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Liquid crystal elastomers (LCEs) are shape morphing materials promising for many applications
including soft robotics, actuators, and biomedical devices, but current LCE synthesis techniques
lack a simple method to program new and arbitrary shape changes. Here, we demonstrate a
straightforward method to directly program complex, reversible, non-planar shape changes in ne-
matic LCEs. We utilize a double network synthesis process that results in a competitive double
network LCE. By optimizing the crosslink densities of the first and second network we can me-
chanically program non-planar shapes with strains between 4 - 100%. This enables us to directly
program LCEs using mechanical deformations that impart low or high strains in the LCE including
stamping, curling, stretching and embossing methods. The resulting LCEs reversibly shape-shift
between the initial and programmed shape. This work widens the potential application of LCEs
in biomedical devices, soft-robotics and micro-fluidics where arbitrary and easily programmed
shapes are needed.

1 Introduction
Liquid crystal elastomers (LCEs) are polymeric networks that ex-
hibit large and reversible shape changes in response to a variety of
stimuli including heat, UV or near-IR light and magnetic or elec-
tric fields1–8. These materials are promising as actuators and for
applications in soft robotics9–25. However, current synthesis and
processing methods limit the fabrication of LCEs with complex,
arbitrary shape changes.

LCE shape changes are governed by a coupling between the liq-
uid crystal director and the anisotropic polymer network. Mon-
odomain nematic LCEs with a uniform alignment of the liquid
crystal director can be prepared via uniaxial mechanical extension
during synthesis. By heating the sample beyond the nematic-to-
isotropic transition temperature TNI , the system transitions from
the state programmed in the nematic phase to that programmed
in the isotropic state.26–28. Such monodomain LCEs reversibly
change shape with heating and cooling due to changes in the
liquid crystal order parameter, which is coupled to the network
anisotropy29. Contraction and elongation, curling, and surface
wrinkling have been reported using mechanically aligned mon-
odomain LCEs and LCE bilayers4,30–33.
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More diverse shape changes in LCEs can be achieved by im-
printing complex nematic director orientations. For example,
elaborate director orientations and liquid crystal images can be
imprinted into LCEs using patterned surfaces to produce a range
of shape responses including splay, conical structures, and Gaus-
sian curvatures6,34–43. Additive manufacturing has also been re-
cently employed to produce LCEs that can transition between two
non-planar shapes44,45. A complication of these methods is that
they generally require solving the inverse problem of determin-
ing the necessary liquid crystal director profile to produce a de-
sired shape change41,46–48. Further, the use of patterned sur-
faces relies on surface forces, limiting the technique to thin, flat
samples. Other approaches include simultaneously stretching the
LCE in different directions to mechanically align a specific direc-
tor profile49 or curling and crosslinking a stretched monodomain
LCE.50. The approach of curling and crosslinking a monodomain
LCE opens up a method for arbitrarily programming curvatures
in LCEs with some limitations in the strain range possible and
necessity for starting with a uniaxially oriented LCE.50

Here we investigate an alternative and straightforward method
to program complex three-dimensional shapes in nematic LCEs by
mechanically deforming the LCE into a desired non-planar shape
during a double network synthesis process, as shown in Figure 1.
The resulting LCE should reversibly transition between the shapes
programmed during the first and second network crosslinking re-
actions. A challenge of implementing this approach is that non-
planar mechanical deformations such as curling produces low
(< 10%) strains, while stretching produces much larger ( 100%)
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Fig. 1 (a) Schematic for the preparation of LCEs including the resulting liquid crystal alignment. The curvature causes parallel alignment of the liquid
crystals at the outer edge due to tensile forces. Perpendicular alignment occurs at the inner edge due to compressive forces and could either be
in plane, as depicted, or into the page. (b) Schematic illustrating the ideal and non-ideal shape changes of fully cured LCEs and their respective
normalized curvature, κn, and flatness, f values.

strains. The LCE network chemistry should be optimized to be
able to lock-in deformations over this entire strain range.

