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Major Goals:  The overarching objective of the proposed work is to quantify the relationship between network 
structure and mechanical properties in liquid crystal elastomers (LCEs). Liquid crystal elastomers (LCEs) are 
shape-responsive materials that combine the elastic properties of a polymer network with the molecular ordering 
and responsiveness of liquid crystals. The combination of network elasticity, low crosslink density, and liquid crystal 
ordering results in versatile shape-responsive materials. LCEs have significant potential for biomedical applications, 
sensors, artificial robots and devices, micro-actuators, responsive surface coatings, and other applications. 



The shape-responsiveness and unique mechanical properties of LCEs arise from coupling of liquid crystal ordering 
to an elastic polymer network. The most popular approach for preparing LCEs involves the use of poly(siloxane) 
chains and hydrosilylation reactions for functionalizing and crosslinking. This network chemistry approach does not 
enable control over the shape or crosslink density of the LCE. Recent work has demonstrated that LCEs can be 
prepared rapidly and with better control over network structure through click chemistries, including thiol-ene click 
chemistries.



Our proposed work will specifically address the mechanical properties of LCEs prepared through thiol-ene click 
coupling. The use of thiol-ene click coupling has enables the scalable fabrication of LCEs with a non-planar shape. 
Our work will address the role of soft elasticity in these networks and the impact on shape responsiveness. 



Specific Objectives include:

Task 1: Optimize the double network crosslink density, linker length, and phase behavior to achieve mechanically 
shape-programmable LCEs. In this task we will seek to mechanically program complex 3-D shapes in LCEs. Prior 
work has produced aligned LCEs through uniaxial extension, but the resulting materials can undergo relatively 
simple shape changes (extension/contraction). Recent work has also demonstrated surface patterning of liquid 
crystals to produce more complex shapes, but this is limited to thin films. Our work will demonstrate more general, 
non-planar, three-dimensional shape changes in LCEs. 



Task 1.1:  Quantify the role of network chemistry on shape programming. In preliminary work, we have 
demonstrated that the composition of the double network LCEs has a strong impact on the shape reversibility of 
LCEs (Figure 2). We quantified the ability of an LCE to return to a flat programmed shape and demonstrated this 
was a strong function of the crosslink densities of the first and second network. This arises due to competition 
between the first and second polymer networks. We will systematically investigate the role of crosslink density, 
linker length, and liquid crystal phase behavior on shape-responsiveness. The Tg and TNI will be tuned using 
linkers of varying length and composition. We will measure the ability of LCEs to hold an arbitrary, non-planar 
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shape and to return to the initially programmed shape. 



Task 1.2: Pattern micron-scale features in shape-responsive LCEs. To date mechanical deformations have been 
applied to produce LCEs capable of bulk shape changes. With the optimized network chemistry, we will explore the 
preparation of micron and sub-micron sized patterns and features that can be actuated through heat or light. The 
fidelity of the patterned feature and actuation will be quantified through optical profilometry.



Task 1.3: Optimize light-actuated response in LCEs. In this task we will explore light-actuation as a general 
approach to produce arbitrary patterns and shape-changes in mechanically-programmed LCEs. 




Task 2: Quantify the role of network structure and chemistry on soft elastic response. LCEs exhibit a soft-elastic 
plateau during deformation due to rotation of the liquid crystal director which accommodates shape change. 
However, to date a systematic study of how network structure influences soft elastic response has not been carried 
out. 



Task 2.1: Examine the role of double network structure on soft elasticity. LCEs are commonly made through a two-
step crosslinking method, resulting in two interpenetrating and competing networks. The soft elastic response in 
LCEs has focused primarily on polydomain, single-network materials. Here, we will carry out systematic studies to 
quantify the role of double network structure – including crosslink densities and relative alignment – on the soft 
elastic response. Characterization will involve stress-strain, compression, and indentation measurement. 



Task 2.2: Characterize the role of liquid crystal content and phase on soft elasticity. We will characterize the soft 
elastic response in a series of LCEs with varying liquid crystal content and with both smectic and nematic phases. 



Task 2.3: Understand the role of network genesis on soft elasticity. LCEs can be synthesized under isotropic or 
liquid crystal phases, resulting in isotropic and nematic genesis networks. We will characterize the impact of 
network genesis on the soft elastic response of thiol-ene LCEs. 



Task 2.4: Compare the mechanical behavior of mechanically and surface-programmed LCEs. LCEs can be aligned 
using surfaces (which align the liquid crystal director) or through mechanical strain (which deforms the network to 
align the liquid crystal director). We will carry out a direct comparison of the mechanical responses of LCEs 
synthesized using these two techniques to understand the resulting mechanical behavior and soft elastic response.
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Accomplishments:  Our work focused on bulk LCE samples and LCEs produced through additive manufacturing. 
We produced a publication on each of these topics.



In studies of bulk LCEs, we demonstrated that LCEs are double-network materials. This is an important concept for 
shape programming because it emphasizes that LCEs have two competing polymer networks. LCEs are typically 
made using a two-step crosslinking process, and in order to optimize the shape-responsiveness, we need to 
optimize the balance of the crosslink densities of the two networks. We used thiol-ene chemistry to systematically 
tailor the crosslink densities of the first and second networks. This chemistry enabled us to independently control 
the network crosslink densities and demonstrate that shape responsiveness and fixity could be optimized by 
achieving an optimal balance of these two networks. Using the optimal network chemistry, we next demonstrated 
that a variety of shapes could be programmed, including flat, non-planar, and samples with features imprinted on 
the surface. 



One drawback of bulk LCE synthesis methods is that it is difficult to achieve more complex architectures. In a 
second major study, we developed a novel LCE synthesis method using additive manufacturing. Our approach 
involved producing an oligomeric liquid crystal mixture that could be printed into a solvent bath. The oligomeric 
mixture was crosslinked during printing, enabling us to produce fibers of different shape and size. Next, we 
demonstrated that we could recover the fibers, dry them, and shape program them. This LCE synthesis approach 
therefore provides the advantages of additive manufacturing in producing a sophisticated architecture along with 
the simplicity of mechanical shape deformation for shape programming. We characterized the mechanical 
properties of printed fibers and scaffolds, and found comparable properties to bulk LCEs. 



