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ABSTRACT: The ability for materials to adapt their shape and mechanical properties ‘ . ele /o7 o0
to the local environment is useful in a variety of applications, from soft robots to "?@ oo %
deployable structures. In this work, we integrate liquid crystal elastomers (LCEs) with ‘ |
multistable structures to allow autonomous reconfiguration in response to local changes .\‘
in temperature. LCEs are incorporated in a kirigami-inspired system in which squares
are connected at their vertices by small hinges composed of LCE—silicone bilayers. I ‘
These bend and soften as the temperature increases above room temperature. By
choosing geometric parameters for the hinges such that bifurcation points in the
stability exist, a transition from mono- or tristability to bistability can be triggered by a ggg
sufficient increase in temperature, forcing rearrangements of the structure as minima in
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the energy landscape are removed. We demonstrate temperature-induced propagation
of transition waves, enabling local structural changes to autonomously propagate and affect other parts of the structure. These effects
could be harnessed in applications in interface control, reconfigurable structures, and soft robotics.
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B INTRODUCTION

The ability to change shape and function is an essential
behavior of many mechanical systems, e.g, for deployable
structures,'* tunable wave propagation,”™ adaptive locomo-
tion,” and autonomous robotic systems.”'’ One strategy for
rapid structural reconfiguration that has been explored
extensively in recent years is to use multistable mechanisms,
which support multiple stable configurations. By harnessing the
transition between these discrete states, multistable systems
have been used to demonstrate complex responses to simple
mechanical loads, such as dynamic reconfiguration''~"* and
mechanical memory and logic.'*™"” These exciting properties,
particularly the ability to store and process simple information,
raise the question of how mechanical metamaterials can be
employed in applications in which some degree of program-
mable, autonomous responsiveness is required. Can mechan-
ical systems sense, compute with, and actuate in response to
both mechanical and nonmechanical changes in their environ-
ment, for example, to regulate the behavior of deployable
structures and soft robots?

Continued advances in the development of stimuli-
responsive materials, which deform upon exposure to heat,
light, or other nonmechanical signals, provide an opportunity
to program actuation, function, and information state in direct
reaction to environmental cues.'®~*° Liquid crystal elastomers
(LCEs) in particular have received much recent attention for
their ability to change shape in response to temperature and
their programmability through 3D printing.”'~>* While LCEs
and other stimuli-responsive materials can serve as actuators
on their own, the time and length scales of the actuation are
often limited by diffusion, fabrication constraints, and poor
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mechanical properties. Some of these challenges can be
mitigated by enhancing the action of stimuli-responsive
materials via structural instability,21’25’26 eg, via the inclusion
of other materials as constraining features.”” >’ A multistable
architecture can be combined with stimuli-responsive materials
to speed up, amplify, or discretize shape change, which has
enabled reconfigurability, locomotion, and binary logic in
response to environmental signals.30_34 However, the
introduction of active materials into multistable architectures
creates many problems when designing reconfigurable
mechanical systems. Even without stimuli-responsive materials,
multistable mechanical metamaterials already exhibit complex
nonlinear mechanical behaviors such as instabilities and
bifurcations. The addition of stimuli-responsive materials,
which can undergo large changes to their mechanical
properties (e.g., stiffness) in response to changes in their
environment, further complicates the process of designing
controllable reconfigurability in these systems.