The concept of a competitive double network structure is useful
to guide optimization of the LCE to achieve reversible shape pro-
gramming. In a typical LCE synthesis, the first network is cured in
the isotropic state, deformed by mechanically loading the sample,
and then cured again in the nematic state. LCEs fabricated using
this general approach are an example of double network elas-
tomers, which have been studied for over 50 years.51–55 A gen-
eral feature of double network elastomers is that the final state
of the dual-cure elastomer retains some fraction of the strain ap-
plied during the second crosslinking reaction and is dependent
on the relative crosslink densities or moduli of the first and sec-
ond network crosslinking reactions.56,57 This concept of a double
network structure has also been applied to double network shape
memory polymers where the elastic restoring force of the first net-
work must be balanced with the strength of the second network
to enable reversible58 and irreversible shape changes59,60.

In the case of a double network LCE, we hypothesized that
finding the proper balance between the first and second net-
works would be necessary to achieve reversible shape program-
ming compatible with a wide range of sample strains. Below,
we demonstrate optimization of the LCE network composition by
systematically varying the network composition of the first and
second crosslinking steps to produce LCEs that can transition be-
tween a mechanically programmed bend deformation and fully

recover their initial shape on heating. We show that the result-
ing optimized LCE can be used to mechanically program shapes
with strains in the range of 4 - 100 %, and we demonstrate pro-
gramming and reversible shape changes using curling, stamping,
stretching, and embossing methods. This method necessitates no
foresight of the required director profile and is not limited to ini-
tially flat films. The resulting LCEs can shape-morph between
three-dimensional topologies and reproduce shapes and textures
with low- and high-strain deformations.

The demonstrated method of mechanically deforming a ma-
terial to produce a desired shape change is similar to those
commonly used to program shape memory polymers (SMPs).
In a SMP a temporary shape is directly imprinted in a poly-
mer at elevated temperatures and remains after the materials is
quenched.61–63 When the SMP is heated the original shape is re-
covered and the programmed shape is generally lost unless it is
reprogrammed. Our work combines the straightforward shape-
programming in SMPs with the full shape-reversibility of LCEs.

2 Experimental Methods
Materials and Methods

2,2’-(ethylenedioxy) diethanethiol (EDDET), pentaerythritol
tetrakis (3-mercaptopropionate) (PETMP), 1,4-Bis-[4-(3-
acryloyloxypropyloxy)benzoyloxy]-2- methylbenzene (RM257),
chloroform, dipropyl amine (DPA), 4-methoxyphenol (MEHQ),
and (2-hydroxyethoxy)-2-methylpropiophenone (HHMP) were
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obtained from commercial suppliers and used as received.

Synthesis

LCEs are made following a previously reported double network
thiol-acrylate polymerization28. RM257 is the liquid crystal
monomer and is a chain extender for the first network and the
crosslinker in the second network. EDDET and PETMP acts as
a flexible chain extender and crosslinker for the first network,
respectively. A series of LCEs that varied in PETMP and excess
acrylate contents were prepared using the same general proce-
dure. The following procedure is for an LCE with 10 mol % ex-
cess acrylate and 25 mol % of the thiols coming from PETMP.
First, RM257 (300 mg, 0.510 mmol), 0.5 wt % HHMP (1.5 mg),
and 0.25 wt % MEHQ (0.75 mg) are dissolved in chloroform (120
mg) at 70◦C. MEHQ is added to prevent unintentional acrylate-
acrylate polymerization before UV-curing. After the mixture has
cooled to room temperature EDDET (63.31 mg, 0.348 mmol) and
PETMP (28.29 mg, 0.058 mmol) are added followed by a 2 wt %
DPA solution in chloroform (46.26 mg, 0.009 mmol, 1 mol %
). The masses of reagents used to synthesize other compositions
are listed in Supplementary Information Table S1 and the chem-
ical reaction scheme is reported in Supplementary Information
Scheme S1. The mixture is then vortexed to ensure proper mix-
ing and placed under vacuum to remove any bubbles. Next, the
mixture is deposited into the desired mold and cured for at least
5 hours. After the first cure is complete the LCE is heated to 80
◦C under a vacuum of 30 mm hg for 5 hours to remove the chlo-
roform. Finally, the LCE is mechanically deformed to the desired
shape and irradiated with 365 nm light for 10 minutes to com-
plete the second cure step. Additional details on the molds used
for the first cure step and methods for deforming the LCEs during
the second cure step are included below.