In a supplementary project funded by an HRAP and URAP supplement, we looked at light-activated shape changes 
in LCEs. We specifically focused on the fabrication of micropumps based on LCEs for lab-on-a-chip applications. 
The project mentored two students, one undergraduate and one high school, and the students worked on the 
fabrication and characterization of an LCE micropump over the course of a summer. These students were 



successful in demonstrating a proof-of-principle LCE micropump. Their specific contributions were in the 
development of novel processing approaches and the development of light-responsive LCEs. 



Altogether, work under this project provided novel insight into the mechanical properties and processing of LCEs.
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Training Opportunities:  The project supported graduate student Morgan Barnes. Morgan produced two first-
author publications and will graduate this year. She has accepted a postdoctoral position at Cambridge University 
which will begin this summer. 



The project also mentored Shaan Parekh and Sueda Cetinkaya. Sueda is graduating this year and will pursue a 
PhD. Shaan is currently an undergraduate student.

Results Dissemination:  Two publications were produced under this project. 



The work was presented at a number of university presentations and conferences:



1. Verduzco presented the work at the 2019 International Liquid Crystal Elastomers Conference 

2. Morgan Barnes presented work on 4D printing at the 2019 International Liquid Crystal Elastomers Conference. 

3. Verduzco presented the work as part of invited department seminars at the University of Southern Mississippi, 
Carnegie Mellon, and the University of Akron

Honors and Awards:  Morgan Barnes received the Best Student Presentation Award at the 2019 International 
Liquid Crystal Elastomers Conference for her presentation of this work.
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Direct shape programming of liquid crystal
elastomers†

Morgan Barnes a and Rafael Verduzco *ab

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 nematic 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 mechanically 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
exhibit large and reversible shape changes in response to a
variety of stimuli including heat, UV or near-IR light and
magnetic or electric fields.1–8 These materials are promising
as actuators and for applications in soft robotics.9–25 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
liquid crystal director and the anisotropic polymer network.
Monodomain 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 anisotropy.29 Contraction and elongation, curling, and
surface wrinkling have been reported using mechanically aligned
monodomain LCEs and LCE bilayers.4,30–33

More diverse shape changes in LCEs can be achieved by
imprinting 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 Gaussian curvatures.6,34–43 Additive manufacturing has also
been recently employed to produce LCEs that can transition
between two non-planar shapes.44,45 A complication of these
methods is that they generally require solving the inverse
problem of determining the necessary liquid crystal director
profile to produce a desired shape change.41,46–48 Further, the
use of patterned surfaces 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 director 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
Fig. 1. The resulting LCE should reversibly transition between the
shapes programmed during the first and second network cross-
linking reactions. A challenge of implementing this approach is
that non-planar mechanical deformations such as curling
produces low (o10%) strains, while stretching produces much
larger (100%) strains. The LCE network chemistry should be
optimized to be able to lock-in deformations over this entire
strain range.
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The concept of a competitive double network structure is
useful to guide optimization of the LCE to achieve reversible
shape programming. In a typical LCE synthesis, the first net-
work 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 elastomers, which have been studied for over
50 years.51–55 A general feature of double network elastomers is
that the final state of the dual-cure elastomer retains some
fraction of the strain applied during the second crosslinking
reaction and is dependent on the relative crosslink densities or
moduli of the first and second 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 network must be balanced with the
strength of the second network to enable reversible58 and
irreversible shape changes.59,60

In the case of a double network LCE, we hypothesized that
finding the proper balance between the first and second networks
would be necessary to achieve reversible shape programming
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
between a mechanically programmed bend deformation and
fully recover their initial shape on heating. We show that the
resulting optimized LCE can be used to mechanically program

shapes with strains in the range of 4–100%, and we demonstrate
programming 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 initially 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
material 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 polymer
at elevated temperatures and remains after the materials is
quenched.61–63 When the SMP is heated the original shape
is recovered 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
2.1. Materials and methods

2,20-(Ethylenedioxy) diethanethiol (EDDET), pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP), 1,4-bis-[4-(3-acryloyloxypro-
pyloxy)benzoyloxy]-2-methylbenzene (RM257), chloroform, dipropyl
amine (DPA), 4-methoxyphenol (MEHQ), and (2-hydroxyethoxy)-2-
methylpropiophenone (HHMP) were obtained from commercial
suppliers and used as received.

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, kn, and flatness, f values.
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2.2. Synthesis

LCEs are made following a previously reported double network
thiol-acrylate polymerization.28 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 act
as flexible chain extenders and crosslinkers for the first net-
work, respectively. A series of LCEs that varied in PETMP and
excess acrylate contents were prepared using the same general
procedure. The following procedure is for an LCE with 10 mol%
excess 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 1C. 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 synthe-
size other compositions are listed in Table S1 (ESI†) and the
chemical reaction scheme is reported in Scheme S1 (ESI†). The
mixture is then vortexed to ensure proper mixing 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 1C under
a vacuum of 30 mmHg for 5 hours to remove the chloroform.
Finally, the LCE is mechanically deformed to the desired shape
and irradiated with 365 nm light for 10 minutes to complete 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.

2.3. 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
background. 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 kn was
calculated using eqn (1),

kn ¼
rcure þ t

rLCE
(1)

where rLCE is the radius of curvature of the LCEs outer edge,
rcure 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 1C,
which is well above the TNI for all samples. A line was fitted to
the midpoint between the detected edges of the digital image,

and a standard error was calculated to determine flatness f
using eqn (2),

f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Y � Y

0� �2
N

s
(2)

where Y is the mean value of the LCEs outer and inner edges at
a specific position, Y0 is the fitted line value at that position,
and N is the number of position sampled along the sample
length.

2.4. 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
Rotating Anode with a wavelength of 0.154 nm, phi axis gonio-
meter with vertical orientation, and a Rigaku R-Axis IV++Image
Plate Area Detector. The detector imaging area is approximately
380 mm � 380 mm, with a distance of 300 mm between the
sample and detector. The order parameter was calculated
numerically with Python using eqn (3) from Deutsch et al.64,65

S ¼ 1�N�1
3

2

ð
IðyÞ sin2 yþ sin y cos2 y

� �
log

1þ sin y
cos y

� �� �
dy

(3)

where N ¼
Ð
IðyÞdy.

2.5. Differential scanning calorimetry

The glass transition, Tg, and nematic to isotropic transition
temperature, TNI, were determined using TA instruments Q20
differential scanning colorimeter (DSC). LCEs were analyzed
prior to the second curing step because the TNI is not detectable
by DSC after the second cure step.28 Samples were equilibrated
to �20 1C for 5 minutes and then heated at a rate of 5 1C min�1

to 1001, held at that temperature and for 5 minutes and then
cooled to �20 1C at a rate of 5 1C min�1. 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.

