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SOFT ROBOTS

Robotic surfaces with reversible, spatiotemporal
control for shape morphing and object manipulation

Ke Liu', Felix Hacker'?, Chiara Daraio'*

Continuous and controlled shape morphing is essential for soft machines to conform, grasp, and move while in-
teracting safely with their surroundings. Shape morphing can be achieved with two-dimensional (2D) sheets that
reconfigure into target 3D geometries, for example, using stimuli-responsive materials. However, most existing
solutions lack the ability to reprogram their shape, face limitations on attainable geometries, or have insufficient
mechanical stiffness to manipulate objects. Here, we develop a soft, robotic surface that allows for large, repro-
grammable, and pliable shape morphing into smooth 3D geometries. The robotic surface consists of a layered
design composed of two active networks serving as artificial muscles, one passive network serving as a skeleton,
and cover scales serving as an artificial skin. The active network consists of a grid of strips made of heat-responsive
liquid crystal elastomers (LCEs) containing stretchable heating coils. The magnitude and speed of contraction of
the LCEs can be controlled by varying the input electric currents. The 1D contraction of the LCE strips activates
in-plane and out-of-plane deformations; these deformations are both necessary to transform a flat surface into
arbitrary 3D geometries. We characterize the fundamental deformation response of the layers and derive a con-
trol scheme for actuation. We demonstrate that the robotic surface provides sufficient mechanical stiffness and
stability to manipulate other objects. This approach has potential to address the needs of a range of applications
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beyond shape changes, such as human-robot interactions and reconfigurable electronics.

INTRODUCTION

Biological organisms achieve a remarkable control of shape and
functions through a hierarchical architecture of soft tissues (I). For
example, octopuses use soft tissue to change their shapes for
camouflage, locomotion, grasping, and moving objects (2); mutable
rainfrogs can change skin texture from prickly to smooth when
the surrounding environment changes (3). Imitating the ability of
on-demand shape morphing has been one of the major goals of soft
robots, because it is crucial for applications that require motorless
and gearless locomotion or interaction with human and other frag-
ile objects (4-8).

Because the geometry of a three-dimensional (3D) object is ef-
fectively defined by its surface, one popular approach to achieve
shape morphing is to transform the 3D embedding of a 2D surface,
usually starting from a flat one. By prescribing local deformations
using active materials (9, 10), it is possible to transform flat sheets
into desired curved surfaces, for example, through smooth bending
(11, 12) or buckling (13-15), origami (16-18) or kirigami (19, 20),
and architected materials (21-23). Shape changes can be actuated
by various mechanisms, such as shape memory effect in polymers
(24, 25), swelling of hydrogels (26-28), phase transition of liquid
crystal elastomers (LCEs) (29-32), anisotropy of elastomeric film
(33), and heterogeneity of layered composite of architected sheets
(34, 35). However, for actual applications, several functionalities
still need to be demonstrated.

A common limitation of current solutions is their inability to
reprogram the target geometry. Ideally, a single surface should be
able to transform into different target shapes, at will. To date,
much work in the field has focused on sheets preprogrammed with
only a single type of 3D shape once manufactured (11, 12, 33, 34). A
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second limitation is that many shape-changing mechanisms can
only target a finite set of geometries (14, 16, 20, 28). The geometry
of a surface must be described by both intrinsic and extrinsic curva-
tures (i.e., Gaussian and mean curvatures, respectively), resulting
from in-plane and out-of-plane deformations (36-38). For instance,
designs with a single active layer can only achieve in-plane deform-
ation. A third limitation is the lack of sufficient mechanical stiffness
and stability to perform interactive tasks (12, 14, 21, 28). This lim-
itation arises from a difficult trade-off: While the stiffness of a
curved surface increases with its thickness (39), its shape-morphing
capability might be hindered by the increased thickness. Although
there are designs that address one or two of these limitations
(26, 35, 40-44), soft robots that can simultaneously satisfy all three
are rare.