Imaging and Image analysis

Cross-polarized optical images were taken using a Zeiss Axioplan
2 microscope. A curved LCE was imaged through its thickness
with the polarizers at 0 and 45 angles from the outer edge. The
gray scale images were subtracted from each other to obtain the
intensity change image. All three images were then mapped to
the same color scale to illustrate intensity differences.

Programmed LCEs were imaged using an iPhone camera with
the color levels adjusted to enhance contrast with the back-
ground.Python and OpenCV were used for all image analysis. To
determine normalized curvature and flatness, blackened samples
were imaged against a white background at room temperature.
A circle was fitted to the outer edge of the digital sample image,
and the normalized curvature κn was calculated using Equation
(1),

κn =
ρcure + t

ρLCE
(1)

where ρLCE is the radius of curvature of the LCEs outer edge, ρcure

is the radius of curvature of the rod used in the second cure, and
t is the thickness of the LCE.

To calculate flatness, the samples were imaged at 150°C, which
is well above the TNI for all samples. A line was fitted to the

Table 1 Compositions and thermal properties of LCE samples prepared.
PETMP Thiol content is the mol % of thiol functional groups from PETMP,
and excess acrylate is the mol % excess of acrylate functional end groups
relative to thiol functionalities. Tg and TNI determined using differential
scanning calorimetry.

PETMP Thiol Content Excess Acrylate Tg TNI
(%) (%) (°C) (°C)

10
5 1.93 84.21
10 -0.27 83.52

20
5 0.33 79.90
10 -1.89 79.33
15 -1.82 81.40

25
5 2.39 85.10
10 0.49 79.64
15 2.35 86.73

40
5 6.5 78.21
15 3.98 84.78
25 -1.23 86.26

60
5 11.62 80.12
15 8.86 90.11
25 4.18 89.62

80
5 14.95 91.09
15 16.2 91.21
25 8.94 87.65

midpoint between the detected edges of the digital image, and a
standard error was calculated to determine flatness f using Equa-
tion (2),

f =

√
Σ(Y −Y ′)2

N
(2)

where Y is the mean value of the LCEs outer and inner edges at a
specific position, Y ′ is the fitted line value at that position, and N
is the number of position sampled along the sample length.

Two-Dimensional Wide Angle X-Ray Scattering (WAXS)
Liquid crystal orientation and order parameter were calculated
using a Rigaku Diffractometer using a RUH3R Copper Target Ro-
tating Anode with a wavelength of 0.154 nm, phi axis goniometer
with vertical orientation, and a Rigaku R-Axis IV++ Image Plate
Area Detector. The detector imaging area is approximately 380
mm X 380 mm, with a distance of 300 mm between the sample
and detector. The order parameter was calculated numerically
with Python using Equation (3) from Deutsch et al.64,65

S = 1−N−1 3
2

∫
I(θ)

[
sin2

θ +
(
sinθcos2

θ
)
Log
(1+ sinθ

cosθ

)]
dθ (3)

where N =
∫

I(θ)dθ .

