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ABSTRACT: Traditional electronic devices are rigid, planar, and mechanically static. The
combination of traditional electronic materials and responsive polymer substrates is of
significant interest to provide opportunities to replace conventional electronic devices with
stretchable, 3D, and responsive electronics. Liquid crystal elastomers (LCEs) are well suited
to function as such dynamic substrates because of their large strain, reversible stimulus
response that can be controlled through directed self-assembly of molecular order. Here, we
discuss using LCEs as substrates for electronic devices that are flat during processing but then
morph into controlled 3D structures. We design and demonstrate processes for a variety of
electronic devices on LCEs including deformation-tolerant conducting traces and capacitors
and cold temperature-responsive antennas. For example, patterning twisted nematic orientation within the substrate can be used
to create helical electronic devices that stretch up to 100% with less than 2% change in resistance or capacitance. Moreover, we
discuss self-morphing LCE antennas which can dynamically change the operating frequency from 2.7 GHz (room temperature)
to 3.3 GHz (−65 °C). We envision applications for these 3D, responsive devices in wearable or implantable electronics and in
cold-chain monitoring radio frequency identification sensors.
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■ INTRODUCTION

Shape is a critical property of microelectronic devices that are
designed to function in diverse applications such as sensors,1,2

actuators,3,4 human−machine interfaces,5,6 soft robots,7,8 and
antennas.9,10 In these devices, the three-dimensional (3D)
structure imparts functionality beyond what is achievable with
two-dimensional (2D) structures.11 For example, brittle
materials fabricated into 2D structures, as is typically the
case for microelectronics, may be flexible, but these devices are
not stretchable. 3D architecture can impart extrinsic
stretchability on devices that would be damaged by large
deformations. In nature, for example, the ulnar nerve in
humans and the ventral groove blubber nerve in whales are
able to withstand large mechanical deformation without injury
due to an intrinsic 3D architecture.12 Furthermore, if 3D shape
can be reconfigured during use, then the properties of the
electronic device can be actively controlled.13 For example, the
radiation properties of antennas are directly tied to the shape
of the conductor. Therefore, if the shape of an antenna can be
controlled, the performance of wireless communication devices
can be designed to be dynamic.
Traditional processing methods of thin-film electronics, such

as photolithography, require 2D substrates and also require the
use of heat, light, and solvents. As such, integration of
electronic components into 3D, shape-changing structures is
challenging.14−16 Material strategies are needed to create
electronic devices that are compatible with thin-film processing

methods and result in electronic devices where 3D shape can
be dynamically and precisely controlled. Thus, to enable
electronics in 3D structures, a variety of techniques have been
described to morph 2D electronic structures into 3D including
using residual stress-induced bucking or wrinkling17−19 and
patterning of rigid metal components into wavy or fractal
patterns.20 While many of these efforts have focused on
controlling the 3D architecture of the rigid electronic
components, reconfigurable substrates that morph from flat
(during processing) to 3D (after processing) have also been
designed. The advantage of this substrate reconfiguration
approach is that the widely used processing techniques for
thin-film materials (e.g., lithography) can be used. This shape
transformation can be accomplished with shape-memory
polymers,21,22 stress-engineered substrates,14 origami and
kirigami techniques,23,24 hydrogels,25 and buckling from elastic
recovery.26,27

Liquid crystal elastomers (LCEs)28−30 are a class of shape-
changing materials where directed self-assembly can be used to
define the reversible shape change of the substrate in a voxel-
by-voxel manner on the micrometer scale.31 Notably, these
materials are also well suited to function as dielectrics as
compared to hydrogels or other smart materials that are ionic
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conductors.32 While shape change in LCEs is often triggered
by heating through an order−disorder transition,33 shape for
these materials should be considered as a property that varies
more widely with temperature (i.e., on both heating and
cooling), as shape change is also observed because of
anisotropic coefficients of thermal expansion (CTE). To
realize shape-morphing, 3D electronics, we use LCEs as
dynamic substrates for electronics that are processable using
photolithography and then reconfigurable from 2D to 3D
postfabrication. To control this reconfiguration, we design the
stimulus response of the LCEs using photoalignment. In this
research, we achieve 3D transformation not by heating but
instead by cooling below the cross-linking temperature. Using
this approach, we demonstrate the first examples of 3D-
architectured microscale electronic devices enabled by the
shape change of LCEs. The devices demonstrated include
strain-tolerant conducting traces and metal−insulator−metal
(MIM) capacitors that are designed to operate at temperatures
near room temperature. We also demonstrate antennas that
dynamically change their radiation properties in response to
changing temperature well below 0 °C.