2.6. Dynamic mechanical analysis

Young’s moduli were obtained using an ARES G2 (TA instruments)
rheometer using a linear film tension clamp. Rectangular samples
were loaded into the clamp and pulled at a Hencky strain rate of
5% min�1. Young’s modulus is calculated as the slope of a line
fitted to the stress–strain curve from 0 to 1.5% strain.

2.7. 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 l0. 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
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(above TNI) to determine the elongation and contraction fixities.
Elongation 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, eactuation, and normalized actuation strain, enormalized,
were calculated using eqn (4) and (5),

eactuation ¼
le � lc

lc
� 100 (4)

enormalized ¼ eactuation �
l0

lcure � l0
� 100 (5)

where enormalized is eactuation normalized by the cure strain.

2.8. LCE programming

All fabrication molds and stamps can be found in the Fig. S1
(ESI†). 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 1C for every 1/4 inch of thickness.
The four-pillar structure was fabricated in a similar fashion,
with a LEGOs 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 Fig. S2 (ESI†).

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 Fig. 1.

Ideally, the LCE should fully and reversibly transition between
the flat and curled shapes, as shown schematically in Fig. 1b.
We hypothesized that this could be achieved by optimizing the
compositions 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 crosslinking in the first network while the excess acrylate
content influences the crosslink densities of both the first and
second networks. The network composition has only a modest
impact on the glass-transition temperature, Tg, and nematic-to-
isotropic transition 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 Fig. 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 modulus after both network crosslinking steps. This is
expected because 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 modulus of the second network, producing a
much larger jump in modulus between first and second cross-
linking steps at higher acrylate contents.

To quantify the ability of the LCEs to hold a programmed
curvature 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

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 (1C) TNI (1C)

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

Paper Soft Matter

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 R
ic

e 
U

ni
ve

rs
ity

 o
n 

3/
17

/2
02

1 
11

:0
2:

50
 A

M
. 

View Article Online

https://doi.org/10.1039/c8sm02174k


874 | Soft Matter, 2019, 15, 870--879 This journal is©The Royal Society of Chemistry 2019

second network and lock-in the curled shape. Residual stresses
were then removed by subjecting each sample to one heating
and cooling cycle above TNI (E75–90 1C). We then measured
the normalized curvature kn and flatness parameter f for each
sample. The normalized curvature kn is the ratio of the pro-
grammed 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 measurement and determination of kn and f are
provided in the Experimental section. In the ideal scenario
where an LCE holds the programmed curvature at room tempera-
ture and returns to a perfectly flat sheet on heating above TNI,
kn = 1 and f = 0.

As shown in Fig. 2b, the ability for an LCE to hold its
programmed curvature is strongly influenced by the ratio of
the Young’s moduli after the first and second curing steps.
The normalized 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 double network structure and provides a simple
metric for determining whether a particular composition will
lead to LCEs that can retain a programmed shape.

The dependence of kn on the excess acrylate and PETMP
contents is shown in Fig. 2c and demonstrates that LCEs are
able to retain the programmed shape only for sufficiently high
excess acrylate contents. kn increases from 0 to 1 with increasing
excess 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 kn. 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%, programming 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 programming.

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, kn as a function of the ratio of Young’s moduli after the 2nd cure relative to the 1st cure. (c and d) Normalized
curvature, kn, and fatness, f, of LCEs (t E 250 mm) photo-cured around a rod (r = 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 Table S2 (ESI†).
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The data shown in Fig. 2d demonstrate that LCEs can return
to a flat sheet on heating ( f o 0.125 mm) only below a threshold
excess acrylate content. At too high of an excess acrylate content,
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 com-
position 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. kn values near 1 are associated with
relatively 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
(kn E 1) and return to its initial shape ( f o 0.125 mm) is
indicated in the shaded regions of Fig. 2c and d. The samples
that fall in the optimal range for both kn E 1 and f E 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 net-
works 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

Fig. 3 (a) Normalized curvature as a function of radius of curvature, rcure,
and sample thicknesses, t, and (b) as a function of calculated maximum
strain, ecalculated = t/(2rcure), in the LCE. (n = 5, error bars indicate 95%
confidence intervals of the mean) numerical data is listed in Table S3 (ESI†).

Fig. 4 (a) Elongation and contraction fixity, and (b) actual and normalized
actuation strain as a function of cure strain. (n = 5, error bars indicate
95% confidence intervals of the mean) numerical data is reported in
Table S4 (ESI†).
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the outer edge and oblate perpendicular alignment along the
inner edge due to tension and compression, respectively. This is
demonstrated in schematically in Fig. 1a and in the cross-
polarized micrographs in Fig. S3 (ESI†) which show a curled
LCE imaged through its thickness. 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 intensity difference between the micro-
graphs in Fig. S3 (ESI†) occur along the inner and outer edge
suggesting that there is partial alignment of the liquid crystal
director along those edges. Only partial alignment is expected
due to the low strain applied during deformation.

We sought to determine the minimum strain that could be
used to successfully re-orient and shape-program the LCE. For a
curling deformation, the largest strains occur on the outer and
inner edges of the sample, which experience tension and
compression, respectively. The maximum strain emax increases
linearly with thickness and inversely with radius of curvature:
emax = t/(2r), where t is the LCE thickness and r is the radius of
curvature assuming a neutral axis of bending at t/2. To determine
the minimum necessary strain, we measured kn as a function of
both the sample thickness t and curling radius r. As shown in
Fig. 3, kn decreases with larger r and with decreasing t, as expected
due to decreasing sample strain. Plotting kn against the calculated
maximum strains in Fig. 3b, we find that a strain of roughly 4% is
sufficient to program a desired curved shape; kn is greater than 0.9
for strains of 4% or higher.

We also determined the maximum strain that could be
mechanically shape-programmed in LCEs using uniaxial extension.
After the first crosslinking reaction, LCE samples were uniaxially
stretched and UV-cured at varying linear strains. The elongational

and contraction fixities were quantified as described in the Experi-
mental 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 initial length
on heating the LCE above the TNI, respectively. Fig. 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 increasing residual strain
in the sample above the TNI. The elongational fixity also decreases,
which shows that the LCE does not fully lock-in the elongation
applied during shape programming. The actuation strains of the
samples are shown in Fig. 4b showing 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 net-
work, but below or above these amounts the LCE will neither
fully return to its initial shape nor will maintain its programmed
shape. Knowing these lower and upper strain bounds is useful
for designing 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 imparted strain does not fall below 4%. However, care
should be taken when increasing the thickness of the LCEs to
ensure complete removal of solvent from the LCE before
programming and that the LCE can be adequately UV cured
through the thickness.