Differential Scanning Calorimetry
The glass transition, Tg, and nematic to isotropic transition tem-
perature, TNI , were determined using TA instruments Q20 differ-
ential scanning colorimeter (DSC). LCEs were analyzed prior to
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the second curing step because the TNI is not detectable by DSC
after the second cure step.28 Samples were equilibrated to -20
◦C for 5 minutes and then heated at a rate of 5◦C/min to 100◦,
held at that temperature and for 5 minutes and then cooled to
-20 ◦C at a rate of 5 ◦C/min. The cycle was repeated once more
and Tg and TNI were determined from the second heating cycle
as the stepwise decline and endothermic well in the heat flow,
respectively.

Dynamic Mechanical Analysis
Young’s moduli were obtained using an ARES G2 (TA instru-
ments) rheometer using a linear film tension clamp. Rectangular
samples were loaded into the clamp and pulled at a Hencky strain
rate of 5 %/min. Young’s modulus is calculated as the slope of a
line fitted to the stress-strain curve from 0 to 1.5% strain.

Actuation and Fixity
Fixity and actuation were determined by first placing two marks a
distance of 10 mm apart on a rectangular LCE that has undergone
the first network crosslinking reaction. The length of the sample
at this stage is denoted the initial length lo. The sample was then
stretched to a desired strain (e.g., 20 mm for 100% cure strain),
UV cured for 10 minutes, heated above the TNI , and then cooled
back to room temperature.

The distance between the marks was measured in both the
elongated state (room temperature) and contracted state (above
TNI) to determine the elongation and contraction fixities. Elon-
gation fixity is the ratio of the elongated length, le, to the cured
length, lcure, and contraction fixity is the ratio of the contracted
length, lc to the initial length, l0. The actuation strain, εactuation,
and normalized actuation strain, εnormalized , were calculated using
Equations (4) and (5),

εactuation =
le− lc

lc
∗100 (4)

εnormalized = εactuation ∗
l0

lcure− l0
∗100 (5)

where εnormalized is εactuation normalized by the cure strain.

LCE Programming
All fabrication molds and stamps can be found in the Supplemen-
tary Information Figure S1. The LCE face, four pillar structure,
and Rice logo were all fabricated using an embossing method.
LCEs were initially cured between two glass slides with spacers to
yield a desired thickness. The LCE was then pressed between a
positive and negative mold of the same object, placed in a freezer
for 10 minutes to prevent sticking to the mold, removed from the
mold and cured for 10 minutes under 365 nm UV light.

The face was made using a purchased silicone mold of the
negative face, and the positive image was created from pressing
Sculpey oven bake clay into the silicone cavity. The clay was then
baked 15 minutes at 130 ◦C for every 1/4 inch of thickness. The
four-pillar structure was fabricated in a similar fashion, with a
LEGO®piece as the positive image and the pressed clay as the
negative.

The Rice logo was created using a Universal X-660 laser cutter.
The logo was cut into 3/32-inch-thick basswood. The positive and
negative logos were glued onto basswood substrates to create the
positive/negative stamps.

The wave LCE was made using a polydimethylsiloxane (PDMS)
mold. First, clay was flattened to uniform thickness (1 mm) and
hand curved into a wave structure. The clay was placed upright
in a plastic container and uncured PDMS was poured around the
clay and cured at room temperature for 24 hours. Then the PDMS
was removed from the container, cut in half, and the clay was
removed. The PDMS mold was placed back in the container, and
LCE solution was poured into the cavity and cured, removed, and
dried. The wave LCE was then flattened, curled around a rod,
and UV cured.

The quarter LCE was made by lightly hand pressing an initially
flat LCE against the back surface of a quarter. The LCE was then
removed from the quarter and UV cured. The flower was made by
cutting a petaled spiral out of a, initially flat LCE and hand rolling
it into a flower and UV cured. Additional programmed LCEs are
shown in the Supplementary Information Figure S2.

3 Results and discussion
Our first objective was to optimize the LCE network composition
by quantifying the ability of an LCE to hold a curled shape and
reversibly transform to a flat sheet, as illustrated in Figure 1. Ide-
ally, the LCE should fully and reversibly transition between the
flat and curled shapes, as shown schematically in Figure 1b. We
hypothesized that this could be achieved by optimizing the com-
positions of the first and second network.