■ RESULTS AND DISCUSSION
LCE substrates were formed with a one-pot, two-step reaction
resulting in photolithography-compatible, planar substrates
with programmed stimulus response.31,32 Briefly, the LCE
precursors are filled into a glass cell. The cell consists of a pair
of glass slides each coated with an azobenzene-based dye
separated by a gap of 37 μm. Photoalignment of the
azobenzene dye can be induced by exposure to linearly
polarized light, which ultimately controls the orientation of the
LCE precursors and can be used to design the stimulus
response of the substrate. After filling, the monomer mixture

undergoes step-growth oligomerization resulting in acrylate-
capped, main-chain, liquid crystal macromers. The macromers
are subsequently cross-linked by photopolymerization. After
cross-linking, the prepared LCE substrate remains on one of
the glass slides for the lithography processes. Then, we deposit
and pattern thin-film metals or dielectrics to build micro-
electronics, as shown in Figure 1a. Example structures of
patterned microscale conducting traces on an oriented (twisted
nematic) LCE substrate are shown in the polarized optical
micrographs (POM) and reflection micrograph in Figure 1b. A
characteristic dark and bright optical pattern is observed when
rotating the samples between parallel polarizers; this confirms
that micropatterned electronics were successfully fabricated on
twisted nematic 2D LCE substrates. It should be emphasized
that thermal and chemical processing conditions of the
photolithography process were compatible with our LCE
adhered to a carrier substrate, even though LCEs undergo large
changes in shape on heating as freestanding materials.
After this 2D photolithography process, LCE-based devices

can morph from flat to 3D shapes when released from the
carrier substrate. It should be noted that additional thermal or
mechanical processing, which could damage thin-film elec-
tronics, is not required to obtain the designed 3D structure.
Instead, this programmed pop-up shape transition is based on
the molecular orientation of the LCEs set during synthesis by
cross-linking of LCEs at an elevated temperature. The cross-
linking temperature sets the temperature at which the film later
is in the planar state.34,35 To be more specific, in the 3D
substrate preparation process, we align the monomer mixture
and then oligomerize this mixture. Before we cross-link, we
elevated the temperature to 90 °C. At this temperature, the
twisted nematic oligomer retains order. We cross-link the
mixture in this condition, thus setting the temperature at which

Figure 1. Overview of LCE chemistry, device fabrication, and thermomechanical properties. (a) Schematic drawing of molecular structures and
fabrication process. (b) Polarized optical micrographs and reflection micrograph of gold traces on an LCE. Isoforce measurements of uniaxially
aligned LCEs along (c) and perpendicular (d) to the alignment. (Scale bar = 500 μm).
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the film is flat to be near 90 °C. Thus, on subsequent release
from the glass substrate, anisotropic shrinking occurs (∼4%
strain along the alignment and ∼3.5% strain perpendicular to
the alignment), as dictated by the magnitude of the
temperature difference between room temperature and the
cross-linking temperature. When the molecular order is
patterned with an off-axis twist through the structure, the
LCE forms out-of-plane twisted 3D structures at room
temperature (Figure S1). By maximizing the change in the
temperature between the cross-linking temperature and the use
temperature, the strain at the use temperature can be
maximized. We note that the nematic-to-isotropic transition
temperature (Tni = ∼100 °C of the oligomer)31 cannot be
exceeded prior to cross-linking, or the programmed orientation
would be lost. As we cross-link in the nematic phase, the
substrates show characteristic birefringence as shown in Figure
S2.
To quantify the shape change resulting from cooling below