To quantify director alignment as a function of strain applied,
we obtained 2D wide-angle X-ray scattering (WAXS) measurements
of LCEs that were UV cured after applying uniaxial strains
ranging from 0% to 150% (see Fig. S4, ESI†). At and above
25% cure strains, WAXS patters show a clear anisotropy in the

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.
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director orientation, reflecting a strain-induced alignment parallel
to the stretching direction. The anisotropy and macroscopic order
parameter increase with strain up to 100%, beyond which the
order parameter plateaus at a maximum value of 0.66. At lower
strains (5–15%) a clear anisotropy is not evident in the 2-D WAXS
patterns. This reflects weak alignment of the nematic director. The
nematic director is only weakly ordered 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 Fig. S4, ESI†). 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 deforma-
tions 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 temperatures
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 Fig. S5 (ESI†). It is unclear what drives
this shape change to the pretzel configurations, but this demon-
strates that liquid crystal ordering plays an important role in shape
programming and is necessary for mechanical programming of
reversible shape changes in LCEs.

Applying the optimized double network chemistry and
knowledge of the threshold strain for shape programming

Fig. 6 Photographs of shape-programmed LCEs at T o TNI and T 4 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 Legos, and cured. (f) LCE wave (t = 1 mm) that was flattened, curled around a rod
and cured.
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enabled us to program a variety of complex shapes through
curling, stamping, and embossing as demonstrated in Fig. 5.
This general technique 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 Fig. S1 (ESI†).

First, a topographical replication of a quarter was produced.
(250 mm thick, Fig. 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 Legos LCEs (250 mm
thick) can fully transition between their initial and programmed
shapes. While some residual liquid crystal alignment can be
observed, the topography disappears above TNI. (Fig. 6b, e and
Videos S1, S2, ESI†)

The flower LCE could reversibly curl from a flat film into a
flower (450 mm thick, Fig. 6c and Video S3, ESI†).

A topographical map of a face is capable of reversibly shifting
between a flat film and 3D face (450 mm thick, Fig. 6d and Video
S4, ESI†). 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 Fig. S6 (ESI†) 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 tempera-
tures, and for temperatures below TNI assumed an elongated,
curled conformation. (1 mm thick, Fig. 6f and Video S5, ESI†)

These examples illustrate the ease and versatility of directly
programming LCE shape changes using various mechanical
deformation techniques. Other examples include an LCE that
transitions between a sheet with bumps and a flat sheet (Fig. S2b
and Video S6, ESI†), and an LCE that transitions between textured
flat LCE sheet and an LCE with a series of steps (Fig. S2a and Video
S7, ESI†) Further details and additional images of programmed
LCEs are included in the ESI.†

4. Conclusion

In summary, we demonstrate the ability to directly program
complex reversible curvatures into LCEs using mechanical
deformations. 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 limited
to initially flat LCEs. This work demonstrates that concepts that have
been developed for isotropic double network elastomers are
applicable and useful for optimization of shape changes in
LCEs. This work also widens the potential application of LCEs
in biomedical devices, soft-robotics and micro-fluidics where
arbitrary 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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ABSTRACT: 3D printed, stimuli-responsive materials that reversibly actuate between
programmed shapes are promising for applications ranging from biomedical implants to
soft robotics. However, current 3D printing of reversible actuators significantly limits the
range of possible shapes and/or shape responses because they couple the print path to
mathematically determined director profiles to elicit a desired shape change. Here, we
report a reactive 3D-printing method that decouples printing and shape-programming
steps, enabling a broad range of complex architectures and virtually any arbitrary shape
changes. This method involves first printing liquid crystal elastomer (LCE) precursor
solution into a catalyst bath, producing complex architectures defined by printing. Shape
changes are then programmed through mechanical deformation and UV irradiation. Upon heating and cooling, the LCE reversibly
shape-shifts between printed and programmed shapes, respectively. The potential of this method was demonstrated by programming
a variety of arbitrary shape changes in a single printed material, producing auxetic LCE structures and symmetry-breaking shape
changes in LCE sheets.

KEYWORDS: 3D printing, soft actuators, liquid crystal elastomers, shape morphing, smart materials

■ INTRODUCTION

3D printing has made widespread impact across science,
engineering, and industry by producing materials with complex
architectures that would be difficult or impossible to create
using conventional fabrication methods.1−7 For some
applications, including soft-robotics or biomedical devices,
there is interest in active materials that can respond to external
stimuli by undergoing reversible shape changes.8,9 These can
be achieved through 4D printing, which combines 3D printing
with active materials to produce stimuli-responsive materials
with complex architectures that can change shape over a fourth
dimension (e.g., time or temperature). For example, 4D
printed hydrogels change shape with water content and
temperature and have been used to fabricate biomimetic
flower-like structures.10 4D printed shape-memory elastomers
have been used to produce stents or soft grippers that expand
when heated.11 Also, 4D printed liquid crystal elastomers
(LCEs) show fully reversible shape changes and have been
implemented in the development of soft, temperature-
responsive actuators.2,3,12,13

Four-dimensional printing is inherently more complex than
3D printing because it requires simultaneously printing a
structure and defining or programming a shape response in the
resulting material. One strategy for shape programming
involves fabricating multilayered structures which vary spatially
in cross-link density, resulting in curling, buckling, or twisting
with changes in temperature or degree of swelling.14−16 An
alternative method to produce more complex shape changes

uses shear forces during printing to align the material.3,10,15

The printed fibers then undergo anisotropic network
conformational changes in response to changes in temperature
or because of swelling.17−19 Using these methods, complex
shape changes can be achieved by printing along predefined
paths that elicit localized out-of-plane bending. However, this
couples the shape change to the print path and restricts 4D
printed layers to in-plane alignment rather than alignment in
both the in- and out-of-plane directions. Further, achieving a
desired shape response requires solving the inverse mathemat-
ical problem that relates the shape change to the local
alignment of the material. These approaches therefore
significantly limit the shape and/or shape response that can
be produced.
Here, we present a versatile 3D printing method that

decouples the printing and shape programming steps to
provide access to a broad range of architectures and virtually
arbitrary shape changes. We printed LCEs because they are
particularly promising materials for soft robotics and actuators
where untethered actuation in response to thermo-, photo-, or
electrostimuli is desired.20−25 LCEs are cross-linked polymer