In this work, we therefore introduce design phase diagrams
that help account for both the nonlinear mechanical response
of multistable architectures and the time dependence of the
stimuli-responsive materials of which they are composed. Here,
we use a multistable architecture based on the assembly of
rotating squares (Figure 1), a system capable of dynamic
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Figure 1. Multistable temperature-responsive metamaterial concept. (a) Schematic of a representative portion of the metamaterial, showing squares
with embedded cylindrical magnets and PDMS-LCE bilayer hinges connecting adjacent vertices. For a fixed lattice spacing and magnetic moment,
the metamaterial behavior can be defined by geometric parameters: the total hinge thickness h, the proportion of the hinge that is temperature
responsive LCE r = hycg/h, and the initial folding angle 6;. (b) As the temperature is increased, the LCE contraction and softening causes the
squares to rotate, as shown here schematically. The resulting change in the angle is continuous until the bifurcation point at Ty, where the
structure becomes unstable and rapidly snaps to the nearest stable configuration. (c) Modeled energy landscape for one unit of the structure (i.e.,
the four squares in panel (a)) is given (a function of k, r, and 6, ), corresponding to a structure that is monostable at room temperature (orange).
Increasing the temperature softens the hinges enough that the strength of the magnets produces new stable configurations near +42° (green);
further temperature increase eliminates the original stable configuration (blue). (d) This phase transformation allows a chain of this material,
originally at room temperature (RT), to move away from a localized heat source if a temperature threshold is temporarily exceeded. The scale bar is

20 mm.

reconfiguration and propagation of transition waves."> We
couple this architecture with temperature-responsive LCEs to
locally vary the mechanical properties and shape of the
metamaterial. By doing so, we demonstrate that the environ-
mental sensing input is directly converted into spatially and
temporally varying control over the metamaterial configu-
ration. Further, we demonstrate a practical design strategy for
achieving targeted autonomous behaviors, ie., particular
structural reconfigurations in response to elevated temper-
atures.

To start, we employ a multistable mechanical metamaterial
based on the rotating squares mechanism, which has been
characterized previously,'” but here add LCEs in composite
hinges that cause internal rotations in response to temperature
changes. As shown in prior work, the rotating squares
mechanism is able to support multiple stable configurations
by embedding magnets within the squares.'””>~>" Interest-
ingly, a transition of states in one location can, depending on
the energy landscape, propagate through the structure causing
global shape change. In this work, the temperature
responsiveness of the hinges allows these shape changes to
take place autonomously in response to the environment. The
hinges consist of two layers—a silicone, poly-
(dimethylsiloxane) (PDMS), and a temperature-responsive
LCE—which are individually 3D printed, joined via a silicone
sealant, and inserted into grooves molded into the squares
(Figure 1). The hinges are characterized by two parameters:
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the total hinge thickness h and the ratio of the LCE thickness
hycg to the total thickness of the hinge r = h;cp/h (Figure 1a).
A third parameter, the initial folding angle 8, of the squares, is
also prescribed; this is set to zero for the experiments in this
work due to fabrication constraints. The magnets are placed
with alternating polarity such that the magnets in adjacent
squares attract one another. At a given temperature, the
number of stable configurations of the metamaterial unit is
determined by the three parameters described above. As the
temperature is increased, the LCE contracts and softens
relative to the PDMS, causing the bilayer hinges to bend and
the squares to rotate by a change in angle A from the
equilibrium room-temperature position (Figure 1b). This
corresponds to a dramatic shift in the energy landscape of
the hinges as a function of the total rotational angle 6, as
shown in Figure lc. At 25 °C, there is a single-energy
minimum at § = 0 (orange curve in Figure Ic). Increasing the
temperature to 50 °C softens the hinges; this results in the
appearance of local minima near 6 = +42° due to magnet—
magnet interactions, making the system tristable (green curve
in Figure 1c). The temperature-induced bending of the hinges
also results in the local minimum originally at @ = 0 to shift
rightward. As the temperature increases from 50 to 80 °C (the
green and blue curves in Figure lc, respectively), the energy
barrier separating the new local minimum near 8 = 42° from
the original minimum decreases until it is reduced to zero at a
critical temperature T, This defines a bifurcation point as the
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Figure 2. Mechanical properties of the 3D printed liquid crystal elastomer (LCE). (a) Tensile storage modulus E’ and loss modulus E” decrease by
more than an order of magnitude upon heating. An exponential function is empirically fit to the former (R> = 0.995) to allow this material
temperature dependence to be easily included in the design phase diagrams for the metamaterial, discussed later. (b) LCE contracts along the
director orientation upon heating; an exponential function is again empirically fit (up to a temperature of 100 °C) so the temperature response of
the material can be easily accounted for in the metamaterial design phase diagrams (R* = 0.996).
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Figure 3. Bilayer hinge curvature and metamaterial bending angles. (a) Normalized curvature h(k — k,) of PDMS-LCE bilayer strips, with
curvature k, at room temperature, is measured and compared with the curvature predicted by the modified Timoshenko bilayer model for a range
of h and r values. (b) Normalized curvature generally increases with temperature and is maximized for r = 0.75. (¢, d) Metamaterial unit with (h, r,
0.) = (1.08 mm, 0.37, 0), without magnets, showing the angle between squares (c) at room temperature (88.5° corresponding to 61 = 0.75°) and

