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Interpenetrating Liquid Crystal Elastomer and Ionogel as
Tunable Electroactive Actuators and Sensors

Yakui Deng, Gaoyu Liu, Annie Brûlet, Giao T. M. Nguyen, Daniel Dudzinski,
Frédéric Vidal, Cédric Plesse, Cédric Vancaeyzeele,* and Min-Hui Li*

Electroactive liquid crystal elastomers (eLCEs) are used to make actuators and
soft robotics. However, most eLCEs are monofunctional with one type of
deformation (bending or contraction). Recently, a trilayer eLCE are reported by
combining ion-conducting LCE and ionic electroactive polymer device (i-EAD).
This i-EAD-LCE is bifunctional and performs either bending or contractile
deformation by controlling low-voltage stimulation. Nevertheless, it has a
Young’s modulus of only 1.63 MPa. To improve the mechanical performance,
the i-EAD-IPN-LCE is prepared here, whose central membrane is composed of
interpenetrating LCE and ionogel (i-IPN-LCE) instead of a single
ion-conducting LCE. This i-EAD-IPN-LCE with a typical thickness of 0.5 mm
can function not only as linear and bending actuators, but also as a sensor. As
a linear actuator, its Young’s modulus, actuation stress, and strain are
51.6 MPa, 0.14 MPa and 9%, respectively, reaching skeletal muscles’ values.
As a bending actuator, its bending strain difference 𝚫𝝐 is 1.18% with 3 mN
output force. It can also operate as a sensor producing 0.4 mV
Open-Circuit-Voltage to respond to bending deformation (𝚫𝝐 = 9%).
Therefore, this i-EAD-IPN-LCE is a promising system for the fabrication of
robust electroactive devices and sensors with multiple degrees of freedom.
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1. Introduction

Over the past few decades, stimuli-
responsive smart materials have been
successfully developed in the context of
artificial muscles, artificial skins, or soft
robotics.[1,2] Liquid crystal elastomers
(LCEs) belong to this category of smart
materials, which can produce extremely
sensitive deformations in response to
various external stimuli such as heat and
light.[3–16] Especially, the uniformly or-
dered nematic LCEs possess fascinating
features combining the entropic elastic-
ity of elastomers and the reversible and
alignment-dependent shape-change be-
havior of liquid crystal polymers (LCPs)
through LC phase transition.[17–20] Al-
though temperature change and light irra-
diation are the most used stimuli for LCEs,
electrical energy is the most convenient
and the most in demand stimuli, especially
for portable devices and soft robotics.
Electroactive LCEs (eLCEs) have thus
attracted the attention of more and more

researchers. The most studied method is the electrothermal one
by introducing the Joule effect into LCEs. For example, the incor-
poration of electron-conducting materials like nanomaterials,[21]

metal wires,[22,23] or liquid metals[24,25] within the LCE can pro-
duce Joule heating controlled by an electric current. Another
way to introduce Joule heating control relies on alternative ionic
current, which can be enabled when an ion-conducting LCE
film is prepared and sandwiched between two compliant elec-
trodes, i.e., designed as an ionic electroactive polymer device (i-
EAD).[26] Normally for operation in open air, the traditional i-EAD
is composed of an ion-conducting polymer (ICP) sandwiched be-
tween two electron-conducting polymer (ECP) layers. This tri-
layer device (ECP/ICP/ECP) converts either electrical stimula-
tion into reversible large bending deformation (actuator) or me-
chanical stimulation into electrical signal (sensor) owing to the
low driving voltages.[27–30] Our groups recently reported a bifunc-
tional i-EAD-LCE system, where the ICP is an ion-conducting
LCE and the ECP is made of formulated PEDOT:PSS.[26] This
i-EAD-LCE can contract or bend on-demand depending on the
electrical stimulation, thanks to its trilayer configuration. Un-
der AC electrical stimulation, fast back and forth motions of
ions between the compliant electrodes promote bulk Joule heat-
ing and trigger the nematic-isotropic transition of the LCE, thus
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leading linear.contraction. Meanwhile, because electrodes are
themselves electromechanically active, such i-EAD-LCE system
can bend under DC electrical stimulation thanks to the electro-
chemical charging/discharging and associated volume variation
of the PEDOT:PSS electrodes. However, since the ion-conducting
LCE reported showed limited mechanical performance,[26] the
i-EAD-LCE had a Young’s modulus of only 1.63 MPa and was
too soft to measure the actuation stress by any mechanical
stress/strain sensor, while mammalian skeletal muscles have
much higher Young’s modulus (10–60 MPa) and actuation stress
(0.1–0.35 MPa).[31,32] Besides, the function of sensor had not
been observed. Therefore, improving the mechanical properties
of the LCE layer is crucial for the development of a robust tri-
layer eLCE as actuator and sensor. For this purpose, we fabricate
here ion-conducting LCE membranes with interpenetrating poly-
mer networks, named as i-IPN-LCE. The interpenetrating poly-
mer network (IPN) with physically interlaced networks have been
reported as an efficient way to enhance the mechanical prop-
erties of polymer networks.[33,34] The IPN concept has already
been introduced in LCE field by several groups,[35–44] who have
developed IPNs of liquid crystal elastomers (IPN-LCEs) or liq-
uid crystal hydrogels as smart materials and biosensors. Espe-
cially, the IPN-LCEs composed of a polyurethane-based LCE and
a polyacrylate-based LCE reported by Yang and co-workers[42] ex-
hibit ultra-strong mechanical properties with an elastic Young’s
modulus of 10.4 MPa and an actuation stress of 2.53 MPa. In
this work, the i-IPN-LCE is prepared not only for the mechanical
properties, but also for the integration of the desired functional
properties from each polymer network, i.e., stimuli-responsive
properties from the aligned LCE and ionic motions from the ro-
bust ionogel.