Received: April 21, 2020
Accepted: June 2, 2020
Published: June 2, 2020

Research Articlewww.acsami.org

© 2020 American Chemical Society
28692

https://dx.doi.org/10.1021/acsami.0c07331
ACS Appl. Mater. Interfaces 2020, 12, 28692−28699

D
ow

nl
oa

de
d 

vi
a 

R
IC

E
 U

N
IV

 o
n 

M
ar

ch
 1

7,
 2

02
1 

at
 1

0:
20

:4
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morgan+Barnes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seyed+M.+Sajadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaan+Parekh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+M.+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pulickel+M.+Ajayan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafael+Verduzco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafael+Verduzco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c07331&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c07331?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


networks with a low glass transition temperature and liquid
crystal ordering. In nematic LCEs, the polymer conformation is
coupled to the orientation of the liquid crystal director, and as
a result, changes to the order parameter can produce bulk
shape changes in the material. Shape changes can be
programmed into an LCE by dictating a specific nematic
director orientation, for example, through patterned surfaces or
mechanical deformation.26−30 Recent work demonstrated the
preparation of LCEs through 3D printing and successfully
achieved a variety of complex shape and programmed shape
changes.31 However, these studies relied on shear alignment to
define the local nematic director, which couples the alignment
to the print path. In this study, we decoupled the printing and
shape-programming steps to achieve virtually arbitrary shape
changes in 3D printed LCEs.
The reactive 3D printing approach is shown schematically in

Figure 1 and, briefly, involves reactive printing an LCE
network into a catalyst bath followed by drying and mechanical
shape programming. The process uses orthogonal base- and
UV-activated reactions. When heated above or cooling below
the nematic-to-isotropic transition temperature (TNI ≈ 75 °C,
Figure S1, Supporting Information), the resulting LCE can
shape-shift between the initial shape defined by printing and
the mechanically deformed shape, respectively. This method
does not require designating a specific print path or defining a
specific liquid crystal director orientation during printing and is
not limited to shape changes with currently known director
fields and specified print paths. This enables the fabrication of
a variety of shape-shifting LCEs that would be difficult or
impossible to print using traditional printing methods and
could be useful for the wider 3D-printing community.

■ EXPERIMENTAL SECTION
Materials. 2,2′-(Ethylenedioxy)diethanethiol (EDDET), pentaer-

ythritol tetrakis (3-mercaptopropionate) (PETMP), 1,4-bis-[4-(3-
acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257),
chloroform, triethyl amine (TEA), 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN), chloroform (CHCl3), 1,4 dioxane, 4-methoxyphenol

(MEHQ), and (2-hydroxyethoxy)-2-methylpropiophenone
(HHMP) were obtained from commercial suppliers and used as
received.

LCE Synthesis. The following procedure is for an LCE with 10
mol % excess acrylate and 25 mol % of the thiols coming from
PETMP. First, RM257 (4000 mg), 1 wt % HHMP (40 mg), and 0.25
wt % MEHQ (10 mg) were dissolved in chloroform (3 mL) at 70 °C.
MEHQ is an inhibitor that minimizes radical-induced acrylate
crosslinking during processing and printing, and the HHMP served
as the radical photoinitiator for the final UV-induced mechanical
programming step. After the mixture cooled to room temperature,
83% of EDDET (700.12 mg) and PETMP (312.87 mg) were added
followed by 20 μL of TEA. The mixture was vortexed to ensure
proper mixing and then cured overnight at 70 °C. Next day, the
viscous solution was diluted by adding 5 mL of chloroform and the
remaining EDDET (144 mg) and PETMP (64.37 mg). Next, the
mixture was inserted into the 3D printer syringe and printed into a
Petri dish filled with a 2 μL/mL DBN in the dioxane catalyst bath. At
this stage, the sample was soft but could be carefully removed from
the solvent bath, and the sample was dried by heating to 80 °C
overnight remove chloroform and dioxane. Finally, the LCE was
mechanically deformed to the desired shape and irradiated with 365
nm light for 10 min to complete the second cure step. Bulk
synthesized LCEs were synthesized using previously reported
procedures.31

3D Printing. 3D printing was performed on a Hyrel 3D printer
(model: Engine HR) at room temperature with a 20- or 22-gauge
syringe blunt needle and a speed of 10 mm/s into a 2 vol % DBN in
dioxane solution in a glass Petri dish.

Normalized Curvature and Actuation. Normalized curvature
was calculated following the same procedure as previously reported.31

LCE strips were wrapped around rods of known radii and UV-cured.
The resulting LCE was heated (T ≈ 120 °C) and cooled (T ≈ room
temperature) once to remove any residual stresses. The LCE was
photographed, and image analysis was used to extract the radius of the
curvature. Normalized actuation was calculated as ρLCE/(ρrod + t/2),
where ρLCE is the radius of curvature of the LCE, ρrod is the radius of
curvature of the rod the LCE was curled around, and t is the LCE
thickness. Normalized actuation was determined by stretching LCE to
50, 75, 100, and 125% strains and UV curing. After heating and
cooling the LCE once to remove residual stresses, the length of the

Figure 1. Schematic of reactive 4D printing and shape programming of LCEs. (a) LCE synthetic scheme showing the network-forming
components and three distinct reactive steps during the fabrication process. (b) Schematic for the 4D printing of LCEs involving printing in a
catalyst bath followed by deforming and UV curing for shape programming. The resulting LCE exhibited reversible shape changes between the
printed and programmed structures when heated and cooled, respectively.
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LCE at room temperature and above the TNI was recorded. Actuation
strain was calculated as the change in length of the LCE divided by
the heated contracted length. Normalized actuation was calculated as
the ratio of the actual actuation of the LCE to the programmed strain.
Mechanical Testing. A TA Instruments Ares G2 was used for

dynamic mechanical analysis. Young’s modulus was obtained by
stretching a rectangular LCE by a Hencky strain rate of 5%/min. A
linear fit was applied to the stress versus strain curve from 0 to 1.5%
strain with the slope of the line being Young’s modulus. Stress versus
strain curves until failure were obtained by loading the rectangular
LCE strip cut either parallel or perpendicular to the printing path into
a linear rectangular clamp. The sample was then stretched at a linear
strain rate of 200% per minute until failure.
Swelling. Swelling tests were performed by submerging a bulk-