The double network chemistry chosen to prepare LCEs enables
systematic modulation of the crosslink densities of the first and
second networks through variation of the PETMP content and
relative excess of the acrylate functional groups to thiols. The
PETMP content determines the degree of branching and crosslink-
ing in the first network while the excess acrylate content influ-
ences the crosslink densities of both the first and second net-
works. The network composition has only a modest impact on the
glass-transition temperature, Tg, and nematic-to-isotropic transi-
tion temperature, TNI , as shown in Table 1. The Tg increases with
PETMP content, and TNI is not greatly affected by these variations
in network composition. This is consistent with prior studies of
similar LCE networks.66

As shown in Figure 2a, the modulus of LCEs always increases
between the first and second crosslinking steps, as expected. Also,
increasing the PETMP content generally increases the final mod-
ulus after both network crosslinking steps. This is expected be-
cause a higher PETMP content increases network branching and
crosslink density. Finally, increasing the excess acrylate content
decreases the modulus of the first network and increases the mod-
ulus of the second network, producing a much larger jump in
modulus between first and second crosslinking steps at higher
acrylate contents.

To quantify the ability of the LCEs to hold a programmed curva-
ture and return to a flat sheet when heated above TNI , an initially
flat polydomain LCE was wrapped around a rod with a known
radius of curvature and photo-cured to define the second net-
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(a) (b)

(c) (d)

Fig. 2 (a) LCE Young’s moduli after the first and second network crosslinking reactions. (n = 3, error bars indicate 95% confidence intervals of the
mean) (b) The mean normalized curvature, κn as a function of the ratio of Young’s moduli after the 2nd cure relative to the 1st cure. (c, d) Normalized
curvature, κn, and fatness, f , of LCEs (t ≈ 250 µm) photo-cured around a rod (ρ = 2.455 mm). Grey regions indicate samples that maintain their
programmed curvature at room temperature and flatten when heated. (n = 15, error bars indicate 95% confidence intervals of the mean). Numerical
data is reported in Supplementary Information Table S2.

work and lock-in the curled shape. Residual stresses were then
removed by subjecting each sample to one heating and cooling
cycle above TNI (≈ 75− 90 ◦C). We then measured the normal-
ized curvature κn and flatness parameter f for each sample. The
normalized curvature κn is the ratio of the programmed to actual
radius of curvature at room temperature. The flatness parameter
f is the standard error for a linear fit to a cross-sectional image
of the LCE at temperatures above TNI . Details on the measure-
ment and determination of κn and f are provided in the Exper-
imental section. In the ideal scenario where an LCE holds the
programmed curvature at room temperature and returns to a per-
fectly flat sheet on heating above TNI , κn = 1 and f = 0.

As shown in Figure 2b, the ability for an LCE to hold its pro-
grammed curvature is strongly influenced by the ratio of the
Young’s moduli after the first and second curing steps. The nor-
malized curvature increases with the modulus ratio, indicating
that a progressively stronger second network is better able to hold

the curled shape. This supports the picture of a competitive dou-
ble network structure and provides a simple metric for determin-
ing whether a particular composition will lead to LCEs that can
retain a programmed shape.

The dependence of κn on the excess acrylate and PETMP con-
tents is shown in Figure 2c and demonstrates that LCEs are able
to retain the programmed shape only for sufficiently high excess
acrylate contents. κn increases from 0 to 1 with increasing ex-
cess acrylate content for all LCEs. Increasing the PETMP content,
which results in a higher crosslink density of the first network,
generally results in a decrease in κn. This demonstrates that too
high of a crosslink density in the first network or too low of a
crosslink density in the second network is detrimental to shape
programming. At a very low PETMP thiol content of 10 %, pro-
gramming a curled shape is also unsuccessful, which we attribute
to the poor mechanical properties of the first network and weak
coupling between the network and nematic director during shape
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(a)