the polymerization temperature, we measure dimensional
changes as a function of temperature and molecular
orientation. We note that the reversible shape changes of
this LCE system in response to high temperature have been
previously reported,31 but in this work, we effectively use the
response on cooling the material below the cross-linking
temperature. As evident in Figure 1c,d, shape change
in uniaxially aligned samples between −75 and 150 °C is
observed in the absence of a load. Both the heating and cooling
temperature response is caused by anisotropy in CTE of the
nematic LCEs. Room-temperature cross-linked LCEs (RT-
LCEs) exhibit 11.3 ± 1.2% (n = 3, mean ± stdev) contraction

along the director and 10.6 ± 0.7% expansion perpendicular to
the director at 150 °C. High-temperature (90 °C) cross-linked
LCEs (HT-LCEs) show slightly smaller deformation with 9.6
± 0.5% contraction along the director and 8.9 ± 1.1%
expansion perpendicular to the director at 150 °C.
Importantly, the actuation of LCEs is not only limited to
high temperature but also occurs at temperatures below room
temperature. When RT-LCEs are cooled from room temper-
ature to −75 °C, anisotropic contractions of around 0.6 ± 0.6
and 3.2 ± 0.2% are measured along and perpendicular to the
alignment direction, respectively. Similarly, HT-LCEs contract
around 0.9 ± 0.5 and 2.7 ± 0.3% along and perpendicular to
the alignment, respectively. Here, we employ this thermome-
chanical anisotropy to create electronics that deploy from flat
to 3D and to create dynamic electronics that sense and
respond to temperature changes.
By creating elastomeric substrates that morph into 3D

geometries, we seek to imbue extrinsic stretchability to
electronic devices. Stretchable electronic devices should
function through a wide range of out-of-plane deformations
including bending or twisting.36,37 It is well known that
metallic thin-film electronic materials are brittle with failure
strains on the order of 1%.26,27 To create extrinsically
stretchable substrates, we program the molecular orientation
of LCE substrates with variation both through the thickness
and within the plane of the substrate, as shown in the
illustrations from Figure 2a−c. Devices, in this case simple
microscale conducting traces, reconfigure from 2D to helical
(Figure 2a), wavy (Figure 2b), and helical with a handedness
inversion (Figure 2c) geometries after fabrication. Notably,

Figure 2. 3D pop-up LCE with conducting traces. Schematic illustrations and optical images of 3D LCE with conducting traces in helix (a), wavy
(b), and helical inversion (c) geometries. Representative resistance−strain and stress−strain curves of LCE conducting traces in helix (d), wavy (e),
and helical inversion (f) geometries. Nominal stress is defined by dividing load by the cross-sectional area of the flat device. (g) Reversible strain-
tolerant performance of the helical inversion device for 100 cycles of strain and release (ε = 0−90%). (Scale bar = 1 cm).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04189
ACS Appl. Mater. Interfaces 2019, 11, 19506−19513

19508

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04189/suppl_file/am9b04189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04189/suppl_file/am9b04189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04189/suppl_file/am9b04189_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04189


this shape is controlled by both the alignment of the substrate
and the cross-linking temperature (90 °C). The characteristic
birefringence of these patterned structures is shown in Figure
S3a,b. The resulting 3D devices consist of patterned thin-film
gold traces that are electrically conductive on the programmed
LCE substrates. These elastic 3D structures of LCEs are
extrinsically stretchable much like a telephone cord, thus
protecting the intrinsically brittle electronics from deformation.
On stretching, helical devices undergo macroscopic deforma-
tion from loosely coiled to tightly coiled as shown in Figures
2d and S4a. It should be noted that electrical failure (∼31%)
was observed very near the inflection point in the stress−strain
curve associated with stretching of the substrate (∼30%).
Wavy devices undergo deformation from wavy to flat as shown
in Figures 2e and S4b. Similarly, the electrical failure strain
(∼24%) was observed near the inflection point (∼23%) in the
stress−strain curve. Lastly, helical devices with a handedness
inversion, which results in both bend and twist, show larger
electrical failure strain (∼104%) just above the inflection
point in the stress−strain curve (∼102%) as shown in Figures
2f and S4c. At strains below the failure strain, these devices can
be reversibly deformed without electrical failure. For the helical
inversion device, the device survived 100 cycles of 90% strain
and release as shown in Figure 2g. These results clearly show
that the mechanical failure mechanism of thin-film electronics
may be controlled with the shape of the electronic device.
Transmission optical micrographs were taken below and above
the electrical failure strain of the devices. Cracks are absent
from the devices until the failure strain is reached (Figure
S4d−f). We note that LCE-based helical devices have smaller
bending stiffness than twisting stiffness as devices undergo
unwinding when pulled.38 Unwinding and rewinding of the
device during deformation is shown in Movie S1. Overall, in
each of these 3D geometries, electrical failure occurs
immediately after (∼1% strain) the inflection point in the
stress−strain curve that is associated with a transition from
bending-dominated deformation to stretching.