(d) at elevated temperature (79.9°, corresponding to &1 = 5.05°). The scale bar is 10 mm.

system moves from tristability to bistability. Assuming that the
system begins in the original stable configuration near 6 = 0,
once the temperature passes through this bifurcation point
(and the original stable configuration is therefore lost), the unit
quickly actuates by snapping to the nearest remaining stable
point, near § = 42° (blue curve in Figure 1c). This is
represented by the abrupt, large-magnitude change in A6 at
T. as shown in Figure 1b. (Note that while the hinge
bending energy is always zero or positive, the net energy is
negative as a result of the magnetic attraction.) The value of
T, is dependent on (h, r, 8 ). Because this transformation
occurs as a result of local property changes at the hinges,
applying heat to only a portion of a chain will result in a
localized change in stability (Figure 1d).

B RESULTS AND DISCUSSION

Characterization of Bilayer Hinges. To quantitatively
predict the dependence of the hinge angle and stiffness on
temperature, we first characterize the temperature-dependent
material properties of the LCE and PDMS individually. The
temperature response of the bilayer hinge is defined by the
distinct effects of temperature on the two individual materials,
including relative changes to strain and distinct temperature
dependence of the elastic moduli. During extrusion, the LCE
director aligns along the print direction as a result of the shear
stress in the nozzle”"”” (Figure S3), producing anisotropic
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stiffness and temperature response of the LCEs. After curing,
the LCE elastic storage modulus E'(¢) along the direction of
director orientation decreases with increasing temperature,
dropping roughly an order of magnitude between room
temperature and 100 °C (Figure 2a). As the temperature is
increased from room temperature up to the nematic-to-
isotropic transition point of the LCE (85 °C), the LCE
contracts along the direction of alignment, reaching a strain of
around & = 0.2 at 100 °C (Figure 2b). In contrast, for PDMS,
the stiffness and strain do not change significantly with
temperature over this temperature range (Figure SS).

The temperature-dependent mechanical properties of the
LCEs provide a predictable temperature dependence to the
bilayer hinges, which change the energy landscape of the
metamaterial. The observed temperature dependence of the
metamaterial depends on the geometric parameters defining
the hinges (h, r). We therefore model the relationship between
the hinge curvature and stiffness and the geometric parameters
(subsequently validated by experimental prototypes). The
temperature-induced contraction and softening of the LCE
results in bending about an axis perpendicular to the LCE print
path, with curvature x(T).>*~** To model « as a function of the
geometric and material parameters, we modify the Timo-
shenko bilayer strip model’®*”*' by incorporating the
experimental data for the temperature dependence of the
strain &(T) and storage modulus E'(T), each of which we
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Figure 4. Metamaterial stiffness and phase change upon heating. (a) Load—displacement experiments for units without magnets, showing stiffness
decreasing with temperature as the LCE softens, for (h, r, ) = (1.71 mm, 0.18, 0) at room temperature (red), 45 °C (green), and 75 °C (blue).
The solid lines and surrounding shaded area correspond to the experimentally measured mean and standard deviation, respectively, and the dotted
lines to the model. (b) Energy landscapes obtained from the models calibrated in panel (a) after adding magnets. As the temperature is increased,
the LCE softens and contracts, resulting in the appearance of two additional energy wells for T = 75 °C and in the rightward shift of the center
energy well. (c) Phase diagram for r = 0.18 and 0 = 0°, showing the location of the experimental values for stability (shaded circles) within the
modeled h—T phase space (shaded regions). The temperature of transition from the monostable phase to the tristable phase increases with h.