(b)

Fig. 3 (a) Normalized curvature as a function of radius of curvature, ρcure,
and sample thicknesses, t, and (b) as a function of calculated maximum
strain, εcalculated = t/(2ρcure), in the LCE. (n = 5, error bars indicate 95%
confidence intervals of the mean) Numerical data is listed in Supplemen-
tary Information Table S3.

programming.
The data shown in Figure 2d demonstrate that LCEs can return

to a flat sheet on heating ( f < 0.125 mm) only below a threshold
excess acrylate content. At too high of an excess acrylate con-
tent, the second network dominates and the LCE retains a curled
shape at temperatures above the TNI . Furthermore, increasing
the PETMP content results in an increased crosslink density of
the first network and a smaller value of f , indicating a flatter LCE
sheet at elevated temperatures.

Altogether, these studies demonstrate that a balanced compo-
sition and crosslink densities of the first and second networks are
needed to achieve the programmed curvature and return to a flat
LCE sheet on heating. κn values near 1 are associated with rela-
tively strong second networks and larger excess acrylate contents,
while low f values are associated with a relatively strong first

network, which corresponds to lower excess acrylate and higher
PETMP contents. The optimal composition range for an LCE that
can both hold its mechanically programmed curvature (κn ≈ 1)
and return to its initial shape ( f < 0.125 mm) is indicated in the
shaded regions of Figures 2c and d. The samples that fall in the
optimal range for both κn ≈ 1 and f ≈ 0 contain approximately 25
% PETMP content and 10 % excess acrylate. This composition of
LCE is used in shape programming studies described below.

While a correct balance between the first and second networks
is necessary to enable shape programming, it is also critical that
the deformation re-orients the liquid crystal director in order to
program a desired shape. Prior studies with LCEs have shown
that mesogens align parallel to tensile forces and perpendicular
to compressive forces.26,67 Therefore, curling an LCE results in
parallel alignment of the nematic director along the outer edge

(a)

(b)

Fig. 4 (a) Elongation and contraction fixity, and (b) Actual and normal-
ized actuation strain as a function of cure strain. (n = 5, error bars indi-
cate 95% confidence intervals of the mean) Numerical data is reported
in Supplementary Information Table S4.

6 | 1–11



Initial LCE

T < TNI T > TNIMechanically Program

U
V 

C
ur

eCut 
int

o
str

ips

Fig. 5 Schematic detailing how LCEs are mechanically programmed via curling, stamping or embossing to achieve reversible shape-shifting between
the initial and programmed shapes.

and oblate perpendicular alignment along the inner edge due to
tension and compression, respectively. This is demonstrated in
schematically in Figure 1a and in the cross-polarized micrographs
in Figure S3 which show a curled LCE imaged through its thick-
ness. For a perfectly uniaxially aligned LCE the cross-polarized
images would show a dark image when the polarizes are parallel
and perpendicular to the director. As the polarizers are rotated
the image would brighten to a peak intensity when the polarizes
are angled 45 relative to the director. An unaligned LCE would
show no intensity difference between the two images. The inten-
sity difference between the micrographs in Figure S3 occur along
the inner and outer edge suggesting that there is partial align-
ment of the liquid crystal director along those edges. Only partial
alignment is expected due to the low strain applied during defor-
mation.

We sought to determine the minimum strain that could be used
to successfully re-orient and shape-program the LCE. For a curl-
ing deformation, the largest strains occur on the outer and inner
edges of the sample, which experience tension and compression,
respectively. The maximum strain εmax increases linearly with
thickness and inversely with radius of curvature: εmax = t/(2ρ),
where t is the LCE thickness and ρ is the radius of curvature as-
suming a neutral axis of bending at t/2. To determine the mini-
mum necessary strain, we measured κn as a function of both the
sample thickness t and curling radius ρ. As shown in Figure 3, κn

decreases with larger ρ and with decreasing t, as expected due to
decreasing sample strain. Plotting κn against the calculated max-
imum strains in Figure 3b, we find that a strain of roughly 4 % is
sufficient to program a desired curved shape; κn is greater than
0.9 for strains of 4 % or higher.