We design a soft robotic surface (41, 42, 45) that allows for re-
programmable shape morphing into a wide range of smooth 3D
geometries, by local control of both intrinsic and extrinsic curva-
tures. The robotic surface also has sufficient mechanical stiffness
and stability to manipulate objects with real-time guidance. The
system is assembled as a layered architecture, reminiscent of the
musculoskeletal system of some animals (46). It consists of two active
grids of LCEs supported by a grid of passive ribbons sandwiched
between them (Fig. 1, A and B). To actuate shape changes, we use
LCEs embedded with stretchable heating coils (Fig. 1C). The actuation
of the LCE:s is achieved by Joule heating. Each coil is thin and flexi-
ble (nichrome wires, 50 um in diameter), which has minimal effect
on the deformation of the robotic surface. Tethering the coils to
independent current sources, the network of coils allows for selec-
tive and reversible actuation of local deformations. We include two
active layers, above and below the passive ribbons, to program both
intrinsic and extrinsic curvatures. Synchronized actuation of the
two LCE layers leads to in-plane deformations (contractions and
expansions) of the surface, whereas differential actuation leads to
out-of-plane deformations. Last, we attach cover scales to create a
continuous, smooth “skin” surface (Fig. 1B). When not actuated,
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Power ON
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Fig. 1. Design and operation principle of the robotic surface. (A) Photographs of the robotic surface. When not
actuated, it is a flat, multilayer sheet (top). When current flows through the coils, the robotic surface can be pro-
grammed to deform into various 3D shapes (bottom). Scale bars, 10 mm. (B) Sketch of the multilayer system includ-
ing the cover scales (orange), LCE strips (gray), and passive ribbons (red). (C) Each actuator is an LCE strip containing
a highly stretchable heating coil, connected to a power source. When the LCEs are heated above temperature Ty, the
liquid crystal mesogens transition from nematic phase to isotropic phase, driving the LCE strip to contract. The pas-
sive ribbons are initially flat and buckle out of plane when the artificial LCE strips contract.

our system is thin and flat, easy to transport and stow. When the
LCEs are actuated, the ribbons in the passive layer buckle out of plane
(Fig. 1, A and B). In this state, the structure becomes similar to a
core sandwich plate, which is known for its high structural efficiency,
being lightweight, stiff, and strong (47, 48). The buckled ribbons
increase the effective thickness of the robotic surface and keep the
structure into a stable, self-stressed state. As the currents are changed
through the coils, the LCEs stretch (or contract) and the passive
ribbons deform, reaching a new equilibrium state. This new equi-
librium state stabilizes the structure in a different geometrical con-
figuration. By harnessing this mechanism, we can continuously
transform the shape of the robotic surface and avoid structural
instabilities during the shape-morphing process.

Exploiting this on-demand shape morphing, we show the ability
of the robotic surface to manipulate objects, such as a ball or passive
weights. Despite the fact that the robotic surface only weighs 33 g, it
can lift objects that are more than six times its weight without visi-
ble distortion or damage.

RESULTS

We demonstrate the robotic surface concept by fabricating a 3 x 3
grid design (Fig. 1A). The active LCE networks (Fig. 1 and fig. S1)
are prepared by a two-stage reaction method (49). In the first step,
the LCE is cured into grid-shaped networks, and the heating coil is
integrated inside each LCE strip. In the second step, each strip of the
LCE network is stretched to define the nematic length. The grid of
passive ribbons is cut from a single Kapton foil using a paper cutter. The
two LCE network layers are then glued to the top and bottom of the
passive Kapton grid at selected points (Fig. 1B). Last, we attach circular
scales over each node of the grid. More details about the fabrication
and assembly of our system can be found in Materials and Methods.

Actuation of the LCE strips
We first characterize the actuation response of individual LCE
strips, with embedded heating coils (Fig. 2). Each LCE strip has two
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characteristic lengths, defined by the

LCE strips
g isotropic and nematic phases of the LCEs.
o ,."I \1“-‘ TR, O We measured the actuation of an LCE
é { ' {"ﬁﬁlnﬁ 3 strip by its relative length A, defined as
g R g the ratio of its current length divided by

the isotropic length. We denote the rel-
ative length in the isotropic phase as A1
(=1.0) and the relative length in nematic
phase as Ay (>1.0). When a current is
applied, the coils heat the LCEs to tran-
sition them from the nematic to the iso-
tropic phase, causing a contraction. When
the current is shut off, the LCEs cool
down and the strips resume their nem-
atic length.