There are generally two strategies to prepare IPN. The first
one uses the sequential polymerizations: one network is first pre-
pared and swollen by the second monomer; then the polymeriza-
tion of the second monomer is carried out to form the second
network.[35–41] The second strategy uses orthogonal reactions to
polymerize the two monomers at the same time so that both net-
works can be simultaneously formed from a uniform mixture
of monomers.[42–44] For the sake of mechanical properties, the
first strategy is less advantageous, because the swelling treatment
might disrupt the chain anisotropy of LCE that should be pre-
pared first and also cause a non-uniform dispersion of the second
monomer in the LCE. Therefore, we adopt the second strategy
to prepare ion-conducting i-IPN-LCE by using polyurethane- and
polyacrylate-based networks, because the urethane step-growth
polymerization and acrylate chain-growth polymerization are or-
thogonal and do not interfere with each other.[42–44] Concretely,
the two networks are respectively polyurethane LCE and poly-
acrylate ionogel with poly(ethylene glycol) (PEG) side-chain and
ionic liquid (IL) (EMIM+ TFSI−: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) (Figure 1a). This type of iono-
gel has already been used successfully by one of our groups in
electroactive nitrile butadiene rubber IPN actuators[45,46] and an
electroactive shape-memory IPN.[47]

The i-IPN-LCE membrane is further integrated in the trilayer
configuration with two ECP electrodes made of formulated PE-
DOT:PSS to get the final device i-EAD-IPN-LCE (Figure 1b) as de-
scribed previously.[26] Under low-voltage stimulation, the i-EAD-
IPN-LCE can perform bending or contractile deformations de-

pending on frequency and voltage (Figure 1c). The mechanical
performance of this i-EAD-IPN-LCE actuator has been largely
improved compared to the previous i-EAD-LCE system.[26] As a
linear actuator, the i-EAD-IPN-LCE has a Young’s modulus of
51.6 MPa and an actuation stress of 0.14 MPa, that are in the
range of the values of mammalian skeletal muscles. As a bending
actuator, the bending strain difference has also been increased
and an output force measured. Moreover, the i-EAD-IPN-LCE can
operate as a sensor that produce electrical signals in response
to bending deformations (Figure 1d). Therefore, due to the im-
proved mechanical performance, this i-EAD-IPN-LCE with inter-
penetrating LCE and ionogel is a promising system for the fab-
rication of robust electroactive devices and mechanical sensors
with multiple degrees of freedom.

2. Results and Discussion

2.1. Interpenetrating LCE and Ionogel with Ion-Conductivity
(i-IPN-LCE)

The chemicals for the preparation of polyurethane LCE and
polyacrylate ionogel are shown in Figure 1a. The hydroxyl
terminated LC monomer (2-methyl-1,4-phenylene bis(4-((6-
hydroxyhexyl)oxy)benzoate)) was first synthesized. Synthesis and
characterization details are given in Supporting Information. The
polyurethane LCE was obtained by the polyaddition of the diol
groups in the LC monomer with the tri-isocyanate groups in the
cross-linker Desmodur N3300 catalyzed by dibutyltin dilaurate
(DBTDL). The polyacrylate ionogel was formed from free-radical
copolymerization of poly(ethylene glycol) methyl ether acrylate
(PEGA) and poly(ethylene glycol) diacrylate (PEGDA) in the pres-
ence of ionic liquid (IL: EMIM TFSI), using Irgacure 369 as pho-
toinitiator. The preparation procedure of i-IPN-LCE is schemati-
cally illustrated in Scheme S1 (Supporting Information) and de-
scribed in detail in Supporting Information. Typically, a homoge-
nous mixture of all components, i.e., the precursors of two net-
works and the ionic liquid, (Figure 1a) dissolved in DMF was
added into a polytetrafluoroethylene (PTFE) mold sandwiched
between two glass plates. The mold was first placed in an oven at
50 °C for 1.5 h to obtain a partially cross-linked LC polyurethane
network. The sample was then irradiated under UV light for a
short period (5 s) to get a partially cross-linked PEG polyacry-
late network. The sample film was then peeled off the mold and
dried in a vacuum oven at 50 °C for 1.5 h to remove most of
DMF. During this drying process, polyaddition to form urethane
bonds should continue. After drying, the intermediate sample
was stretched to 150% of its original length by a tensile machine
to align the LC polymer chains. While keeping the stretched state,
the sample film was irradiated by UV light on both sides (each
side for 5 min) to complete photo-cross-linking of the PEG poly-
acrylate network. Finally, a monodomain film of i-IPN-LCE was
obtained.