empirically approximate as exponential functions (see the SI
for the derivation of the model). Despite its simplicity, this
model captures the bending behavior, as shown by the general
agreement with experiments for five different (h, r) parameter
combinations (Figure 3a). In particular, the normalized
curvature hk increases with r. The model predicts that hx
should be independent of #, which we find to be a reasonable
assumption for our composites (see Figure S7). Given this, we
model the dependence of hk over r € [0, 1) for temperatures
up to 100 °C. Within this temperature range, the maximum
achievable curvature is reached at r = 0.75, above which the
decrease in the LCE’s elastic modulus relative to that of the
PDMS prevents further curvature increase (Figure 3b).

Metamaterial Multistability and Temperature De-
pendence. After quantifying the temperature dependence of
the hinges as described above, we fabricated mechanical
metamaterials with these hinges to provide deterministic
parameter changes in response to temperature changes. Bilayer
hinges of width w = 10 mm were added by hand to premolded
silicone squares, such that the print direction of the LCEs in
the hinge lies along the arc length of the hinge. The arc length s
relates x to the temperature-dependent change in the angle as
0:(T) = x(T)s. Figure 3c,d shows an example of a change in ;.
of 4.3° occurring with a temperature increase. Fabrication
tolerances introduce some error in prescribing a nominal arc
length proportional to h. We therefore use an empirical model
to establish a relationship between % and the effective arc
length (see Figure S8), which provides a good prediction of 01
for our experimentally tested values.

If there are no magnets at the centers of the squares, the
metamaterial has its lowest-energy configuration at 8,(T) = 6,
+ 60r(T), and the strain energy of the hinges increases
monotonically if displaced from this equilibrium. We model
this strain energy with an effective torsional stiffness of the
hinge k(T), which defines the hinge deformation energy Uy(6,
T), with 8 = AO + 6, Additionally, a strain energy term
Ujimie(0) is included, corresponding to the compression of the
squares when the faces of adjacent squares come into contact.
We model this collision empirically as a pair of nonlinear
springs with zero magnitudes when @ = 0. The magnetic
contribution Uy(6) is accounted for by modeling the magnets
as point dipoles of magnetic moment m at the centers of the
adjacent squares with alternating polarity, such that adjacent
magnets attract (this is restricted to nearest-neighbor pairwise
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interactions for simplicity). Thus, the total strain energy for a
pair of squares is defined by

U0, T) = Uy(0, T) + Upy(0) + Uppi(0) (1)

(see the SI for the derivation). When the distance d between
the centers of adjacent squares is prescribed, the force F
required to hold the metamaterial at a strain § = (d — a)/a
with equilibrium lattice spacing a can be derived from U(6, T)
(see the SI).

Figure 4a shows the experimentally observed and modeled
load—displacement relation for (h, r, 6 ) = (1.71 mm, 0.18, 0),
demonstrating that as the temperature is increased, the
reduction in LCE stiffness E;cg lowers the spring constant
from k = 7.0 mNm at 25 °C to k = 2.4 mNm at 75 °C. Once
the model parameters are determined as in Figure 4a, we can
add the magnet potential Up(6) to model the corresponding
energy landscapes, as shown in Figure 4b. We find that the
predicted stability is in reasonable agreement with the
experimentally observed behavior for the units with magnets,
as shown in Figure S9. In this example, the spring energy Uy
dominates at room temperature, resulting in monostability
(red curve in Figure 4b, stable only near 6 = 0). If we increase
the temperature T, which leads to the decrease in k, the change
in Or resulting from the LCE contraction introduces
asymmetry to the energy landscape (green curve in Figure
4b). If the temperature reaches 75 °C, the structure forms two
additional local minima (blue curve in Figure 4b), ie.,
tristability.