We fabricated nine samples of free-
standing LCE strips with embedded coils.
All samples have active lengths (fig. S2A)
of 80 mm in their isotropic phase and
130.22 + 8.01 mm (mean + 1 SD) in
nematic phase (Fig. 2B). These dimen-
sions are also preserved in the 3 x 3 grid
design for consistency. The amount and
speed of the contraction of the LCE strips are a function of the mag-
nitude of input currents. For characterization, we hung individual
LCE strips vertically and clamped the lower free ends with paper
clips weighing 8.2 g, which apply small tensile forces to prevent
curling and twisting during contraction (fig. S2B). In addition, this
setup is similar to the working environment of the LCE strips in the
robotic surface, because the buckled passive layers also apply tensile
forces on the LCE strips in the grid. We applied three different mag-
nitudes of electrical current (0.1, 0.15, and 0.2 A). Considering the
resistance of the embedded heating coils, the respective input pow-
ers were calculated to be 1.5 + 0.068, 3.26 + 0.15, and 5.79 *
0.27 W. Thermal images (A600 infrared camera, FLIR) were ac-
quired at a rate of 1 Hz to keep track of the instantaneous tempera-
ture of the LCE strips during the heating process (Fig. 2A). When
the coil is charged by a 0.2-A current, the LCEs reach their isotropic
transition temperature Tx; (=70°C) within 10 s, and the strip re-
sponds with the fastest contraction, taking about 20 s until full con-
traction (Fig. 2, A and B). The 0.1-A current requires almost 120 s
for full contraction (Fig. 2, A and B). The instantaneous lengths of
the LCE strips vary nonlinearly over time, despite a relatively linear
increase of temperature, which is explained by the material proper-
ty of the LCEs (50). As the temperature of the LCEs gets close to Tx,
the contraction speed of the material gradually slows down. As a
result, for actuation of the robotic surface, we chose to operate the
system with a 0.2-A current for more rapid contraction and a 0.1-A
current for slower contraction. We did not keep a 0.2-A current for
more than 30 s to avoid overheating the LCEs.

When the applied currents are above 0.1 A, the LCE strips
eventually reach their final isotropic length (i.e., full contraction). To
keep each individual strip at a designated length between isotropic
and nematic phases, we applied currents with smaller magnitudes,
such that the LCEs reached a thermal equilibrium state with tem-
perature always lower than Ty;. Figure 2C shows the steady-state
lengths of the samples under different input powers, where the sam-
ples are tested against six magnitudes of current: 0.09, 0.08, 0.07,
0.06, 0.05, and 0.04 A. Summarizing the experiment, the average

Passive ribbons
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Fig. 2. Characterizations of individual components of the robotic surface. (A) Comparison of the actuation behavior of individual LCE strips in response to different
applied currents. (B) Instantaneous relative lengths (&) of the LCE strips under different magnitudes of applied current. The inset shows instantaneous temperature of the
LCE strips. The shaded areas extend to 1 SD error. Different colors refer to different applied currents. (C) Relative lengths of LCE strips in steady state, charged by different
magnitudes of applied currents. The input power is calculated considering the variations in the resistance of the heating coils. (D) Actuation force of four LCE strips. This
experiment measures the force caused by the actuation of an LCE strip (actuated by a 0.2-A current) with its length fixed at nematic phase (i.e., relative length = Ay).
Fuir denotes the average ultimate force before rupture of the LCEs. (E) Stress versus stretch (i.e., the ratio of deformed length over initial length) behavior of fully actuated LCE
strips (actuated by a 0.2-A current and then kept under a 0.1-A current). The shaded areas extend to extreme values. This experiment measures the force required to
stretch an LCE strip in its isotropic phase (T > Ty). (F) Schematic of the reduced-order model used in numerical simulations. (G) Buckling and post-buckling behavior of the
passive ribbons, shown by the diagram of force versus compression (i.e., the ratio of deformed length over initial length). The ribbons are subject to fixed-fixed support,

as sketched in the inset. The shaded area extends to 1 SD error.