It should be noted that failure mechanisms are different
between helical devices and wavy or helical inversion devices.
Because wavy and helical inversion devices have net zero twist,
the devices stretch from 3D to flat. However, the helical device
with only a single handedness reconfigures from a helix to a
helicoid by stretching. We note, each conducting trace was
fabricated to have the same 5.5 cm metal length. However,
based on the patterned molecular orientation in LCE
substrates, devices can pop-up into programmed 3D geo-
metries which have different natural lengths, ∼4.2 cm in
helical, ∼4.6 cm in wavy, and ∼2.7 cm in helical inversion
devices, respectively. In accordance with experimental results
of helical inversion and wavy devices, electrical failure strain
can be predicted by (L2D − L3D)/L2D × 100. The length in 2D
is denoted by L2D, and the length of the initial 3D pop-up
natural state is denoted by L3D. It should be noted that failure
strain of one handedness helical devices should be smaller than
this calculation, as these devices are unable to untwist during
stretching (Figure S4). In addition to being stretchable, 3D
devices can be designed to resist torsion at isometric length as
shown in Figure S5. The helical inversion device maintains its
original performance (<2% resistance change) in the range of
±10 turns (3600° twisting) (Figure S5a,c red). In the case of
one handedness helical devices (Figure S5b,c blue), resistance
was maintained when twisted seven turns; this resistance then
slightly increased (6.1%) until 10 turns of twisting when
twisted in the same handedness as the existing helix. However,
when the helical device undergoes twist deformation of
opposite handedness as the helix, knots were formed which
cause length reduction, stress concentration, and electrical
failure. Also, in the case of flat devices, electrical failure was
observed within 2 turns of isometric length twisting
deformation (Figure S5c black).
So far, we have demonstrated the feasibility of single-layered

microscale conducting traces fabrication on programmed LCE
substrates. The processes we describe here are also suitable for
building multilayer electronic devices. MIM capacitors are one

Figure 3. 3D pop-up LCE-MIM-Cap. (a) Schematic cross section of the LCE-MIM-Cap structure. (b) Optical image of LCE-MIM-Cap in helical
inversion geometry. (Scale bar = 1 cm) (c) Reflection micrograph of the LCE-MIM-Cap. (Scale bar = 200 μm) (d) Capacitance in the frequency
range of 10 kHz to 1 MHz on the flat 2D geometry and 3D pop-up geometry. (e) Representative strain tolerant capacitance (at 1 MHz) under
stretching deformation. (Scale bar = 1 cm).
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of the key building blocks in integrated circuit technology.39,40

Owing to their merits of low mass and volume, high electrical
performance, and high reliability, MIM capacitors can allow
significant miniaturization of electronic systems by comple-
menting or even replacing surface-mount discrete capacitors.41