To find a good balance between the contraction ratio of LCE
and the ionic conductivity of ionogel, different molar ratios of LC
monomer to PEG acrylate monomers (PEGA and PEGDA), sim-
ply noted as LC:PEG, have been used in the preparation of i-IPN-
LCE. With LC:PEG = 30:70, 40:60, 50:50, 60:40, and 70:30, a se-
ries of samples named as IPN1, IPN2, IPN3, IPN4, and IPN5 was
obtained, respectively (see Table S1, Supporting Information).
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Figure 1. a) Chemical structures of the components to make i-IPN-LCE (ionogel network/LCE network) film. b) Chemical structures of the components
to make the formulated PEDOT:PSS electrodes. c) The trilayer i-EAD-IPN-LCE as electroactive actuator and bending sensor. The orange central layer
represents the ion-conducting i-IPN-LCE film (n indicating the nematic alignment direction), while the two black side layers represent the formulated
PEDOT:PSS electrodes. Depending on the applied electrical voltage and frequency, the i-EAD-IPN-LCE performs either linear contraction deformation or
bending deformation. It can work as a robotic arm to lift a load, or mimic the Golf shot to kick a ball (top view, scale bar = 4 mm). d) The i-EAD-IPN-LCE
can also convert mechanical bending to electrical signals as a sensor.
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For each sample, the molar ratio of PEGA to PEGDA was 1:2,
and the weight proportion of IL versus PEG acrylate monomers
was kept at 1:1. In addition, single networks of LCE and ionogel
(LC:PEG = 100:0 and 0:100) were also prepared for comparison
(see Supporting Information for details). FT-IR spectra were per-
formed to analyze the conversion of different functional groups
during the preparation of IPN1-5 as shown in Figures S1–S5
(Supporting Information). Taking IPN2 as an example (Figure
S1, Supporting Information), it is interesting to note that all sig-
nals of ─N═C═O groups (≈2260 cm−1) disappeared already in
the intermediate sample, which means the cross-linking of PU
network was completed before mechanical stretching for align-
ment. In contrast, acrylic ─C═C─ signals (≈1388 cm−1) survived
in the intermediated sample and disappeared in the final IPN2.
The same results were observed in IPN1, IPN3, IPN4, and IPN5
(Figures S2–S5, Supporting Information). Therefore, the align-
ment of the LCE was finally locked by the complete cross-linking
of polyacrylate network (ionogel) during the second UV irradia-
tion step. To further confirm the efficiency of orthogonal cross-
linking reactions, PEG polyacrylate network, LCE PU network
and IPN with LC:PEG = 40:60, all in the absence of IL, were also
prepared in the same conditions. After Soxhlet extraction (see
Supporting Information for detail), the extractible contents (EC)
were 10%, 4%, and 10%, respectively, showing a small amount of
unreacted starting material in each case. The cross-linking reac-
tions simultaneously applied to prepare IPN did not significantly
affect their efficiency since the EC of IPN with LC:PEG = 40:60
(10%) was closed to the weighted EC (7.6%) calculated from the
values of PEG polyacrylate network and LCE PU network.

2.1.1. Liquid Crystal Properties and Thermal Actuations of i-IPN-LCE

The liquid crystal properties of the i-IPN-LCE with interpenetrat-
ing LCE and ionogel were then studied using polarized optical
microscopy (POM), differential scanning calorimetry (DSC) and
2D wide and small angle X-ray scattering (2D-WAXS and SAXS).
Taking IPN2 as an example, Figure 2a shows its typical POM im-
ages in aligned state. The light transmission of the IPN2 sample
placed with alignment direction (n) parallel to polarizer (p) was
clearly different from the sample placed with n tilted at 45° rel-
ative to p. This clearly demonstrates the existence of anisotropy.
DSC measurement (Figure S6, Supporting Information) shows
glass transition temperature (Tg) of PEO and LCE at −45 and
18 °C, respectively (on heating), and a bump signal between
50–100 °C for the domain of nematic-isotropic (N-I) transition.

Figure 2b shows the 2D-WAXS pattern of IPN2 that is clearly
anisotropic and the crescent-like signal (at q= 1.43 Å−1) along the
alignment direction allows to calculate the nematic order param-
eter S[48] (see Supporting Information for details), here S = 0.59
for IPN2 at 25 °C. In this 2D-WAXS pattern at low q (near the
beam trap), two peaks at q = 0.117 Å−1 parallel to the alignment
direction are also visible (indicated by two black arrows), which
correspond to the LC repeat unit of 5.37 nm in the aligned ne-
matic phase. 2D-WAXS was then recorded as a function of tem-
perature upon heating to explore the evolution of the order pa-
rameter S. As shown in Figure S7a (Supporting Information), the
S value started to decrease continuously from S = 0.59 at 55 °C
to S = 0.28 at 130 °C without a clear crossover as in the single

network of ion-conducting LCE previously reported.[26] The same
result was also obtained in IPN3 (Figure S7b, Supporting Infor-
mation). This phenomenon is consistent with the broad domain
of N-I transition detected by DSC. Moreover, some anisotropic
order still existed beyond TNI (S = 0.28 at 130 °C). This observa-
tion can be explained by the cross-linked nature of the material
that may prevent full relaxation toward the isotropic disordered
state. Note that the chain elongation in the ionogel by mechanical
stretching also contribute to the anisotropy of the crescent sig-
nals. However, this part of anisotropy should not be reversible,
thus the S values during the second heating from 25 to 130 °C
are lower than those during the first heating as shown in Figure
S7b (Supporting Information).