relative length (1) of an LCE strip in steady state can be empirically
calculated by

Y1

M= 1+eYz(P—Ya) +1

(1)

Here, P denotes the input electric power. Performing regression
on the experimental data, the parameters y;, v,, and v; are fitted to
be 0.426,11.97 W}, and 0.635 W, respectively. Equation 1 is plotted
as a dashed line in Fig. 2C. It is noted that the thermal equilibrium
temperature of the LCE strips depends on heat dissipation. Different
ambient environments would lead to different curves. In this work,
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the experiments are conducted at room temperature, around 25°C,
in air. Maintaining the length of each individual LCE strip is essen-
tial for programming the static shape of the robotic surface, because
the surface curvature depends on the relative lengths of each strip.
To determine the actuation force of an LCE strip, we held it at its
nematic length and applied 0.2-A electrical current until rupture of
the LCEs. As shown in Fig. 2D, the actuation force increased from
zero to the maximum value in about 30 s for all four samples tested.
The ultimate strength of the LCE strip is Fye = 1.36 N on average. In
the experiment, when rupture of the LCEs happens, the embedded
helical coil is straightened but not broken, as shown in fig. S3 (B and C).

30f9

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

A
)"T= AB= iN

\—“~~. _____ .-"Z -0.04 | { d
W 1.0 lT 1.3
C

Ar=1.25, Zp=1.
T

Fig. 3. Curvature of a single composite beam. (A) Different lengths of the top and bottom LCE strips lead to differ-

the reduced-order model, the passive
ribbons are modeled as a network of
springs, including both extensional and
torsional springs (i.e., the bar-and-hinge
model) (52, 53), in which the exten-
sional springs model the in-plane de-
formation while the torsional springs
model the out-of-plane deformations
(see Materials and Methods and note S1
for details). Each LCE strip is modeled
as two identical nonlinear extensional
i springs, to reflect on the finite width of
R the LCE strips. We fit the constitutive
behaviors of the extensional and tor-
sional springs in the reduced-order model
using the experimental data. The simu-
lated tensile response of the LCE strips
and buckling response of the passive
ribbons are shown by the dashed lines
in Fig. 2 (E and G, respectively). This
ensures that, in the simulations of the
entire robotic surface, each individual
component behaves just like its physical
counterpart. As a result, the reduced-order
model allows us to examine how the de-
formation of an individual LCE segment
depends on the deformation of its neigh-
boring segments and to adjust control
strategies accordingly.

x Experimental -
* Numerical
Analytical

ent curvatures. (B) Curvature (k) of a single composite beam as a function of lengths of the top (A1) and bottom (i)

LCE strips. Four different views of the curvature response surface are given. The red crosses are experimental data;
the black dots are numerical data; the colored surface is plotted per Eq. 2. (C) Photographs of five representative ex-
perimental configurations. Scale bar, 10 mm. (D) Numerical simulations corresponding to (C).

Such failure scenario is favorable: It keeps the electric circuit un-
changed and preserves the integrity of the structure, avoiding cas-
cading failures.

Mechanical properties

We characterize the constitutive behavior of the LCE strips in the
isotropic phase (T > Tp), which has a linear elastic region at low
stretches and a nonlinear softening region at high stretches (Fig. 2E).
We note that, even at a relatively large stretch, A = 1.5, the LCE
strips do not break, because the tensile force is still below Fyy;, indi-
cating the ability to support large deformations. The stress-extension
curve is fitted by an Ogden hyperelastic model (51) that is then used
in a reduced-order model for fast simulations (Fig. 2F).

We also characterize the mechanical properties of the passive
Kapton ribbons (Fig. 2G and fig. S4). The measured average critical
buckling load is 0.18 N, and the post-buckling force remains
almost constant until 50% compression, which is more than the largest
compression ever experienced by the robotic surface under normal
working conditions. This implies that a buckled passive ribbon
only exerts a small tension (0.18 N) on the actuated LCE strips,
which results in at most 5% strain, according to the tensile response
of the LCE strips (inset of Fig. 2D). When unloaded, the buckled
ribbons return straight again, demonstrating an elastic behavior.

