimulation possible. In our experiments, light irradiation was
carried out for approximately 30 s to ensure the locally simulated parts
were sufficiently heated, and the cooling process was carried out for
approximately 30 s. Consequently, it takes approximately 1 min for one
reprogramming process.

Applied Materials Today 29 (2022) 101662
4. Reprogrammable mechanical metamaterials

Given that the SM-PDMS had acceptable reprogrammability, we
showed how to harness this to design and make three different flexible
metamaterials with the desired deformation behavior. This was done in
combination with bending, twisting, and buckling of basic elements of
metamaterials that responded to a load. The deformation mode of each
flexible metamaterial can be converted under ambient conditions using
delicately controlled local stimulation by creating SM-PDMS meta-
materials with spatially controlled arrangements of their basic elements.

4.1. Auxetic metamaterial

First, we propose an auxetic SM-PDMS whose deformation mode
could be reprogrammed to switch from contraction to expansion under
uniaxial compressive loading. Auxetic metamaterials are mechanical
metamaterials with a negative Poisson’s ratio [9-12]. As the expansion
or contraction can be quantitatively measured using the Poisson’s ratio,
the auxetic SM-PDMS shows either a positive or negative Poisson’s ratio
on demand. The basic element of an auxetic SM-PDMS is a beam that can
bend to either the left or right, depending on the local stimulation re-
gion, as shown in Fig. 3a. The bending direction of the beam was
theoretically analyzed based on Euler’s buckling theory for beams on
elastic foundations (see Appendix A). According to this theory, a hybrid
beam buckles to the stiffer side under a longitudinal compressive load. A
hybrid SM-PDMS beam can be achieved by applying local light stimu-
lation to the left or right region of the beam as the SM-PDMS becomes
partially soft after local stimulation. The slenderness ratio of the beam
(height/width, h/w) was set below 8 (Fig. A9) to prevent the beam from
higher order buckling modes.

The 2D auxetic SM-PDMS consists of beams assembled in a stretcher
bond pattern, as shown in Fig. 3b. The brick pattern is designed to
achieve a reprogrammable shrinkage and expansion behavior. Unlike re-
entrant auxetic metamaterials consisting of concave polygons, the 2D
auxetic SM-PDMS is composed of rectangles. The vertical ligaments
make it possible to bend right or left depending on local imperfections.
Two factors were considered to realize the features of auxetic SM-PDMS:
(i) Mechanical properties (Young’s modulus and Poisson’s ratio) were
tunable via three independent geometric parameters (i.e., beam width
w, beam height h, and distance between adjacent beams d) before
fabrication; and (ii) Deformation modes (contraction and expansion)
were reprogrammable using local stimulation after fabrication. We used
the FEM calculations to analyze the effects of the three independent
geometrical parameters on the Young’s modulus and Poisson’s ratio of
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Fig. A8. Simulation of the photothermal response of a SM-PDMS beam receiving local light. (a) Illustration of applying local light stimulation. (b) Progressive
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the 2D auxetic SM-PDMS, as shown in Fig. 3c. The 2D auxetic SM-PDMS
was also compared with some typical auxetic metamaterials in terms of
Young’s modulus and Poisson’s ratio, as shown in Fig. A.10a. It shows
that the Poisson’s ratios of our proposed auxetic SM-PDMS cover a
square area, exhibiting both positive and negative values. For the sake of
comparison with the experimental results, the beam width was set as a
constant w = 4 mm, whereas the beam height (defined as the slender-
ness ratio, h/w) and the distance between adjacent beams (defined as the
normalized distance, d/w) were changed based on parametric sweeping
calculations. Based on the FEM simulation results, the Young’s modulus

of the 2D auxetic SM-PDMS was highly dependent on d/w. The Young’s
modulus became smaller as d/w increased. In contrast, the Poisson’s
ratio was less sensitive to d/w but was significantly affected by h/w; it
approached zero as h/w decreased. It is worth noting that changing the
local stimulation region did not affect the Young’s modulus; however, it
converted the Poisson’s ratio from negative to positive. This further
demonstrated that local stimulation could be manipulated to reprogram
the deformation modes from contraction to expansion, and vice versa,
without stiffness loss.