The 2D-SAXS patterns of IPN2 recorded in q = 0.01 – 0.2 Å−1

as shown in Figure 2c confirms the facts that some anisotropic
order still exists beyond TNI and that a part of anisotropy in the
sample is not reversible when the temperature returns to 25 °C
after the 1st heating/cooling cycle. In Figure 2c the two peaks
at q = 0.117 Å−1 parallel to the alignment direction (again in-
dicated by two black arrows) are intense at 25 °C. They become
weaker at 65 °C and finally disappear at 105 °C. That means the
N-I transition ends before 105 °C. However, the very small q scat-
tering signal retains an oval form at all temperature, even in the
isotropic phase at 105 °C. The SAXS intensity profile in this small
q range (q = 0.025 – 0.08 Å−1) quantitatively shows the anisotropy
of IPN2 on the 1st heating and cooling process (Figure S8, Sup-
porting Information). The anisotropic value is determined by the
ratio q⊥/q// at a given intensity (for example I = 0.25 a.u. in Figure
S8, Supporting Information), where q⊥and q// are the scattering
vectors in the direction perpendicular and parallel to the align-
ment direction. On the 1st heating cycle, the anisotropic value is
q⊥/q// = 1.33 at 25 °C for the pristine IPN2 and decreases down to
1.19 (but not 1) at 105 °C. After the 1st cooling back to 25 °C, the
anisotropy value re-increases to 1.24. Interestingly, the anisotropy
does not return to the initial value of 1.33 after the whole 1st

heating/cooling cycle: ≈7% of anisotropy is not reversible. This
observation can be explained by the alignment method and the
existence of two interpenetrating networks. Indeed, during the
preparation of monodomain i-IPN-LCE, the intermediate sam-
ple was mechanically stretched: the LC polymer chains in LCE
network were orientated and the polymer chains of ionogel net-
work were also elongated. In the final i-IPN-LCE, the orientations
of both kinds of chains were locked by the second cross-linking.
Upon the first heating to isotropic phase (105 °C, also superior
to Tg of ionogel), the chain conformation of LCE changes from
highly elongated to nearly isotropic and the elongation of PEO
and polyacrylate chains in ionogel are also relaxed. However, only
the chain conformation change in LCE is reversible upon tem-
perature change (through N-I transition),[3] while that of amor-
phous chains in ionogel is not. Therefore, the anisotropy gained
by chain stretching in the ionogel part will be lost after the first
heating/cooling process.

Further, the thermal responsive contraction and elongation
of all i-IPN-LCE samples, i.e., IPN1, IPN2, IPN3, IPN4, IPN5,
were investigated. The mechanism of linear actuation of LCE re-
sides in the chain conformation change of each individual LCP
chain at LC-isotropic phase transition. In LCP, the LC order is
closely coupled with the polymer chain conformation.[19] Due
to this coupling, the nematic main-chain LCP shows a prolate

Adv. Funct. Mater. 2024, 2403892 2403892 (4 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Characterization of the IPN2 film (LC:PEG = 40:60). a) Polarizing optical microscopic (POM) images with the alignment direction (n) either
parallel (left) or tilt at an angle of 𝜃 = 45° (right) to the polarizer (p) (a indicating the second analyzer, called analyzer). b) 2D-WAXS patterns of IPN2 at
25 °C. c) 2D-SAXS patterns of IPN2 at 25, 65, and 105 °C. The nematic director (n) is along the stretching direction. d) Photographs of IPN2 film (length
(l) × height (h) × thickness (w) = 19 × 6.5 × 0.57 mm, scale bar = 5 mm) upon 1st, 2nd, and 3rd heating and cooling cycles, with the maximal contraction
observed at 100 °C. e) Thermal actuation strain measured at iso-stress mode by DMA (heating/cooling rate: ±3 °C min−1, stress control: 0.02 N).
f) Storage modulus (E’), loss modulus (E”) and loss factor tan 𝛿 by DMA at temperature ramp mode (heating rate: 3 °C min−1, strain control: 0.01%).
g) Thermal actuation stress measured at iso-strain mode by DMA (heating/cooling rate:±3 °C min−1, strain control: 0.01%). h) The stress-strain diagram
of IPN2 film measured by tensile machine at room temperature (25 C, strain rate:10 mm min−1).

or even elongated cylindrical conformation, while its conforma-
tion is spherical in the isotropic (disordered) phase.[19] Upon
heating the LC-isotropic (order-disorder) phase transition will
cause the chain conformation changes from prolate to spheri-
cal, and each individual polymer chain will undergo a contraction

in the direction of nematic director n. This process is reversible,
i.e., a chain elongation will take place upon cooling though
isotropic-LC transition. In a monodomain LCE, all LCP chains
are oriented in the same direction and the orientation is locked
by cross-linking. Consequently, the conformational change of