We implement a reduced-order model (Fig. 2F) to perform fast
numerical simulations and develop real-time control strategies. In
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Curvature of a single composite beam
To control the overall shape of the robotic
surface, we need to control the curvature
of each element in the grid system (Fig. 3).

The strategy for programming curvature is sketched in Fig. 3A.
We denote the length of the top LCE strip as A, the length of the
bottom strip as Ag, and the curvature of the composite beam as «.
Differential contraction of the top and bottom LCE strips leads to
different self-stressed states of the structure and thus drives it into
different curvatures.

We applied different combinations of electric currents to the top
and bottom LCE strips of composite beams. On the basis of the re-
sults of our single-LCE strip analysis, by varying the applied cur-
rent, we can maintain the LCE strip at designated length. The red
crosses in Fig. 3B show the experimental results of k in response to
different values of At and Ag. We observed that the curvature of the
composite beams is approximately proportional to the difference of
the top and bottom strips’ lengths (i.e., At — Ag). Assuming that the
top and bottom LCE strips always lie on a circular arc, the curvature
of the beam is derived as a function of At, A, and the beam’s thick-
ness h. Because the thickness i depends on the buckling of the pas-
sive ribbons under compression, it is mainly a function of Ar, A, the
thickness of the LCE strip t,, and the straight (pre-buckled) length
£, of the passive ribbon. The curvature can then be estimated by the
following formula

16n(At — Ap)
(A1 +AB) (ta + V4 - (A1 + xB)Z/xZN)

K =

2)
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Fig. 4. Different attainable shapes of the robotic surface. (A) Initial, flat configuration and schematic of the circuits used to control the LCE strips. (B) The actuated table
configuration and its required input currents. The inset shows the corresponding configuration from the numerical simulation, obtained by applying Aty = A1y, = Agy= Ag, = 1.05.
(C) The dome shape and its required input currents. The numerically simulated shape was obtained applying At = A1, = 1.33 and Ag, = A, = 1.05. (D) The dome shape and
its required input currents. The numerically simulated shape was obtained applying Aty = Agx = Agy = 1.33 and A1y = 1.05. (E) The saddle shape and its required input cur-
rents. The numerically simulated shape was obtained applying Aty = Agy = 1.33 and Aty = Ag, = 1.05. Scale bars, 10 mm.

where n = 0.57 is a linear scaling factor fitted by matching experi-
mental data. Detailed derivations are presented in note S2 and fig.
S5. Equation 2 and data measured from experiments agree well
(Fig. 3B). We experimentally demonstrate the ability of a composite
beam to continuously change its curvature on demand, by changing
the lengths of the top and bottom LCE strips (Fig. 3C).

To validate the reduced-order model and compare it with exper-
iments (Fig. 3C), we perform quasi-static simulations. We focus on
the steady-state configurations, because the shape-morphing pro-
cess is relatively slow. Quantitative comparisons of the reduced-
order model with the experimental data and Eq. 2 are shown in
Fig. 3B. Direct comparisons between selected simulated configura-
tions and experimental results are shown in Fig. 3D (cf. Fig. 3C).
The numerical simulations agree well with the experiments, capturing
the overall curvature as well as the local deformations, validating the
accuracy of our reduced-order model. These results serve as a
benchmark for establishing control strategies to obtain more com-
plex shapes after combining multiple composite beams.

Programming shape of the robotic surface

In differential geometry, surface curvature is defined by inter-
secting curves lying on the surface (36). This definition is clearly
evident in gridshells, for example, which exploit a grid of curved
elements to define specific surface curvatures (54). Our robotic
surface consists of a reconfigurable gridshell, controlled by exter-
nal currents.
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We demonstrate the ability to program different shapes in a 3 x
3 grid design, which has 48 segments of LCE strips that could be
controlled individually (24 at the top and 24 at the bottom). For
simplicity, we reduce the complexity of the control circuit by con-
necting the segments in series and parallel, as shown in Fig. 4A. Such
an arrangement reduces the independent control variables to
four control channels. We denote the average applied current to
each LCE strip of the four channels as Ity, Iy, Isy, and Ig, and the
corresponding relative lengths of the LCE strips as Ary, A1y, Ay
and Agy.