We also determined the maximum strain that could be mechan-
ically shape-programmed in LCEs using uniaxial extension. Af-
ter the first crosslinking reaction, LCE samples were uniaxially

stretched and UV-cured at varying linear strains. The elonga-
tional and contraction fixities were quantified as described in the
Experimental section. The elongational and contraction fixities
reflect the amount of strain that can be programmed in an LCE
and the amount of residual strain that remains relative to the ini-
tial length on heating the LCE above the TNI , respectively. Figure
4a shows that both the elongation and contraction fixities remain
near the ideal value of 1 up to a cure strain of 100%. Above 100%
cure strain the contraction fixity increases, reflecting an increas-
ing residual strain in the sample above the TNI . The elongational
fixity also decreases, which shows that the the LCE does not fully
lock-in the elongation applied during shape programming. The
actuation strains of the samples are shown in Figure 4b show-
ing a strong decrease in the normalized actuation strains for cure
strains greater than 100 %. The actuation strain peaks at a value
near 100 % for a cure strain of 125 %.

Practically, this means that strains between 4% and 100% can
be adequately programmed using our optimized LCE network,
but below or above these amounts the LCE will neither fully re-
turn to its initial shape nor will maintain its programmed shape.
Knowing these lower and upper strain bounds is useful for design-
ing LCE shapes. To achieve small, tight curvatures, it will be best
to use thin LCEs that do not exceed 100% strain when deformed.
On the other hand, thicker LCEs are required for programming
shapes with broad features and large curvatures so that the im-
parted strain does not fall below 4%. However, care should be
taken when increasing the thickness of the LCEs to ensure com-
plete removal of solvent from the the LCE before programming
and that the LCE can be adequately UV cured through the thick-
ness.

To quantify director alignment as a function of strain applied,
we obtained 2D wide-angle X-ray scattering (WAXS) measure-
ments of LCEs that were UV cured after applying uniaxial strains
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Fig. 6 Photographs of shape-programmed LCEs at T < TNI and T > TNI . (scale bars = 10 mm) (a) Initially flat LCE (t = 0.25 mm) stamped with a quarter
and cured, with an enlarged region shown in blue. (Mirror images are shown) (b) Initially flat LCE (t = 0.25 mm) embossed with a Rice University logo,
and cured. (c) Initially flat LCE (t = 0.45 mm) that was cut, hand curled into a flower, and cured. (d) Initially flat LCE (t = 0.45 mm) pressed into a silicone
mold of a face and cured. (e) Initially flat LCE (t = 0.25 mm) embossed with a Lego®, and cured. (f) LCE wave (t = 1 mm) that was flattened, curled
around a rod and cured.

ranging from 0% to 150% (see Supplementary Information Figure
S4). At and above 25% cure strains, WAXS patters show a clear
anisotropy in the director orientation, reflecting a strain-induced
alignment parallel to the stretching direction. The anisotropy and
macroscopic order parameter increase with strain up to 100%, be-
yond which the order parameter plateaus at a maximum value of
0.66. At lower strains (5%-15%) a clear anisotropy is not ev-
ident in the 2-D WAXS patterns. This reflects weak alignment
of the nematic director. The nematic director is only weakly or-
dered at these strains. LCEs shape programmed over this low
strain range still appear hazy due to the low degree of director
alignment. Plotting the diffracted intensity over all angles reveals
some anisotropy that increases with strain (see Supplementary In-
formation Figure S4). As shown in Fig. 3b, this weak anisotropy
is sufficient to produce very low strains associated with curling,
and being able to program low-strain deformations is important

for producing topographical images, as demonstrated below.