Adv. Funct. Mater. 2024, 2403892 2403892 (5 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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individual polymer chain is just translated to the LCE to get the
material contraction/elongation.[3,18] Here the thermoactivated
contraction/elongation of IPN2 are effectively demonstrated by
the photographs in Figure 2d showing the maximal contrac-
tion (Tmax = 100 °C) and the maximal elongation (T0 = 25 °C)
upon three heating-cooling cycles from 25 °C to 150 °C. The
linear contraction ratios are defined as (L0 – L)/L0, where L0 is
the film length at 25 °C at the beginning of each cycle, and L
that at T = Tmax. They were measured as 20%, 9%, and 9% for
the 1st, 2nd, and 3rd cycles, respectively. That means the contrac-
tion/elongation during the 1st heating/cooling cycle is not totally
reversible, while those during the subsequent 2nd and 3rd cycles
are reversible. This phenomenon was observed for all IPN1-5
samples, whose contraction ratios are listed in Table S2 (Support-
ing Information). After the 1st heating/cooling cycle, the maximal
reversible contraction ratios of IPN1, IPN3, IPN4, and IPN5 dur-
ing the 2nd and 3rd heating/cooling cycles were measured as 0%,
12%, 13.5%, and 14%, respectively (Table S2, Supporting Infor-
mation). IPN1 showed nonreversible contraction probably due to
its low LC content.

The thermal actuation strain measured at iso-stress mode by
dynamic mechanical analysis (DMA) (Figure 2e) confirms fur-
ther the above observations. The macroscopic length variations
during the first heating/cooling cycles are thus in good agree-
ment with the SAXS results at molecular chain level discussed
above. The uncomplete length recover after the first cycle is
caused by the mechanical stretching alignment and the existence
of two interpenetrating networks. Therefore, for actuator and
sensor applications, the i-IPN-LCE film will not be used in pris-
tine state, but should be submitted to an annealing treatment, i.e.,
a first heating/cooling cycle to T = Tmax and back to 25 °C, before
its integration into the trilayer device as central ion-conducting
component.

2.1.2. Ionic Conductivities of i-IPN-LCE and Mechanical Properties
of IPN2

The ionic conductivities of all i-IPN-LCE samples (IPN1-5) were
the subject of an in-depth study to choose an optimal sam-
ple as the central membrane for the preparation of trilayer i-
EAD-IPN-LCE. The ionic conductivity (𝜎) of the single iono-
gel, IPN1, IPN2, IPN3, IPN4, IPN5 and the single LCE were
measured by electrochemical impendence spectroscopy (EIS) in
the temperature range of 20–70 °C (see Supporting Informa-
tion for detail). As shown in Figure S9 and Table S3 (Support-
ing Information), among IPN2, IPN3, IPN4, IPN5, the IPN2
film exhibits the best ionic conductivity: at 20 °C 𝜎 (IPN2) =
3.4 × 10−5 S cm−1, and at 70 °C 𝜎 (IPN2) = 1.9 × 10−4 S cm−1.
IPN1 shows even better ionic conductivity, but its reversible
thermal contraction ratio is nearly null as discuss above. Fi-
nally, IPN2 was chosen for i-EAD-IPN-LCE preparation because
of its good balance between thermal actuation strain and ionic
conductivity.

The thermal stability of IPN2 was examined by thermogravi-
metric analysis (TGA) (Figure S10, Supporting Information). The
degradation onset temperature corresponding to 5 wt.% loss
(T5%) was measured as 295 °C, indicating a good thermal sta-
bility. The thermo-mechanical characterization of IPN2 by DMA

(Figure 2f) shows a typical viscoelastic behavior with two 𝛼 re-
laxation temperature (T

𝛼
) at −44 and 55 °C corresponding to the

loss factor tan 𝛿 peaks. The two relaxations were assigned to PEO
in the ionogel and to LCE. At the temperature ≈90 °C, the stor-
age modulus increases upon heating. This is not a mechanical
transition but the signature of the thermal contraction of LCE;
therefore, it is the N-I transition.[26] The thermal actuation stress
of IPN2 was measured at iso-strain mode by DMA (Figure 2g).
The maximum actuation stress during the contractile stroke is
0.24 MPa during the 1st heating cycle, then it decreases and fi-
nally stabilizes to 0.16 MPa in the 2nd–4th cycles that are reversible
actuation cycles. The quasi-static stress-strain curve of IPN2 film
at room temperature (25 °C) was measured using the tensile ma-
chine by stretching the films along the nematic orientation di-
rection as shown in Figure 2h. The Young’s modulus of IPN2 at
strain < 20% reaches 33.6 MPa and becomes 3.4 MPa at strain
from 20% to 80%. Its breaking strength and strain are 8.8 MPa
and 80%, respectively. The decrease of the Young’s modulus at
strain > 20% might be caused by the sacrificial rupture of one
of the interpenetrating networks.[49] Despite this decrease, the
mechanical properties of IPN2 are largely superior to the sin-
gle ion-conducting LCE reported previously,[26] which possessed
a Young’s modulus of only 1.22 MPa and a breaking strength of
0.84 MPa at 75% strain, and was too soft to measure the actua-
tion stress by any mechanical stress/strain sensor. We can con-
clude that the architectures of interpenetrating polymer networks
do greatly improve the mechanical properties of ionic-conducting
membrane IPN2. Since the actuation strain of IPN2 (9%) is be-
low 20%, the mechanical characteristics below 20% strain are the
most relevant. Until the linear strain of 20%, they are now in the
range of mammalian skeletal muscles’ values (Young’s modulus
of 10–60 MPa, actuation stress of 0.1–0.35 MPa and actuation
strain of 20–40%).[31,32]