Any surface is locally defined by its two principal curvatures and
all of their possible combinations, which are dome (+,+), saddle
(+,-), cylinder (+/-,0), and flat (0,0) (36, 39). We transform the ro-
botic surface into these four representative shapes (Fig. 4, B to E) to
demonstrate its potential to program arbitrary shapes. The symmet-
ric dome shape has a positive Gaussian curvature, and the principal
curvatures are both negative with the same magnitude. To obtain a
dome shape, all the bottom layer LCE strips need to shrink more
than the top strips, such that all the grid lines are programmed with nega-
tive curvatures. We perform numerical simulations to estimate the
expected shape by defining Aty = A, = 1.33 and Ap, = Ag, = 1.05.
In the experiment, we first apply 0.1 A to each of the top LCE strips
and 0.2 A to the bottom, for initial actuation. After about 20 s, the cur-
rents are switched to Ip, = Iy, = 0.07 A and Ity = I, = 0.04 A, accord-
ing to Fig. 2C, to keep the robotic surface at a stable dome shape (Fig. 4C).
The principal curvatures at the center joint are k, = k, = — 0.017 mm -
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scales, although free to slide relative to
one another, increase the overall bend-
ing stiffness of the system. This results
in ca. 50% smaller achievable principal
curvatures, compared with the shapes
achievable by the gridshell alone. This
effect can be mitigated using thinner
cover scales or softer materials.

N

=-0.0001

We also show how the robotic sur-

face can manipulate other objects (Fig. 5B

360s

480s

and movie S2). We place an aluminum
ball (10 g) on one corner of the surface.
To move the ball, we program a bowl
shape, so that the ball rolls toward the
center of the surface due to gravity. To
release the ball from one of the four
sides, we program a saddle shape with
the downward ramps along the y direc-
tion. The robotic surface is lightweight

(33 g) and not anchored to the table.
This makes it difficult to fully control

90s  the movement of the ball, because its

weight affects the overall posture of the
system. We also repeat the same object
manipulation with a ping-pong ball and
show the ability to release it from an-
other side (movie S2). More precise control
of the objects’ trajectories and positions
could be achieved by controlling the cur-
rents in each individual LCE segment,
with independent control channels (fig. S6A).

Fig. 5. Robotic surface performing different tasks. (A) Sequential shape morphing. The images show selected
frames from movie S1. The bottom diagrams show the currents in the four channels used to control the shape evolu-

tion. The curvatures are in units of mm ~". (B) Object manipulation. The images show frames from movie S2, visualiz-

ing the motion of an aluminum ball on the surface. The bottom diagrams show the currents in the four channels used
to control the shape evolution. (C) Weight lifting and holding. The images show frames from movie S3, visualizing the
ability to lift and hold different weights (insets show the side view). To control the surface, we applied 0.2 A to all LCE

The robotic surface is also able to lift
and hold weights. We show this by lift-
ing a 100-g metal pad and then adding
two additional 50-g weights (Fig. 5C and
movie S3). Even after adding a total

strips. After 25 s, to avoid overheating, currents were reduced to half (0.1 A). Scale bars, 10 mm.

from numerical simulation and «, = k, = — 0.016 mm ! from experi-
ment. The other geometries are programmed similarly, and quanti-
tative comparisons of the resulting curvatures are reported in
Materials and Methods. The experimental results agree well with
the numerical simulations, despite the differences in boundary con-
ditions and nonidealities in the experiments. For example, the resist-
ances of the embedded heating coils in the LCE strips are not the same,
ranging from 126 to 134 ohms, and the magnitude of current flow-
ing through each LCE strip varies around the assigned values. In
addition, the LCEs are not perfectly homogeneous among segments
of the grid, and thus, Eq. 1 can only provide a rough estimation.