However, integration of MIM capacitors into stretchable
electronics is difficult because rigid metal and dielectric
elements are limited by strain-induced damage.42 Here, we
demonstrate fabrication of MIM capacitors onto LCEs (LCE-
MIM-Cap). Figure 3a illustrates the configuration of the MIM
capacitors implemented in this work. On top of an oriented
LCE film, a thin-film metal (Cr/Au, 200 nm)−insulator
(parylene-C, 300 nm)−metal (Ti/Au, 200 nm) multilayer is
deposited and patterned. Figure 3b shows an example of a
fabricated MIM capacitor on a freestanding LCE film with the
active device area magnified in Figure 3c. Here, the
deformation of the LCE film into a helix with a handedness
inversion occurs naturally upon releasing the LCE film from
the carrier glass, as we cross-linked this substrate at 90 °C. For
electrical characterization, we first measure and compare the
capacitance of the fabricated LCE-MIM-Cap before and after
releasing the devices from the glass substrate (labeled as “On
glass” and “Freestanding”, respectively) as shown in Figure 3d.
The as-fabricated, flat capacitors exhibit capacitances of 14.6−
13.4 pF in the frequency range of 10 kHz to 1 MHz. These
values correspond to capacitance densities of 9.1−8.4 nF/cm2,
which is reasonable for a 300 nm-thick parylene-C dielectric.43

The dielectric constant of parylene-C is calculated as 3.09,
2.94, and 2.84 at 10 kHz, 100 kHz, and 1 MHz, respectively.
These values agree closely with those reported in the
literature.44 After being released and deformed, the LCE-
MIM-Cap still maintain capacitances of 14.8−13.7 pF, which is
close to their original values with only a small deviation of 1.5−
2.3% in the entire frequency range. These capacitors exhibit
high tolerance against voltage biases from −5 to +5 V, where a
stable capacitance value of ∼13.255 pF is maintained as shown
in Figure S6a. The released helical inversion LCE-MIM-Cap
also exhibits high strain tolerance under stretching conditions
as shown in Figures 3e and S7. Under gradual increment of
strain from 0 to 100% (Δ = 20%), the capacitors retained

∼98% of their original capacitance. The devices failed under a
120% strain, where the LCE strip was fully stretched. The
occurrence of the failure at full stretch agrees well with the case
shown for the resistance changes in Figure 2f. It is worth
noting that scalable capacitances ranging from 1.7 to 55 pF
have been achieved for various capacitor areas from 2 × 10−4

to 6.4 × 10−3 cm2 as shown in Figure S6b. This range of
capacitance values is well suited for radio frequency
applications in filtering, timing, and termination. The stable
operation of the MIM capacitors after release from the
substrate and during stretching offers promise for the use of
this technology in stretchable smart electronics. In addition,
the successful fabrication of multilayer thin-film capacitors on
an LCE platform opens up new possibilities for implementing
active electronic devices, possessing similar multilayer
configurations, on LCE; possible candidates include low-
temperature processed thin-film transistors and diodes.45,46

So far, we have focused on electronics that are stretchable
near room temperature. However, the reversible shape-
changing properties of LCEs can also be used to create
electronics that dynamically reshape. We previously reported a
high-temperature-responsive antenna based on LCE coated
with an aluminum foil.47 Here, LCEs are developed that can be
programmed to provide specific and reversible changes in their
shape as temperature changes from room temperature to cold
temperatures. These LCEs are used as substrates for novel
antennas to enable new battery-less, nonvisual, and reusable
temperature sensors that are capable of real-time temperature
monitoring and detection. Smart packaging has the potential to
significantly improve the traceability, safety, and quality of
temperature-sensitive goods, such as food and medicines.48

Currently, limited control of the supply chain leads to nearly
20% loss of fresh food postharvest, resulting in significant
financial loss and environmental burden.49 As a result of this
loss, smart packaging has emerged as a leading strategy to
provide local monitoring of the condition of the shipped
goods. For example, a variety of temperature-indicating labels
have been developed to indicate when a maximum temperature
has been exceeded. Typically, these devices are color-changing
indicators. These sensors require a direct line of sight to the