2.2. Trilayer Ionic Electroactive Device i-EAD-IPN-LCE as Actuator
and Sensor

2.2.1. Mechanical and Thermal Mechanical Properties of
i-EAD-IPN-LCE

To prepare trilayer i-EAD-IPN-LCE, the IPN2 film was first sub-
mitted to an annealing treatment (heating to 100 °C, then cool-
ing down to 25 °C) to release the irreversible contraction as
discussed above. The reversible contraction of annealed IPN2
as a function of temperature is shown in Figure S11 (Sup-
porting Information). This IPN2 was coated on both sides
with formulated PEDOT:PSS electrodes to get the trilayer i-
EAD-IPN-LCE (PEDOT:PSS)/IPN2/(PEDOT:PSS) (see Scheme
S2, Supporting Information). The elaboration procedure is de-
tailed in SI. PEDOT:PSS was chosen as ECP due to its com-
mercial availability, high conductivity, and ability to be casted
directly on ion-conducting membranes. The ECP electrode for-
mulation was composed of PEDOT:PSS (1.15 wt.% dispersion
in H2O), PEGDA, PEGMA, photo-initiator Irgacure 2959 and
DMSO (Figure 1b). DMSO was added to promote the self-
assembly of PEDOT into solid-state fibrillar structures that
lead to excellent electrical conductivity.[50] An elastic network
was formed by photo-polymerizing/cross-linking PEGDA and
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Figure 3. Mechanical and thermal mechanical properties of the i-EAD-IPN-LCE and its electroactive linear contraction under square wave potential
(±10 V, 10 Hz). a) The stress-strain diagram measured at room temperature (strain rate:10 mm min−1). b) Reversible thermal actuation strain measured
at iso-stress mode by DMA (heating/cooling rate: ± 3 °C min−1, stress control: 0.02 N). c) Thermal actuation stress measured at iso-strain mode by DMA
(heating/cooling rate: ± 3 °C min−1, strain control: 0.01% strain). d) Images of i-EAD-IPN-LCE film (black) without load upon the 1st electroactivation
(EA) cycle with a maximal contraction ratio of 9%. e) Images of i-EAD-IPN-LCE film (black) with a load of 3.80 g upon 1st EA cycle, the load lift ∆l= 1.7 mm.
The mobile part of the film (l × h × w = 18 × 5.5 × 0.57 mm, scale bar = 10 mm) considered as the actuator weighs only 50 mg. f) Linear contraction
ratio of i-EAD-IPN-LCE (without load) as a function of time during the power-on period of four EA cycles. The times to reach the maximal contraction
are 25, 28, 39, and 40 s for the 1st, 2nd 3rd, and 4th EA, respectively. g) Current as a function of time during the power-on period of four EA cycles.

PEGMA to enhance the electrode mechanical properties. To eval-
uate the thickness of electrode, the same electrode was pre-
pared on the glass slide surface in the same conditions. With a
profilometer the thickness of the formulated PEDOT:PSS elec-
trode was accurately measured as 8 μm. Therefore, the thick-
ness of the two electrodes (16 μm) is only 3.1% of the i-
EAD-IPN-LCE thickness, as the typical thickness of IPN2 is
500 μm. The electronic conductivity (𝜎e) of the electrode was
measured as 319 S cm−1 (see Supporting Information for
detail).[28] Furthermore, the good thermal stability of the i-

EAD-IPN-LCE was assessed by TGA with degradation onset
temperature T5% at 309 °C (Figure S10, Supporting Informa-
tion).

The mechanical and thermal mechanical properties of the
i-EAD-IPN-LCE were evaluated (Figure 3a–c). Its stress-strain di-
agram (Figure 3a) is different from that of the central membrane
IPN2 (Figure 2h). After the first elastic zone at strain < 12%, two
zones corresponding to yielding (12 – 22% strain) and rehard-
ening (22 – 58% strain) are observed. Both regimes (Figures 2h
and 3a) have already been reported for IPN.[49] Due to the
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relatively higher modulus of formulated PEDOT:PSS
electrode,[28] the Young’s modulus of i-EAD-IPN-LCE in-
creases to 51.6 MPa at strain < 12% and to 13.8 MPa at strain
between 22% and 58%, while its breaking strength and strain are
10 MPa and 58%, respectively. On the other hand, the actuation
strain of 9% and actuation stress of 0.14 MPa measured for
i-EAD-IPN-LCE are similar to those of the central membrane
IPN2 (see Table S4. Supporting Information).