To further verify that liquid crystal ordering was necessary to
achieve reversible shape programming, we also synthesized LCEs
where the second crosslinking step was conducted at tempera-
tures above the TNI . Samples were curled, heated, and UV cured
at temperatures above the TNI . The resulting LCEs exhibited some
residual curling in the isotropic phase but with less curvature than
that applied during curing. When cooled, the sample transitioned
to the nematic phase and the LCE unpredictably morphed into a
pretzel shape as shown in Supplementary Information Figure S5.
It is unclear what drives this shape change to the pretzel config-
urations, but this demonstrates that liquid crystal ordering plays
an important role in shape programming and is necessary for me-
chanical programming of reversible shape changes in LCEs.

Applying the optimized double network chemistry and knowl-
edge of the threshold strain for shape programming enabled us to
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program a variety of complex shapes through curling, stamping,
and embossing as demonstrated in Figure 5. This general tech-
nique of mechanically programming complex, non-planar shapes
can be extended to virtually any shape or texture, including LCEs
that are not initially flat. A variety of molds and textures used to
program shape changes in LCE are shown in the Supplementary
Information Figure S1.

First, a topographical replication of a quarter was produced.
(250 µm thick, Figure 6a) When the LCE is heated above TNI

it returns to a its initial smooth surface, and upon cooling the
topographical features re-appear.

The embossed Rice University logo and Lego®LCEs (250 µm
thick) can fully transition between their initial and programmed
shapes. While some residual liquid crystal alignment can be ob-
served, the topography disappears above TNI . (Figure 6b,e and
Supplementary Information Video S1,2)

The flower LCE could reversibly curl from a flat film into a
flower (450 µm thick, Figure 6c, Supplementary Information
Video S3).

A topographical map of a face is capable of reversibly shifting
between a flat film and 3D face. (450 µm thick, Figure 6d, Sup-
plementary Information Video S4). A thicker LCE (0.45 mm) was
required to reproduce the face to capture the broad features of
the face such as the forehead and cheeks which are associated
with very low strains. For thinner LCEs, the strains associated
with these features are insufficient to align and shape-program
the LCE. A comparison of imprinting the face into thin and thick
LCE samples is presented in the Supplementary Information Fig-
ure S6 to demonstrate this comparison.

Finally, to demonstrate the capability to program reversible
shape changes between two non-planar shapes, an LCE retained
the initially cured wave shape for elevated temperatures, and for
temperatures below TNI assumed an elongated, curled conforma-
tion. (1 mm thick, Figure 6f, Supplementary Information Video
S5)

These examples illustrate the ease and versatility of directly
programming LCE shape changes using various mechanical de-
formation techniques. Other examples include an LCE that tran-
sitions between a sheet with bumps and a flat sheet (Supple-
mentary Information Figure S2b and Supplementary Information
Video S6), and an LCE that transitions between textured flat LCE
sheet and an LCE with a series of steps (Supplementary Informa-
tion Figure S2a and Supplementary Information Video S7) Fur-
ther details and additional images of programmed LCEs are in-
cluded in the Supplementary Information.

4 Conclusion
In summary, we demonstrate the ability to directly program com-
plex reversible curvatures into LCEs using mechanical deforma-
tions. By carefully optimizing the LCE network composition, a
variety of complex shapes can be programmed through curling,
stamping, stretching, and embossing, and the method is not lim-
ited to initially flat LCEs. This work demonstrates that concepts
that have been developed for isotropic double network elastomers
are applicable and useful for optimzation of shape changes in
LCEs. This work also widens the potential application of LCEs

in biomedical devices, soft-robotics and micro-fluidics where ar-
bitrary and easily programmed shapes are needed. Future work
using this method includes imprinting microchannels for micro-
fluidic devices, topological pixels for braille displays or dynamic
buttons, and 3D printing complex structures where the print path
is not constrained to desired alignment profiles.
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