Figure 4. Cold-temperature sensing LCE antenna. (a) Shape-shifting of LCE antenna as function of temperature. (b) Measured reflection
coefficient (S11) of the LCE antenna as the number of turns increased as temperature decreases. (c) Measured frequency response of the reflection
coefficient (S11) after the LCE antenna has been reversibly actuated through cold temperatures from 0 to 100 cycles. (Scale bar = 1 cm).
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sensor and are inefficient to read in bulk. Furthermore, once
“triggered”, these sensors no longer provide useful data and
must be discarded.50 Thus, here we develop reversibly self-
morphing monopole LCE antennas that morph into helical
antennas and dynamically change operating frequency in
response to cold temperatures. To realize cold temperature-
sensitive LCE antenna, we prepared twisted nematic, room-
temperature cross-linked LCE substrates which are flat at room
temperature and helical at cold temperatures (Figure S8a).
The prepared LCEs were then coated with 200 nm gold. The
gold-coated LCEs were cut along 45° to the director as
illustrated in Figure S8b. The resulting LCE antennas are flat at
room temperature (Figure S8c). The LCE antenna was
evaluated at temperatures below 0 °C. Figure 4a shows the
LCE antenna changing shape as a function of temperature. As
the LCE antenna is lowered into a flask with a mixture of dry
ice and isopropanol (−78 °C), the temperature decreases,
which changes the shape of the antenna from flat to a helical
shape. It is important to note that as the temperature
decreases, the number of turns of the helix formed by the
LCE increases. The mechanical deformation into 3D helix
geometry of LCE antennas is caused by thermomechanical
anisotropy of the LCE substrates as described in Figure 1c,d.
In other words, when the molecular order is patterned with an
off-axis twist through the structure, anisotropic CTE of the
LCE substrate induces out-of-plane twisting deformation by
either heating or cooling. In this case, only the anisotropic
CTE of the LCE is required for twisting. The difference in
CTE between the LCE and the metal were not found to
contribute significantly to the shape change (Figure S9). Figure
4b shows the reflection coefficient, S11, of the LCE antenna for
three different temperatures. Specifically, the LCE antenna
morphs from having zero to one, and then to two turns
(corresponding to 25, −30, and −65 °C, respectively). Figure
4b also illustrates that in the frequency range between 1 and 10
GHz, the LCE antenna has two operating frequency bands,
which are summarized in Table 1. The bandwidth is defined as
the frequencies where S11 ≤ −10 dB and S11 are shown at the
center frequency. It should be noted that at room temperature,
the LCE antenna has zero turns and performs as a monopole
antenna. The operating frequency of the antenna increases as
the temperature decreases (i.e., as the number of helical turns
increases). This frequency shift occurs because as the LCE
antenna twist increases, the current distribution and location of
these currents in space change, which in turn changes its input
impedance, reflection coefficient, and operating frequency.
This frequency shift can be used to detect temperature change
by using a transmitter that sends an interrogating signal to the
LCE antenna to determine its operating frequency. Thus,
changes in shape can indicate changes in temperature.
Specifically, when the interrogating transmitter determines
that the frequency of operation of the LCE antenna is 2.7, 2.96,
or 3.3 GHz, then the sensed temperature will be 25, −10, or
−65 °C, respectively. Figure 4c shows the measured reflection
coefficient at room temperature after the LCE antenna has

been actuated repeatedly (each cycle takes the antenna from
room temperature to −65 °C and back to room temperature).
The LCE antenna after 100 cycles exhibits approximately the
same resonant frequency in both bands of operation, which
demonstrates robustness of this design. Notably, the mechanics
of the morphing substrate can be affected by thin-film
electronics. For future devices comprised of stiffer electronics,
strategies to increase substrate thickness via layering51 or
elastic modulus via crystallization52 or vitrification may be
required.

■ CONCLUSIONS
We report routes to fabricate previously inaccessible classes of
3D, responsive electronics, including strain and deformation-
tolerant conducting traces, MIM capacitors, and frequency
shifting antennas. Strain tolerance and antenna performance
are controlled by using the programmable molecular
orientation in LCEs, which controls the shape of these
materials at a given temperature. Designing molecular
orientation in LCE substrates enables further programmed
3D geometry with the controlled aspect ratio or spring index in
the wavy or helical structure, respectively, thus achieving
tunable performances in devices.
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