2.2.2. i-EAD-IPN-LCE as a Linear Actuator

The electroactive linear contraction behaviors of i-EAD-IPN-LCE
were first investigated. With the alternating ionic current, Joule
effect can be produced by the movement of ions and to heat the
IPN2 until N-I transition. Since the bending deformation be-
came insignificant (< 0.06%) when the voltage frequency was
above 10 Hz (see the discussion of bending deformation be-
low), square potentials of ±5, ±6, ±7, ±8, ±9, and ±10 V at a
constant frequency of 10 Hz were applied successively to test
the electroactive contraction deformation of i-EAD-IPN-LCE. The
contraction deformation could only be observed with voltage of
±10 V. Figure 3d,e shows the photographs of i-EAD-IPN-LCE
without and with load, respectively, at starting and maximal con-
traction states under the 1st cycle of power on/off with electri-
cal potential ±10 V at 10 Hz (see Figure S12a,b, Supporting In-
formation for all the photographs of i-EAD-IPN-LCE under 1st

to 4th cycles of power on/off). The temperature of i-EAD-IPN-
LCE was recorded by a thermal camera. To ensure the temper-
ature return to 20 °C, each power-off duration was 20 min. In
the experiments without load, the contraction ratio and the cur-
rent as a function of time during each power-on period (elec-
troactivation) were also measured (Figure 3f,g). The maximum
contraction ratios of 9% are confirmed for all four electroactu-
ation (EA). The power-on times to reach the maximal contrac-
tion are 25, 28, 39, and 40 s for the 1st, 2nd, 3rd, and 4th EA,
respectively (Figure 3f). Longer times are necessary for the 2nd,
3rd, and 4th EA to get the maximum contraction. This might be
caused by the degradation of PEDOT upon the relatively high
voltage (± 10 V). Indeed, the currents tend to reduce progres-
sively from 1st to 4th EA (Figure 3g). Certainly, the applied poten-
tial of 10 V is still too high for the device. Work is in progress
to develop new LCE membrane that has lower N-I phase tran-
sition temperature and thus needs lower electrical potential to
activate.

The very fast actuation of the i-EAD-IPN-LCE is promising for
potential applications as the heating rate reaches 250 °C min−1 in
the 1st EA and 120 °C min−1 in the 4th EA. The work output perfor-
mance was then evaluated in the experiment with load by hang-
ing a 2 g counterpoise to the i-EAD-IPN-LCE film (Figure 3e).
The total load (weights of the counterpoise and the clamp) was
of 3.8 g. With the electroactive power input (±10 V, 10 Hz), the
load of 3.8 g was lifted a distance ∆l = 1.7 mm by the i-EAD-
IPN-LCE film of 0.05 g (see Figure 3e; and Video S1, Support-
ing Information). In other words, a weight 76 times heavier than
its own mass was lifted by doing a work of 6.3 × 10−5 J with
a work capacity of 1.12 kJ m−3. This work capacity is in the
same order of magnitude as that of mammalian skeletal muscles
(8 kJ m−3).[31,32]

2.2.3. i-EAD-IPN-LCE as Bending Actuator and Sensor

The ability of the i-EAD-IPN-LCE to function as bending actua-
tor and sensor was then examined. The principle of the electroac-
tive bending deformation is illustrated in Figure 4a.[26] Typically,
during the application of a potential difference (DC stimulation)
between the two PEDOT:PSS electrodes, the oxidation (anode) of
the already partially oxidized PEDOT(x)+ into PEDOT(x+y)+ will in-
duce an expulsion of cations like EMIM+ to keep the charge neu-
trality and will promote a volume contraction of the electrode.
This ionic mechanism, i.e., the expulsion of cations instead of
the insertion of anions, originates from both the higher mobil-
ity of EMIM+ cations versus TFSI− anions[45] and the presence
of PSS− non-mobile macro-anions promoting cationic exchange.
Concomitantly the reduction (cathode) of the PEDOT(x)+ into
PEDOT(x-y)+ will promote the insertion of cations and the volume
increase of the electrode. The combination of anode-shrinkage
and cathode-expansion results in the trilayer film bending toward
anode side. When the potential signs at the electrodes are re-
versed, an inverse bending deformation is obtained. By contrast,
in the sensor mode, when applying mechanical bending force,
the bending deformation creates a pressure gradient through the
thickness of the ionic membrane from the compressed side to ex-
panded side. Consequently, a pressure-induced flux of the elec-
trolyte will be generated, promoting the transient separation of
ionic charges with cations being faster than the anions and gen-
erating an open circuit voltage (OCV) variation as electrical signal
output.[28,51,52]

For the bending actuation, a square potential ±2 V at 0.1 Hz
was first used as stimulus.[26] Unfortunately, no bending defor-
mation was observed, probably because the ionic conductivity
of IPN2 (3.4 × 10−5 S cm−1 at 20 °C) is an order of magnitude
smaller than that of LCE reported previously (1.0 × 10−4 S cm−1