synthesized LCE before UV curing into various solvents for 24 h. The
weight of the LCEs before and after swelling was recorded, and the
swelling was calculated as the mass gained from swelling divided by
the initial mass of the dry LCE.
Rheology. A TA Instruments Ares G2 was used for all rheology

data with a 25 mm 0.1 rad cone and plate geometry. Data were
collected immediately after adding the remaining solvent and thiol
monomers to the reacted oligomer solution. Storage and loss moduli
as a function of time were obtained under oscillation with a strain of
3% and a frequency of 1 Hz for 5 h. The viscosity was determined
under steady shear, with the shear rate varying from 0.001 to 1000 1/
s.
Differential Scanning Calorimetry. TA Instruments Q20 was

used to obtain differential scanning calorimetry curves. Samples were
equilibrated at −20 °C and ramped to 100 °C at 5 °C/min. The
sample was held at 100 °C for 5 min and ramped down to −20 °C at
5 °C/min and held at that temperature for 5 min. The cycle was
repeated, and Tg and TNI were obtained from the second heating cycle
from the inflection point and local minimum, respectively.

■ RESULTS AND DISCUSSION

LCEs are double-network elastomers commonly fabricated
using “two-step” cross-linking chemistries. Generally, these
involve an initial cross-linking reaction to produce a lightly
cross-linked elastomer followed by mechanical elongation and
further crosslinking.32 At room temperature, the LCE will
assume the elongated shape, but when heated, it will return to
the contracted shape of the lightly cross-linked elastomer. A
number of different chemistries have been implemented in the
synthesis of LCEs, in particular, a widely used thiol−ene
chemistry first reported by Yakacki et al.,33 in which thiol−
acrylate Michael addition chemistry was used to form the first
network and residual acrylate functional groups are cross-
linked under UV light to form the second network.
Furthermore, balancing the cross-link densities of the first
and second networks is important for achieving complex shape
reversibility in LCEs. By doing so, simply deforming the LCE
after the first cross-linking step by stretching, twisting, or
embossing prior followed by UV curing can be used to create
an LCE that reversibly shifts between the original shape and
the deformed shape upon heating and cooling, respectively.31

We modified this general approach to enable 3D printing of
LCEs. The reactive printing process involved sequential
coupling and polymerization reactions in three steps. In the
first step, the network-forming reagents RM257, EDDET, and
PETMP were partially cross-linked to produce a printable
oligomeric solution. In the second step, this oligomer solution
was printed into a catalyst bath at room temperature,
producing cross-linked LCE fibers via rapid thiol−acrylate
coupling reactions during printing. Next, the sample was
removed from the catalyst bath and dried to recover a
polydomain nematic LCE with residual unreacted acrylate

functional groups. In the third reactive step, the sample was
shape-programmed by mechanical deformation and UV-cured
to cross-link residual acrylate groups. The resulting shape-
programmed LCE was able to switch between the printed and
programmed shapes when heated and cooled, respectively.
The three-step printing process was tailored to satisfy several

constraints in terms of materials processing, network
composition, and solvent composition. The oligomer solution
was designed such that it remained solution-processible and
reacted quickly during printing to form a cross-linked fiber that
maintained its shape with minimal spreading. The solvents
used for printing and in the catalyst bath were chosen such that
the material did not precipitate out or swell excessively during
printing. Excessive swelling can produce unwanted internal
stresses and curvatures in the final material. Finally, the overall
network composition was chosen to enable shape program-
ming of the final material by mechanical deformation followed
by UV-induced crosslinking of excess acrylates. Specifically, we
maintained a molar ratio of thiol to acrylate functional groups
of 10:11 with PETMP, contributing 25 mol % of thiols in the
network to achieve an appropriate balance in network cross-
link densities to enable mechanical shape programming.31

We targeted a composition of the oligomer solution that was
near to but below the gel point, enabling rapid crosslinking in
the catalyst bath during printing. The oligomer solution was
prepared by dissolving a portion of the thiol-containing
reagents (EDDET and PETMP) with the entirety of RM257
(Table S1, Supporting Information) along with a mild amine
catalyst TEA in chloroform. The TEA slowly catalyzed thiol−
acrylate Michael addition reactions between RM257 and thiol-
containing reagents, and after reacting at ambient conditions
overnight, a viscous acrylate-capped oligomer solution was
formed. We optimized the composition of the oligomer
solution by successively increasing the content of thiols
(maintaining a constant molar ratio of EDDET/PETMP)
until the solution was no longer printable because of gelation.
The mixture gelled when 85 mol % of thiols was incorporated,
while 83 mol % of thiols produced a highly viscous but
printable solution. Therefore, the oligomer solution composi-
tion was set to 83 mol % of thiol. This compared favorably
with predictions based on the Flory−Stockmayer equation,
which predicts a critical gel point of 84 mol % thiols, assuming
complete conversion of the thiols. Immediately before printing,
the remaining 17 mol % of thiols were added to the oligomer
solution, and the solution was diluted with chloroform. We
diluted the oligomer solution with chloroform prior to printing
for two reasons. First, dilution decreased the overall
concentration of TEA, which slowed down gelation in the
presence of added thiol-containing reagents. This allowed us to
obtain an LCE oligomer solution that remained printable for
hours after all the reagents are mixed (Figure S2, Supporting
Information). Second, this minimized excessive swelling during
printing. Swelling during printing can produce severe curling
because of anisotropic internal stresses, caused by anchoring of
the printed fiber to the substrate along one edge. The solvent
content in the print solution was set to 70 vol %, similar to the
estimated solvent content in the printed LCE fibers in the
catalyst bath solvent, approximately 71 vol % based on a
measured degree of swelling of 250% in dioxane.
Rapid crosslinking during printing was achieved using the

tertiary amine base DBN as the catalyst. DBN rapidly
promotes thiol−acrylate Michael addition reactions but will
not react directly with acrylates.34 The DBN was diluted to a
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concentration of 2 μL/mL as higher concentrations tested (2.5
and 3 μL/mL) caused clogging of the extrusion nozzle. The
oligomer solution was printed into the catalyst bath to
complete the thiol−acrylate Michael addition and produce
cross-linked and solvent-swollen LCE fibers.
To choose an appropriate solvent for the bath, we had to