Continuous shape morphing and object manipulation

To transition from a discrete gridshell to a continuous surface, we
attach Kapton cover scales to the nodes of the grid. With the scales
on, we demonstrated reversible, spatiotemporal control of the
surface deformation and show continuous and smooth shape mor-
phing (Fig. 5A and movie S1). We program the current evolution
(Fig. 5A, bottom) to allow the surface to evolve from a flat shape
to a table, a dome, a saddle, and cylinders. We note that the cover
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weight of 200 g (ca. six times the surface’s
own weight), no notable deformation
was observed. These results suggest that
the robotic surface, while being soft and compliant, has sufficient
load-bearing ability for object interaction.

DISCUSSION

This paper demonstrates a soft, robotic surface capable of performing
continuous and controlled shape morphing. The surface’s structure
is reminiscent of the skeleton-muscle-skin combination in animals.
The proposed shape-morphing mechanism is scale free and could
be realized at different dimensions (macro- or microscales). We envision
its possible application in haptic technologies, biomedical devices, and/
or reconfigurable antennas/lenses (55, 56). It could also enable un-
conventional technologies such as 3D shape display and remote col-
laboration, when combined with video screens and other sensory
stimuli (57). However, the current design leaves room for improvements.
For example, to obtain higher shape precision and accuracy, it would
be useful to add external sensors that provide feedback for closed-loop
control. To achieve higher geometric complexity, it is necessary to add
control channels (fig. S6), refine the grid mesh (fig. S7), and explore
non-orthogonal meshes. Last, to allow for broader ranges of motion,
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untethered actuation would be desirable, e.g., using different LCEs
that respond to laser heating, infrared radiation, and/or magnetic fields.

MATERIALS AND METHODS

LCE synthesis

The LCEs were synthesized following a previously reported two-
stage thiol-acrylate Michael addition-photopolymerization reaction
procedure (49). We first dissolved liquid crystal mesogen RM257
[54.6 weight % (wt %), Wilshire Technologies Inc.] and the photo-
initiator 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(HHMP) (0.35 wt %, Sigma-Aldrich) by toluene (21.8 wt %, Sigma-
Aldrich) in a glass vial placed in a hot water bath at 80°C. After the
vial was cooled down to room temperature, we added spacer 2,2’-
(ethylenedioxy) diethanethiol ( EDDET) (12.5 wt %, Sigma-Aldrich),
cross-linker PETMP [Pentaerythritol tetrakis (3-mercaptopropionate)]
(2.96 wt %, Sigma-Aldrich), and diluted catalyst DPA (7.75 wt %,
Sigma-Aldrich) to the vial. Dipropylamine (DPA) was diluted in toluene
with a mass ratio of 1:50. The finished solution was then mixed
with a vortex mixer for about 20 s. Next, the solution was degassed
in a custom-built vacuum chamber for about 45 s at 67.73 kPa until
there were no air bubbles. The monomer solution was then injected
to a high-density polyethylene mold with grid-shaped channels with
heating coils placed inside, as shown in fig. S1A. The cross section
of the channel slots is 5 mm wide and 2 mm deep. We then put the
mold at room temperature (25°C) for 24 hours. After that, we placed
the mold into an 80°C oven with a negative pressure of 69.42 kPa
for another 24 hours. The above procedure finished the first stage of
polymerization. In the second stage, we stretched the samples to de-
sired lengths to orient the liquid crystal mesogens into a temporary
monodomain (fig. S1C). Then, we irradiated the samples by ultra-
violet light for 3 min each side to initiate cross-linking between the
excess acrylate groups of the LCE network, which stabilizes the
alignment of the liquid crystal mesogens.

Fabrication

The grid of passive ribbons, the samples for the buckling test, and
the cover scales were cut from 127-um-thick Kapton films (DuPont
de Nemours Inc.) using a Silhouette CAMEO cutter (Silhouette
America). The passive ribbons were 7 mm wide, forming a grid-
shaped kirigami pattern (Fig. 1B). The nine passive ribbon samples
for buckling characterization were 36 mm long and 7 mm wide (fig.
S4). The cover scales were circular disks with 50 mm diameter. The
heating coil was made of 50-um-diameter nickel-chrome alloy
wires. To fabricate the heating coils, we first tightly wound the nickel-
chrome alloy wire (Nichrome 80 wire 44 AWG Gauge, FogsLord)
on a 1-mm-diameter steel rod using a drill. Then, the tightly coiled
wires were stretched to the designated length. We calculated the
length such that the resistance within each segment of the grid is
25 ohms. The coil pitch was determined such that the resistance of
the coil is 1.25 ohms/mm on average before stretch. This process is
shown in fig. S8. The LCE grids were glued to the grid of passive
ribbons using super glue (Krazy Glue).