Multistability Phase Boundary Analysis. Using the
energy model, we can not only map the stability of a given
parameter combination across temperatures but also find the
locations of the boundaries between stability regimes for a
range of parameter values. In Figure 4c, we show the locations
of the mono- (blue), bi- (green), and tristable (red) regions for
h = [0.5, 2.5] mm and (r, 8;) = (0.18, 0) and plot the
experimental measurements with shaded circles. In this case,
we find that a transition from the monostable to the tristable
region occurs around T = 47 °C. (A narrow band of bistability
appears around 8 = +42°, before the one at § = —42°, due to
the asymmetry of the energy landscape.) This ability to predict
the critical temperatures at which the phase boundaries will be
crossed enables the design of systems that undergo a
qualitative change in behavior at prescribed temperatures. By
carefully choosing the fabrication parameters of the meta-
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Monostable

Figure S. Effect of geometric parameters and temperature on stability. (a—c) Phase diagrams showing regions of mono-, bi-, and tristability (blue,
green, and red, respectively) shifting as the temperature increases from (a) 25 °C to (b) 45 °C to (c) 78 °C. The white lines indicate the
boundaries between phase regions, with some nonzero thickness to indicate uncertainty in the model arising from uncertainty in the experiments
used to calibrate it. The experimental results are shown as circles, with the infill color corresponding to the stability determined experimentally; a
split infill is used to denote uncertainty in the stability due to the viscoelasticity of the materials, which is not accounted for in the model. (d) Phase
diagrams in (a—c) are isotherms in a 3D phase space, shown intersecting the phase boundary surfaces (white); in this case with r = 0.37 held
constant. The white vertical line shows how (i) (see panel (a)) passes through the boundary surface separating tristability and bistability. (e)

Similar phase diagram but now showing the effect of r, with &}, = 0 fixed.

material, we can choose where the phase boundaries will be
located and at what temperatures they will be crossed. For the
specific r value in Figure 4c, this temperature varies as a
function of /i by more than 50 °C; with an appropriate choice
of r, this boundary can be set arbitrarily close to room
temperature within our fabrication range.

The phase boundaries can be controlled via several
parameters. Figure S shows how h, 6y, T, and r influence the
phase boundaries. We perform quasi-static displacement tests
of samples with (i) h = 0.74 mm, (ii) h = 1.08 mm, and (iii) h
= 1.81 mm, holding fixed 6, = 0 and r = 0.37. The
experimentally observed stability of these samples at T = 25,
45, and 78 °C is shown by the fill color of the circles in Figure
Sa—c. At room temperature, (i) and (ii) are tristable, while (iii)
is monostable (Figure Sa). At 45 °C, (i) has become bistable
(Figure Sb), and at 78 °C, (ii) has become bistable and (iii)
has become tristable (Figure Sc). The locations of the
boundaries between the stability regions in h—6; phase space
will shift with temperature due to the change in k(T) and
0r(T). To determine the locations of these boundaries based
on the experiments, we find the correspondence between arc
length and hinge thickness, which allows the phase diagram to
best represent the stability of the samples. Because the model
assumes rigidity of the squares in axial compression, we also
find the magnetic moment that allows us to compensate for the

compression of the hinges and squares when the magnets are
inserted. The resulting stability regimes at each temperature
are shown by the colored regions in Figure Sa—c, with the
phase boundaries denoted by thick white lines to indicate
experimental uncertainty.