Furthermore, we conducted an application case for making an
auxetic SM-PDMS 3D hollow cylinder out of the 2D auxetic SM-PDMS,
which was folded using the 2D auxetic SM-PDMS with 12 x 3 unit
cells. The 3D cylindrical auxetic SM-PDMS exhibited imperfection-
dependent deformation modes, shrinking or expanding laterally under
a compressive load, depending on different local stimulation regions.
Fig. 4a shows a typical reprogrammable cycle. However, if local stim-
ulation was applied to the region outside a unit cell (blue region), the 3D
cylindrical auxetic SM-PDMS shrunk laterally under a compressive load.
After receiving global light, it recovered to the original shape. Then, it
expanded laterally if local stimulation was applied to the region inside a
unit cell (green region). A specimen made via 3D printing and tem-
plating is shown in Fig. A.1a and b, where a 3D auxetic SM-PDMS was
made by pouring uncured SM-PDMS into 3D-printed molds and bonding
the separated samples together. Local stimulation was achieved using a
cylindrical photomask with specific pore arrangements, as shown in
Fig. A.la. Uniaxial compressive tests were performed on the specimens
after receiving different local stimulation. Before each compressive test,
the specimen recovered its original shape under global light stimulation.

Fig. 4 b shows the sequence of progressively deformed shapes of the
3D auxetic SM-PDMS specimen under five different compressive strain
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Fig. 4. 3D Reprogrammable auxetic metamaterial. (a) Typical reprogrammable cycle of a 3D auxetic metamaterial that is capable of either shrinking or expanding
based on different local stimulation. (b) Sequence of progressively deformed configurations of the 3D auxetic metamaterial receiving different local stimulation. (c)
Stress-strain curves of the 3D auxetic metamaterial with different local stimulation under a compressive load. (d) Lateral displacement of the 3D auxetic metamaterial

with different local stimulation under a compressive load.

levels using different local stimulation (see the animation in Video S1).
The experimental results relatively correlated with the FEM simulation
results (i.e., the 3D cylindrical auxetic SM-PDMS shrunk or expanded
after different local stimulation). However, it was noted that global
buckling was triggered in the testing samples, which is mainly attributed
to the cylinder’s slenderness ratio, the wall thickness, and
manufacturing error. To manufacture the SM-PDMS metamaterials, the
molding method was used, where molds were 3D printed and filled with
uncured SM-PDMS. These SM-PDMS metamaterials were obtained after
detaching them from the molds, in which some parts would be

destroyed, resulting in local nonlinear effects during deformation. When
applying actuation, the overall performance and desirable functions
may be degraded by these imperfections because such small dimensional
errors can propagate to the entire mechanical metamaterials. To prevent
such dimensional errors, it is recommended to make the mechanical
metamaterials via direct 3D printing without support structures. Here,
these small dimensional errors may result in global buckling. Thus, we
tried to prevent global buckling by using a relatively low slenderness
ratio (approximately 2) and a thick wall thickness (6 mm). Further,
another efficient way to prevent this was to apply pre-bending on the
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hollow cylinders that had been discussed previously [68]. In addition,
the imperfection-dependent deformation modes were validated by
quantitatively evaluating the stress-strain curves and Poisson’s ratios
under different compression strains. For the same 3D SM-PDMS spec-
imen under different local stimulation, the two stress-strain curves
almost overlapped with each other and were independent of local
stimulation, whereas the lateral displacements exhibited the opposite
changing tendencies (Fig. 4c and d). The difference between simulated
and experimental results is attributed to laboratory errors (from de-
vices), human force, and incomplete contact with sample holders,
whereas these errors were not considered in the simulations. More
importantly, the difference between the simulated and experimental
displacement largely resulted from hysteresis effects due to the incom-
plete contact between the sample’s upper and bottom surfaces with the
compression plates. These results further demonstrate that the 3D cy-
lindrical auxetic SM-PDMS has reprogrammable contraction and
expansion deformation modes using local stimulation without sacri-
ficing stiffness.

4.2. Chiral metamaterial

Next, we propose a chiral SM-PDMS whose deformation modes could
be reprogrammed from twisting clockwise to counterclockwise under an
uniaxial compressive load. Chiral mechanical metamaterials, which
exhibit handedness out of non-centrosymmetry, produce out-of-plane
deformation modes (e.g., twisting) as a result of in-plane loads [14,69,
70]. In contrast to common chiral mechanical metamaterials, whose
deformation mechanism is attributed to node rotation and ligament
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bending, the chiral SM-PDMS has a unique deformation mechanism that
is attributed to ligament leaning. Moreover, the basic element of a chiral
SM-PDMS is a beam that could lean either to the left or right, depending
on the local stimulation region, as shown in Fig. 5a. The stimulation and
non-stimulation regions are rotationally symmetric, and the leaning
direction can be tuned by the tilt angle a that divides the two regions.