Thermal and mechanical characterization

As shown in fig. S2, the thermal images were captured by a FLIR
A600 infrared camera at 1 Hz for actuation tests. Eventek KPS305D
adjustable power supply was used as the power source. The current
in each control channel was regulated by a D-Planet LM2596s buck
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converter. The amount of contraction was read by placing the sam-
ple in front of a graph paper and recording the actuation process
with a video camera. Stress-strain characteristics were measured
using an Instron 5569 universal testing station with a 10-N load cell
(fig. S3A).

Geometric characterization

The NextEngine 3D laser scanner (NextEngine Inc.) was used to
capture the surface shapes of the complete robotic surface. At the
centers of the cover scales, we added reflect tapes to improve track-
ing of these key points. These nine points were then used to fit a
quadratic surface to calculate the principal curvatures in Fig. 5A. Each
principal curvature of the grid system (without cover scale) was de-
termined by the radius of the circle passing through the tipping
point and two ends of the middle composite beam, for which the
coordinates are measured by a ruler. The principal curvatures of the
saddle at the center joint were determined as k, = — 0.010 mm ~* and
k,=0.014 mm ~! from numerical simulation and k, = — 0.012 mm ™"
and x, = 0.015 mm ! from experiment. The principal curvatures
of the cylinder were «, = 0.018 mm “1and K, = 0 mm 1 from
numerical simulation and «, = 0.017 mm ~! and K, =0 mm ! from
experiment.

Numerical simulation

The numerical simulations were based on a reduced-order model of
the robotic surface. The passive ribbons were modeled by the bar-
and-hinge model (52, 53). As shown in Fig. 2F and fig. S9, a passive
ribbon was discretized to small rectangles, where each of them was
modeled as four triangles. The edges of the triangles were consid-
ered as bar elements (i.e., extensional springs) to simulate in-plane
deformations. The dihedral angles between the triangles were con-
sidered as torsional springs to simulate out-of-plane deformations.
Each LCE strip was modeled as two identical nonlinear bar elements
to reflect on the finite width of the LCE strip. The elastic energy
stored in the bars and torsional springs compose the system’s energy.
To model the contraction of the LCE strips, we gradually reduced
the rest lengths, starting from the nematic lengths until reaching the
designated relative lengths. We can estimate the required current
for each LCE strip by the imposed stretch, using Eq. 1. At each step,
after we reduced the rest lengths of the bars, a new equilibrium con-
figuration was found by minimizing the system’s energy. Carrying
out these steps, we can simulate the shape morphing of the robotic
surface. The simulation code was modified from the open source
software MERLIN (52). Details about the implementation are pro-
vided in note S1.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/53/eabf5116/DC1

Note S1. Reduced-order model for numerical simulation.

Note S2. Curvature estimation of a single composite beam.

Fig. S1. Fabrication of the LCE strips.

Fig. S2. Experimental setup for characterization of the actuation behavior of the LCE strips.
Fig. S3. Mechanical testing of the LCE strips.

Fig. S4. Characterization of the buckling and post-buckling behavior of the passive ribbons.
Fig. S5. Derivation of the curvature of the composite beams.

Fig. S6. Numerical demonstration of geometries obtained by controlling each LCE segment
independently.

Fig. S7. A robotic surface with denser mesh grid transforms into various shapes.

Fig. S8. Fabrication of the heating coils.

Fig. S9. The reduced-order model for simplified simulation of the robotic surface.

Movie S1. Continuous shape morphing of the robotic surface.
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Movie S2. Object manipulation.

Movie S3. Weight lifting.

Movie S4. Numerical simulations using the reduced-order model.
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