The boundaries in each of the three h—6; phase diagrams
represent isotherms in phase space. Sweeping over temper-
ature, these curves form surfaces in the three-dimensional
phase space defined by h, 6;, and T. We plot the resulting
boundary surfaces in Figure 5d, representing these in gray and
showing the intersection of these with the isotherms defined in
Figure Sa—c. This three-dimensional phase diagram allows the
selection of fabrication parameters according to the desired
sequence of phase transformations. Note that while we
experimentally demonstrate only samples with 8, = 0 due to
fabrication constraints, the inclusion of 6 as a fabrication
parameter allows a richer design of the phase transformation
behavior. For the case of 6, = 0, we can observe how the
locations of the phase boundaries will shift with r. We plot the
resulting boundary surfaces and corresponding isotherms in
Figure Se using the best-fit values from the previous analysis. In
this plot, the phase boundary surface separating the tristable
(red) and bistable (green) regimes corresponds to the surface
of bifurcation points T;. By fixing one of the three design
parameters (h, r, 6,), such a three-dimensional phase diagram
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Figure 6. Actuation of 1D systems using temperature and pressure. (a, b) Homogeneous chains start in the open phase, with (a) (h, r) = (1.50 mm,
0.40) and (b) (h, ) = (0.73 mm, 0.47). The chains are exposed to a high temperature (around 100 °C, well above T.,;,) immediately after t = 0 and
localized at a few units on the right end of the chain. These units rotate as T approaches Ty for the transition to bistability. The scale bar is 20 mm.
In (a), most of the chain remains monostable, hence the transition does not propagate; in (b), the transition propagates since most units are
tristable. (c) Locomotion can in principle be enabled by pneumatically actuating a section of a tristable chain (here, “feet” have been added under

the substrate to facilitate movement).
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Figure 7. Demonstration of distributed sensing by a fixed-length chain. (a) For a starting configuration of a tristable chain, which includes both
open and closed phases, only local heating at the phase boundaries, rather than in the bulk of a phase, will be recorded by a local change in the
phase. (b) For a homogeneous starting configuration of a monostable chain, local heating can be recorded by a phase transformation near the point
of application. Due to the LCE viscoelasticity, the phase change persists after the material cools but can be reversed by resetting the chain to its
maximum length. (c) Force readout from a load cell connected to the left end of the chain in (b), corresponding to the external force required to
keep the chain in the configuration shown. A higher force is read when the chain has sensed a high temperature.