Fig. 5b shows the 2D chiral SM-PDMS consisting of beams assembled
in a stack-bond pattern. The pattern is designed to show the possibility
to achieve compression-twist deformation without geometrical
chirality. Two factors were considered to determine the chiral SM-PDMS
features: (i) Mechanical properties (Young’s modulus and twist angle)
were tunable via three independent geometry parameters (i.e., w, h, and
d) before fabrication; and (ii) Deformation modes (lean to the left or
right) were reprogrammable using local stimulation after fabrication.
FEM analyses were used to investigate the effects of the three inde-
pendent geometry parameters on the Young’s modulus and twist angle
of the 2D auxetic SM-PDMS, as shown in Fig. 5c. The chiral SM-PDMS
was also compared with some chiral mechanical metamaterials in
terms of twist angle, as shown in Fig. A.10b. It shows that the twist
angles of our proposed chiral SM-PDMS cover both positive and negative
ranges. The beam width was set as a constant w = 4 mm, whereas the
beam height (defined as h/w) and the tilt angle a were changed. The
normalized Young’s modulus of the 2D auxetic SM-PDMS was deter-
mined by both h/w and a. The Young’s modulus increased as h/w
decreased or a approached 90°. Conversely, the twist angle was highly
sensitive to @ and had a maximum absolute value when a approached
90°. Therefore, a should be set appropriately to maximize the absolute
value of the twist angle. With an increase in h/w from 2 to 8, a could
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Fig. 5. 2D Reprogrammable chiral metamaterial. (a) Basic beam element. The leaning direction of the beam can be controlled using different local photothermal
stimulation. (b) 2D auxetic metamaterial consisting of multiple beams with tunable geometric parameters. (c) Tunable Young’s modulus and twist angle of the 2D
auxetic metamaterial based on different geometric parameters, and controllable deformation modes (leaning to the left or right) based on different stimulation

regions. The twist angles were calculated under a 0.1 compressive strain.
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either increase from 72° to 86° to reach the maximum twist angle
(leaning to the right) or decrease from 108° to 94° to reach the minimum
twist angle (leaning to the left). This further demonstrated that local
stimulation could be manipulated to reprogram the deformation modes
from leaning to the right to leaning to the left, and vice versa.

Fig. 6a shows a chiral SM-PDMS 3D hollow cylinder folded using a
2D chiral SM-PDMS with 12 x 4 unit cells with w and h of 4 and 20 mm,
respectively. The 3D cylindrical chiral SM-PDMS exhibited
imperfection-dependent deformation modes: twisting clockwise or
counterclockwise under a compressive load depending on the local
stimulation region. Fig. 6a shows a typical reprogrammable cycle: the
3D chiral SM-PDMS twisted counterclockwise under a compressive load
if local stimulation was applied to the region with @ = 82°; it recovered
its original shape after receiving global light stimulation; thereafter, the
3D chiral SM-PDMS twisted clockwise under a compressive load if a
local stimulation was applied to the region with & = 98°. Fig. A2a and b
show the preparation of a specimen via 3D printing and templating and
the application of local stimulation using a photomask. Fig. 6b shows the
sequence of progressively deformed shapes of the 3D chiral SM-PDMS
specimen under five different compressive strain levels and different
local stimulation (see the animation in Video S2). The deformation
patterns of the experimental results correlate with the simulated results.
In addition, the imperfection-dependent deformation modes were vali-
dated by quantitatively evaluating the stress-strain curves and twist
angles under different compression strains. For the same 3D SM-PDMS
specimen under different local stimulation, the two stress-strain curves
almost overlapped with each other and were independent of local
stimulation, whereas the twist angles showed opposite changing ten-
dencies (see Fig. 6¢ and d). These results further demonstrated that the
3D cylindrical chiral SM-PDMS had reprogrammable twist deformation
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modes using local stimulation without sacrificing its stiffness.