consider the solubility of the LCE, swelling of the fibers, and
solvent volatility. We found that many solvents used to dilute
DBN, including toluene and acetonitrile, produced LCEs with
poor optical properties and that exhibited minimal actuation
strains and had smaller strain-to-failure values than bulk-
synthesized LCEs. These samples remained hazy in appearance
even when heated above the nematic-to-isotropic transition
temperature (Supporting Information, Figure S3). We
observed this phenomenon in catalyst baths with solvents
that were relatively poor solvents of the synthesized LCE, as
reflected in the degree of swelling shown in the Supporting
Information, Figure S4. However, we found that solvents with
high degrees of swelling including dioxane and DMF resulted
in superior LCEs. Ultimately, we chose dioxane as the catalyst
bath diluent because it has a boiling point of 101 °C that is
ideal for the printing process. This temperature is high enough
to minimize unwanted evaporation during printing and low
enough to enable complete drying of the LCE samples under
vacuum overnight. Printed structures were left in the catalyst
bath for at least 5 min after printing to ensure the fibers had
enough time to fully swell and complete the cross-linking
reaction. Upon removing and drying the LCE overnight, the
structure shrank by approximately 80 vol % (a 3 cm × 3 cm
printed square results in a 1.8 cm × 1.8 cm) but retained the
overall shape of the printed structure with minimal curling. We
did not quantify the amount of the unreacted oligomer that

may have leached out into the solvent bath during printing,
and further optimization may be possible by optimizing the
catalyst concentration to reduce or eliminate leaching.
Ideally, printed LCE films should exhibit similar shape

programmability as bulk-synthesized LCE films. We tested
shape programmability by determining the lower and upper
strain limits for reversible actuation using methods previously
reported.31 Briefly, the low-strain limits were obtained by
curling LCEs around rods with a known radius of curvature for
shape programming. We defined the normalized curvature as
the ratio of the final radius of curvature of the LCE compared
to the programmed curvature. The normalized curvature was
100% if we were able to perfectly program a desired shape
change, and it was less than 100% if the final curvature was
larger than the programmed strain. To calculate the strain
associated with a given curvature, we assumed a neutral
bending axis in the middle of the LCE and calculated the
programmed strain ϵ = t/2ρ, where t is the thickness of the
LCE and ρ is the radius of curvature of the rod used in shape
programming. The lower strain limit was defined as the
minimum strain at which the normalized curvature was greater
than 90% (denoted by the gray box in Figure 2a). To
determine the upper programmable strain limit, we uniaxially
stretched LCEs to 50, 75, 100, and 125% strains during shape
programming. We defined the normalized actuation as the
observed actuation divided by the programmed strain. Similar
to the lower strain limit, the upper strain limit was defined as
the maximum strain at which the normalized actuation was
greater than 90% (denoted by the gray box in Figure 2b).
The programmable strain range for 3D printed LCEs (6−

100%) compared favorably to that for bulk synthesized LCEs
(4−100%). This large programmable strain range enables

Figure 2. Photographs of printed LCE samples and analysis of LCE actuation, mechanical, and optical properties. (a,b) Normalized curvature and
actuation strains of LCEs along with representative images of 4D printed samples. Normalized curvature and actuation values are used to quantify
the ability to shape program samples, and the gray box indicates ideal normalized curvature and actuation windows (n = 5, error bars indicate 95%
confidence intervals of the mean). (c) Stress vs strain data for a one-layer printed LCE stretched parallel and perpendicular to the print path. (d)
Photograph of a two-layer LCE grid printed with decreasing distances between the fibers. Scale bar is 1 cm. (e) Cross-polarized optical micrographs
of an unstretched and stretched printed fiber, showing no alignment in printed fibers until after stretching and UV crosslinking. Scale bars are 200
μm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c07331
ACS Appl. Mater. Interfaces 2020, 12, 28692−28699

28695

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07331/suppl_file/am0c07331_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07331/suppl_file/am0c07331_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07331/suppl_file/am0c07331_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07331?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c07331?ref=pdf


LCEs to undergo complex shape changes that seamlessly
merge both low strain bending (with order parameter gradients
observed through the thickness of the sample) and high strain
stretching deformations (with order parameter being a
function of strain) into a single actuation mechanism without
knowing the liquid crystal director profile, as demonstrated in
prior work.31 We also observed a reduced modulus for printed
samples (Supporting Information, Figure S5). This may be
because of side reactions during the reactive printing or loop
defects because of network crosslinking in a highly swollen
state, and we attributed the slight difference of the overall
programmable strain range between bulk synthesized and
printed LCEs to the reduced modulus observed for printed
samples.
After determining that simple curvatures and uniaxial

expansions could be programmed into printed LCE films, we
analyzed the mechanical integrity of a printed LCE. We
stretched rectangular strips (∼15 mm × 3 mm × 0.3 mm) of a
one-layer film cut both parallel and perpendicular to the print
path before UV polymerization. The LCE film was stronger
and had a higher strain-to-failure when stretched parallel to the
fibers (in longitudinal direction) rather than perpendicular to
the fibers (in transverse direction), as shown in Figure 2c. This
is expected as 3D printing often results in anisotropic
mechanical properties because of relatively weak adhesion
between printed fibers.35−37 Additionally, the anisotropic
mechanical behavior was only observed for strain values
greater than 100%, which was outside the programmable strain
window (6−100% strains) for this material. Therefore, within
this strain window, printed LCEs can be mechanically
deformed and shape-programmed regardless of the print
path. We also observed a soft elastic mechanical response
when deforming the sample both in longitudinal and transverse
directions to the print path. A soft elastic response is a broad
plateau in the stress−strain curve and is a characteristic feature
of soft liquid crystal networks that represents material
deformation with little or no increase in stress.38,39