can be used to select the remaining two parameters to
prescribe T and therefore the actuation temperature.
Actuation and Nonlocal Response. The individual units
can be linked into longer chains to form a mechanical
metamaterial that can interact with, respond to, and move
through its environment (Figure 6). The temperature response
of these metamaterials has both a temporal component (e.g., a
function of heat diffusion) and a spatial component (e.g.,
different units in the chain can have different temperatures
from one another). Moreover, since the units are mechanically
coupled, changes to one can propagate to others, introducing
temporal and spatial effects related to the nonlinear dynamics
of the body. Harnessing these temporal and spatial
components could allow the construction of soft structures
that autonomously respond to their environment. To explore
these ideas, we build two chains, one with (k, r) = (1.50 mm,
0.40) and the other with (h, ) = (0.73 mm, 0.47). These are
experimentally observed to be monostable and tristable,
respectively, which is in agreement with the stability predicted
by the model (Figure S10). Starting from the open state,
uniformly raising the temperature of each chain would
eventually result in a transition to the closed state, though at
different times. However, when heating is applied locally to the
chain (for example, at one end) the long-term behavior of the
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two chains is very different. The first instance is shown in
Figure 6a and SI, Video 1. Even though the right end
transitions to the closed state, the rest of the chain will remain
open even after the tempreature has exceeded T, because the
bulk of the chain remains monostable. On the other hand,
when the bulk of the chain is tristable, it can propagate a
transition wave when one or both closed states are lower
energy than the open state, ' causing global structural
reconfiguration despite the local nature of the stimulus. In
this case, heating only a few hinges on one end of the chain will
trigger the closing of the entire chain, as shown in Figure 6b
and SI, Video 2. The result of this global response to a local
stimulus can be harnessed to enable locomotion above a
critical temperature. For example, by the addition of a
pneumatic actuator, a tristable crawler can actuate by partially
reopening the squares, such that it can only move once the
closing of the squares has been triggered either by a transition
wave or by global heating (demonstrated in Figure 6¢ and SI,
Video 3; see Section 3 and Figure S2 for details on the
crawling mechanism). This effect could be leveraged in soft
robotics, for example, to enable a robot to behave differently
depending on its environment, changing behaviors autono-
mously without external commands.
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Reconfigurable Boundaries between Metamaterial
Phases. The above properties of the chain can also be used to
produce a distributed sensor by constraining the ends of the
chains. Chains of different parameters can remain at rest in a
variety of phase combinations even at room temperature when
holding fixed the distance between endpoints. For this
demonstration, the same two chains that are described in
Figure 6 are used. Many local minima exist in the overall chain
configuration for the tristable chain, separated by the localized
multistable potentials as well as by friction (see the SI for
efforts to mitigate friction). Beginning with one such
configuration, shown in the top panel of Figure 7a, a heat
source is applied to the hinges at a boundary between a closed
phase and an open phase (middle panel). After T, is
surpassed locally at the point of application of heat, the unit at
the boundary closes, expanding the closed phase toward the
right (bottom panel). The implications of this local phase
change on the overall chain behavior are further demonstrated
in a monostable chain in Figure 7b,c. Here, a load cell is
attached to the left end of a chain and a fixture to the right end,
such that the left- and rightmost squares can rotate but not
horizontally translate. Under these constraints, the config-
uration with the lowest energy at room temperature is a
homogeneous open phase due to the monostability of the
chain. When heat is applied locally to the center of the chain, a
single unit collapses to the closed phase (Figure 7b). This
necessarily increases the force in the chain (Figure 7c). The
chain retains this configuration after it cools due to the
viscoelasticity of the material, preserving the history of the
environmental signal. By embodying localized environmental
inputs in the transition of individual units, the system
discretizes the inputs such that changes in the state can be
reliably measured from elsewhere along the chain, a
prerequisite for digital logic. Thus, temperature-induced
transformations enable actuation and memory in response to
the system’s environment, which, together with the intrinsic
nonlinear dynamics of these systems,''~"'” could allow one
additional mechanism for autonomous behaviors in soft
robotic systems.

B CONCLUSIONS

In summary, we introduce a temperature-responsive multi-
stable metamaterial and characterize the dependence of its
stability on the geometric parameters and on the temperature.
A linear-elastic bilayer model of the hinge deformation, with
LCE contraction modeled by a temperature-dependent
thermal expansion coefficient, is found to be sufficient to
quantitatively capture the decrease in stiffness and increase in
the bending angle of the PDMS-LCE hinges. We show that
this change in hinge properties alters the energy landscape of
the metamaterial unit, enabling phase transitions between
stable configurations. These regimes of stability are repre-
sented in 2D and 3D phase diagrams and validated
experimentally; these diagrams show the location of the
boundary lines/surfaces between phases, and, therefore, the
bifurcation point T,; at which this transition will cause
actuation for a given parameter combination. They could
therefore be helpful tools for designing stimuli-responsive
metamaterials with target autonomous, dynamic responses. A
local increase in heat can trigger local and/or global
reconfigurations of the chain, depending on the choice of
parameters; these effects could be harnessed to enable
autonomous actuation and adaptation to the environment,

e.g, for applications in soft robotics. Moreover, since the
bifurcation-based mechanism is also scale-independent, these
autonomous changes could in principle be miniaturized, e.g.,
for microscale or medical robotics.
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