4.3. Buckling-induced metamaterial

Finally, we created a buckling-induced SM-PDMS with a distinct
rotational direction after different local stimulation. The buckling-
induced SM-PDMS was a 2 x 2 array of hollow squares. The pattern is
designed to allow the direction-changeable rotation and stability when
placed on an uneven surface. To apply local stimulation, each square
was diagonally divided into four parts, and local stimulation was applied
to the two spaced parts of the four parts. Examples of applying two
different local stimulations are shown in Fig. 7a, which also shows the
method of applying loads to induce an overall structural compression
(see the animation in Video S3). Instead of the uniaxial compressive load
used in the previous two structures, a pneumatic load was used to power
the deformation of the buckling-induced SM-PDMS. The pillars of the
buckling-induced SM-PDMS underwent buckling by applying a vacuum
(evacuation) to the four chambers, resulting in its deformation into bent
shapes. The bending direction was predetermined by either material
imperfections introduced by local stimulation or geometric imperfec-
tions introduced via pre-deformation, which consequently causes the
center area to rotate in one preferred direction. Regarding material
imperfections, FEM analyses were conducted on the structure, where the
blue or green areas were set as the local stimulation regions (Fig. 7a).
The results show a preferred clockwise or counterclockwise rotation was
caused if local stimulation was applied to the blue or green regions,
respectively (see Fig. 7b). Before fabrication, two geometric parameters
(i.e., the width of each square w and the radius of each pore r) could be
changed to tune the rotation angle and the required pressure. Fig. 7c
shows the dependence of the rotation angle on the normalized radius
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Fig. 6. 3D reprogrammable chiral metamaterial. (a) Typical reprogrammable cycle of a 3D chiral metamaterial that is capable of twisting either clockwise or
counterclockwise based on different local stimulation. (b) Sequence of progressively deformed configurations of the 3D chiral metamaterial receiving different local
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(r/w) and pressure, where w was set to 20 mm. These results showed that
when the buckling-induced SM-PDMS was thoroughly deformed, the
absolute value of the rotation angle reached a maximum of 45° when r
/w approached 0.5, and gradually decreased to 30 ° as the r /w

decreased to 0.38. In addition, the pressure required for deformation
decreased as r/w increased.

We also fabricated a buckling-induced SM-PDMS prototype with w
and r of 20 and 8.5 mm, respectively. Fig. A3a and b show the
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Fig. 8. Reprogrammable buckling-induced metamaterial actuator. (a and b) Using different local stimulation to change the moving direction (forward or backward)
of an actuator made of buckling-induced metamaterial. (c) Assembling two actuators that are capable of moving on an uneven surface (a gravel road).
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fabrication process and geometric size, respectively. Fig. A3c presents
the method of applying local light stimulation on the prototype assisted
with a photo mask. The buckling-induced SM-PDMS prototype was a
pneumatic actuator that was powered using a simple syringe. After
different local stimulation, the center of the actuator could rotate in one
preferred direction when a vacuum was applied (see Fig. 7a). The center
of the actuator rotated in reverse, and the actuator simultaneously
recovered back to its original shape when the internal pressure was
restored to ambient pressure. In addition, by taking advantage of the SM
effect of the actuator, the preferred rotation could also be predetermined
using geometric imperfections by applying a vacuum to a locally simu-
lated actuator (i.e., applying a material imperfection) and then cooling
to room temperature. The geometric imperfections could be cleared by
applying light stimulation to the entire actuator. A typical reprogram-
mable cycle is shown in Fig. 7a.

A potential application of soft actuators is for the locomotion of soft
robots. Figs. 8a and b show the demonstration of carrying cargo using
the actuator with the preferred rotation direction out of geometric
imperfection (see the animation in Video S3). The actuator, which was
connected to a cargo, rotated 90° and moved during a single evacuation
and pressurization cycle. During evacuation, the actuator shrunk,
deformed into a gear-like shape, and simultaneously rotated 45°. The
actuator continued to rotate 45° owing to inertia and gravity until a
force balance was reached. During pressurization, the actuator gradually
recovered to its original shape. Note that in contrast to most soft robots
that could only move along one direction under the same drive, the
actuator can move either forward or backward depending on the on-
demand geometric imperfections, exhibiting more flexibility to tune
the motion mode in soft robots. In addition, the actuators could be
connected in series to form a soft robotic train that provides more
transportation freedom. The soft robotic train was capable of locomo-
tion on a relatively uneven surface because each actuator unit was self-
propelled similar to a four-wheel-drive vehicle (Fig. 8c).

5. Conclusions

In summary, we showed that flexible metamaterials made of SM-
PDMS can be reprogrammed into reversed deformation modes after
fabrication. SM-PDMS, which is a rubber-like material with a SM effect,
becomes softer after heating up to T,, and maintains a deformed shape
after cooling. It can return to its original shape when heated again. Local
simulation was achieved based on the photothermal effect by doping
plasmonic titanium nitride nanoparticles into the SM-PDMS. Hence, the
deformation modes of an SM-PDMS metamaterial can be encoded by the
stiffness difference by programming the spatial distribution of the
stimulation and non-stimulation regions. After cooling and maintaining
the load, the preferred deformation mode remained. The deformation
mode can be reprogrammed reversibly using distinctive local stimula-
tion as the SM-PDMS metamaterial can return to its original shape when
it receives global light stimulation. Specifically, we proposed three
different SM-PDMS metamaterials with different mechanical responses:
an auxetic SM-PDMS that can be reprogrammed from lateral contraction
to lateral expansion under a uniaxial compressive load, a chiral SM-
PDMS that can twist clockwise to counterclockwise under a uniaxial
compressive load, and a buckling-induced SM-PDMS that can rotate
clockwise to counterclockwise under a pneumatic load. In addition, we
demonstrated an application using a buckling-induced SM-PDMS actu-