Next, we printed two-layer films with a weave-like
architecture (90° rotation of the printed fibers between the
first and second layers with increasing density of fibers), as
shown in Figure 2d. We can easily control the porosity of
printed films to form a grid with large, small, or no space
between the printed layers. Additionally, we confirmed that no
alignment was imprinted into the LCE fibers during printing
using polarized optical microscopy. As shown in Figure 2e,
there was no intensity difference for transmitted light when the
crossed polarizers were oriented at a 0 or 45° relative to the
printed fiber direction. However, after the LCE was stretched
parallel to the fiber, we observed a significant intensity
difference depending on the orientation of the crossed
polarizers, indicating alignment of the liquid crystal director
parallel to the stretching direction. Therefore, shape changes
and liquid crystal alignment were only achieved through
mechanical deformations of the printed structure after printing
and were independent of the print path.
To demonstrate the versatility of our reactive 3D printing

method, we first printed three samples of the same arbitrary
shape, an outline of an “M” with five different curved sections
(Figure 3). Each of these samples underwent a different shape-
programming procedure. In the first (top of Figure 3, Movie
S1), we programmed a spiral into the printed structure by
cutting the sample and wrapping it around a rod multiple times
during shape programming. The resulting LCE transitioned

between the spiral structure and the original “M” shape upon
cooling to room temperature and heating to ∼120 °C,
respectively. In the second sample (middle of Figure 3,
Movie S2), we stretched the printed structure radially outward
during shape programming to create a more circular shape.
This sample reversibly transitioned between the more open
structure and the original “M” shape. In the last sample,
demonstrated multiple deformations were programmed into a
single material (bottom of Figure 3, Movie S3). We created a
sinusoidal wave on the left curved section, straightened the
curves between two top curved sections, curled the right
curved section, and uniaxially stretched the bottom curved
section of the “M”. This sample also reversibly transitioned
between the shape defined during shape programming and the
initial “M” shape. These examples demonstrate how our
method can take a single printed structure and shape-program
virtually arbitrary shape changes. No mathematical determi-
nation of the director profile was needed to program these
shape changes, allowing for the rapid fabrication of the
arbitrary shape changes.
To further demonstrate the shapes and shape changes

possible with our 3D printing technique, we printed and shape-
programmed circular LCEs, auxetic honeycomb LCEs, and flat
LCE films with divots that appear on cooling. Figure 4a,b
shows two multilayer (12 layers) circular LCE structures
printed using the same print path. The first circular structure
was stretched and curled to create a shape at room temperature
that was circular from a side view and square from a top view,
and the second was curled around three consecutive rods to
create a wave shape. Both LCEs ultimately transformed
between the programmed shape and printed circle when
cooled and heated, respectively (Figure 4a,b, Supporting
Information Movies S4 and S5). We also printed a honeycomb
structure that was stretched biaxially and shape-programmed to
create an auxetic shape-shifting material (Figure 4c, Supporting
Information Movie S6).
Our 3D-printing approach also enables programming

symmetry-breaking shape changes in LCE samples. To

Figure 3. Photographs of LCE samples demonstrating variety of
deformations that can be programmed from the same initial printed
structure. Three different LCEs were produced using the same print
path (in the shape of an “M”) followed by different shape
programming steps. The LCE shown at the top was cut and curled
around a rod during shape programming. The LCE shown in the
middle was stretched radially outward for shape programming. The
LCE shown at the bottom was shape-programmed by creating a
sinusoidal wave shape, eliminating the divot between the top two
curves, curling the right curve around a cylinder and stretching the
bottom curve. Scale bar is 1 cm.
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demonstrate this, we printed a flat LCE sheet which we then
deformed by pressing a sharp stick into the film to create cone-
shaped peaks. On cooling, the peaks emerged from one side of
the flat film and could lift a 25 g weight to a height of almost 5
mm, which corresponds to a specific work of 4 J/kg (Figure 4d,

Supporting Information Movie S7). This shape is similar to the
“+1 point defect” used to create cones in other reported
LCEs,26,27 but our method allows us to break sample symmetry
and easily program the “defects” to controllably pop upward or
downward out of the film. We further demonstrate this in
Figure 4e and Supporting Information Movie S8. In this
structure, we created four large peaks that came upward out of
the film and five smaller peaks emerged downward out of the
film. The final structure seamlessly combines these features
with regions that do not change shape.

■ CONCLUSIONS
We demonstrated a reactive 3D printing method for LCEs that
enabled straightforward programming of complex shape
changes in printed soft actuators. The method involved
printing into a reactive catalyst bath followed by shape
programming, and the resulting LCEs could reversibly shape-
shift between the printed and shape-programmed architectures
when heating and cooling, respectively. We demonstrated the
versatility of printable soft actuators by programming a variety
of shape changes previously unobtainable by traditional
printing methods, such as auxetic LCEs, symmetry breaking
in LCEs, and different shape changes programmed in LCEs
prepared using the same print path. This method will be useful
in the development of LCE actuators with complex
architectures and shape changes. A current limitation of this
printing process is the inability to create structures with
unsupported printed fibers. All printed structures have to be
printed layer-by-layer onto a hard surface. However, further
optimization of the reaction kinetics, such as increasing the
catalyst concentration in the bath, could provide pathways to
enable printed fibers that gel rapidly enough to be self-
supporting during the printing process. Additionally, scaffold-
assisted 3D printed designs, where a specific print path may be
required, will be useful for developing complex shapes changes
using this method. In short, reactive 3D printing of LCEs will
open opportunities for architectural freedom and virtually
arbitrary shape changes in soft robotic systems.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c07331.

Additional LCE characterization including rheological
analysis, dynamic scanning calorimetry, and swelling
studies (PDF)
Movies demonstrating actuation in 3D printed LCE
samples; reversible actuation of a spiral turning into an
“M” architecture (AVI)
Reversible actuation of a circular flower outline into an
“M” architecture (AVI)
Reversible actuation of an arbitrary shape turning into an
“M” architecture (AVI)
Reversible actuation of a cylinder/square architecture
turning into a circle (AVI)
Reversible actuation of a curled side-view “M”
architecture turning into a circle (AVI)
Reversible actuation of an auxetic honeycomb architec-
ture (AVI)
Reversible actuation of a four-pillar LCE lifting a 25 g
weight (AVI)

Figure 4. Photographs of multilayered 4D printed LCE samples,
auxetic LCEs, and symmetry breaking in 4D printed samples. Twelve-
layer-printed LCE cylinders are programmed to (a) stretch and curl or
(b) produce a wave-like structure. (c) LCE that undergoes a
reversible auxetic shape-change. (d,e) Example of symmetry breaking
in LCE samples that transition between a flat sheet and a sheet with
peaks emerging in either direction out of the film. The peaks can be
programmed to emerge, all pointing in the same direction (d) or
point in different directions; (e) scale bars are 1 cm.
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Reversible actuation of a multipeaked structure turning
into a flat object (AVI)
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