Appendix A. Buckling analysis of a hybrid beam
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ator. The soft actuator was capable of locomotion along a preferred di-
rection after on-demand local stimulation. The actuator can be
connected in series with a soft robotic train, and its distinctive defor-
mation mode (shrinkage into a gear shape while rotating) makes it
capable of moving on uneven surfaces.

The most significant feature of our designed mechanical meta-
materials is their reprogrammability, which paves the way for their
application in soft robots and other structural engineering fields. The
changeable mechanical response rises additional deformation freedom
and enhances their functionality. For example, the tubular auxetic SM-
PDMS is a compliant structure that allows robots to overcome envi-
ronmental challenges by deforming and conforming their bodies.
Compared with the general auxetic compliant structures that only
exhibit auxetic behavior, our designed tubular auxetic SM-PDMS ex-
hibits both shrinkage (auxetic behavior) and expansion mechanical re-
sponses under compression, which thereby functions for exploration
through unpredictable terrain [71]. Regarding the tubular chiral
SM-PDMS, it can convert linear compressive motion into rotation, which
is a rather unique feature of a machine. This unique actuation can be
used for harnessing the interaction between materials and machines,
and thus it is useful for placing them at the boundary acting as an
actuator [72,73].

Furthermore, although we only focus on mechanical metamaterials
with three different mechanical responses, our approach can be
extended to arbitrary 2D and 3D structures to achieve more complicated
deformation modes under different loads. Reprograming the deforma-
tion modes requires manually placing different photomasks for the sake
of local light stimulation, which, however, brings about limitations in
real applications where an automatic workflow is required. This limi-
tation could be addressed by using other stimuli-responsive mechanical
properties (e.g., magnetic response) which can also be accomplished by
doping with other smart nanoparticles or using other smart polymeric
materials [46,51,74].
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A nonlinear buckling analysis was proposed to determine a suitable beam slenderness ratio (height to width ratio, h/w). The entire beam can be
considered as a soft-rigid hybrid beam consisting of two bonded beams because half of the beam becomes softer after local stimulation. The theory of a
beam on an elastic foundation can be used to study the buckling behavior of a hybrid beam, where the softer beam acts as the elastic foundation of the
other beam [75-77]. For a simply supported hybrid beam subjected to a uniaxial compressive load, the critical compressive force N, can be expressed
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as [75]:
N, nr\? nr\
Dk~ (ﬁ) * (ﬁ) (AD

where D = Ew,%/12(1 —v,2) is the flexural rigidity of the rigid beam with Young’s modulus E,, width w,, and Poisson’s ratio v,. k™! =

(2Dws(1 +vs)/ 3Es)1/ * is the characteristic delay distance of the rigid beam on a soft Winkler foundation beam, with its spring stiffness determined by
the width w;, Poisson’s ratio v, and Young’s modulus E; of the soft beam. h, is the equivalent height of the hybrid beam and is the beam height (h) for a
simply supported beam. n is a positive integer that determines the buckling shape of a hybrid beam.

In this study, each beam can be assumed to be a fixed-fixed beam suffering from a uniaxial compressive load as the hybrid beams are assembled into
a metamaterial. The equivalent height of a fixed-fixed beam was half its height (h, = h/2). Assuming w, = w;, E, = 500E;, and v, = v, for incom-
pressibility, Eq. (A.1) can be solved using its slenderness ratio (h/w) as follows:

1/4 2 1/4 -2
N ((300\"* na\" , ((500\" nz) ™ (A2)
Dk? 9 h/w 9 h/w

Clearly, the critical buckling force N,, for a hybrid structure is not always minimized at the first order buckling shape with n = 1. Fig. A9 shows
plots of the dimensionless buckling force as a function of h/w. Note that the critical buckling force fluctuates with h/w, and the beam tends to buckle in
a high-order shape when % > 12. The slenderness ratio was set to 8, which corresponds to first order buckling (half-wave of a sinusoidal curve), to
ensure that the beam deformed in the bending direction. In addition, the hybrid beam tended to bend in the direction of the rigid beam.
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