at 20 °C).[26] Then, higher voltages of ±3, ±4, and ±5 V at 0.1 Hz
were tested, and the electroactive redox process of i-EAD-IPN-
LCE was also analyzed by cyclic voltammetry (CV) (Figure S13,
Supporting Information). The bending deformation was only ob-
served with ±5 V as shown in Figure 4b (see also Video S2,
Supporting Information). As an example of bending actuator, i-
EAD-IPN-LCE (0.08 g) can kick a small ball of 0.41 g to a cer-
tain distance to mimic the golf shot (Figure 4c). Thus, i-EAD-
IPN-LCE successfully converts the electrical energy into the me-
chanical motion (Video S3, Supporting Information). The cur-
rent as a function of time and the real-time mechanical bending
responses recorded by the laser displacement sensor are shown
in Figure 4d,e, respectively. For a 0.59 mm-thick i-EAD-IPN-
LCE, the maximum peak-to-peak displacement at L = 5 mm was
D = 0.5 mm as schematically illustrated in Figure 4f (see also
Scheme S3, Supporting Information) under the electrical stim-
ulation of ±5 V at 0.1 Hz. The bending deformation was nor-
mally quantified by the bending strain difference between the two
electrodes, Δ𝜀 = 2D×w

D2+L2
, here the maximal Δ𝜖 being 1.18% for i-

EAD-IPN-LCE (see Supporting Information for detail).[46] Under
±5 V at higher frequencies (1.25, 5, 10, and 20 Hz), the bend-
ing strain difference were also assessed, which decreased rapidly
with increasing frequency as expected for an actuation process
controlled by ionic movements. As shown in Figure S14 (Sup-
porting Information), Δ𝜖 became negligeable (0.06%) at 10 Hz.
That is why in the above discussion about linear contraction of
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Figure 4. a) Schematic illustration of the principle of electroactive bending. b) Images of bending deformation (scale bar = 2 mm) of i-EAD-IPN-LCE
(sample thickness w = 0.59 mm) under electrical stimulation of square wave potential ±5 V at 0.1 Hz. c) Golf shot mimicry by the output force of the
bending deformation (top view, scale bar = 4 mm). d) Temporal measurement of currents. e) Temporal measurement of displacements recorded by a
laser sensor placed at L = 5 mm (see Scheme S3, Supporting Information). f) Illustration of key parameters to calculate the bending strain difference
Δ𝜖. g) Temporal measurement of blocking force of i-EAD-IPN-LCE (w = 0.51 mm) made at L = 3 mm under ±5 V at 0.1 Hz. h) A sinusoidal displacement
of ± 1 mm at 1 Hz for testing the i-EAD-IPN-LCE as a bending sensor. The tip of the lever arm was in contact with i-EAD-IPN-LCE (w = 0.51 mm) at
the distance of L = 3 mm from the clamped side. The mechanical bending of a strain difference of 9% was finally applied to the i-EAD-IPN-LCE sample.
i) Open Circuit Voltage response to the mechanical bending.

i-EAD-IPN-LCE, potentials applied were at 10 Hz. The blocking
force of the i-EAD-IPN-LCE sample was also measured under
±5 V at 0.1 Hz at L = 3 mm (see Supporting Information for
detail), the output force reaching 3 mN as shown in Figure 4g.
The bending strain difference (1.18%) and output force (3 mN)
of i-EAD-IPN-LCE are comparable to the values published in the
literature (see Table S5, Supporting Information).[28,29,45,46,53]

Finally, the i-EAD-IPN-LCE as a sensor was studied using a
lever arm system to apply mechanical displacement and a mul-
tichannel potentiostat to record OCV (see Supporting Informa-
tion for detail). The tip of lever arm was placed at the distance

L = 3 mm from the fixed side of the sample; the two PEDOT:PSS
electrodes were connected to the working and reference elec-
trodes of the potentiostat (see Scheme S4, Supporting Informa-
tion). With a force of 100 mN, the sinusoidal displacement of
the lever arm was set as ± 1 mm at 1 Hz (Figure 4h). The
bending strain difference thus applied was 9%. During upward
bending, the top PEDOT:PSS electrode was compressed, while
during downward bending the down electrode was compressed.
Consequently, an output voltage signal of 0.4 mV was produced
(Figure 4i) due to the pressure-induced transient separation of
ionic charges as discussed above. This exciting result represents
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one of the rare examples of ionic LCE systems capable of de-
tecting mechanical stimulation and transferring it into electrical
signals.[15,54]

3. Conclusion

In this work, we have elaborated a trilayer ionic electroactive
device i-EAD-IPN-LCE with interpenetrating liquid crystal elas-
tomer and ionogel as the central ion-conducting membrane.
Compared to the previously reported i-EAD-LCE with a single
ion-conducting LCE, the architecture of interpenetrating poly-
mer networks allows to improve greatly the mechanical proper-
ties of the device. This i-EAD-IPN-LCE with a typical thickness of
0.5 mm can function not only as linear and bending actuators,
but also as a bending sensor. It can perform selectively either
bending deformation or linear contraction by controlling electri-
cal stimulation of low voltages (±5 V at 0.1 Hz or ±10 V at 10 Hz).
As a linear actuator, its Young’s modulus, actuation stress and ac-
tuation strain are 51.6 MPa, 0.14 MPa and 9%, respectively, reach-
ing mammalian skeletal muscles’ values. By contrast, the previ-
ous device i-EAD-LCE has a Young’s modulus of only 1.63 MPa.
As a bending actuator, the i-EAD-IPN-LCE exhibits a bending
strain difference (Δ𝜖) of 1.18% with an output force of 3 mN.
It can also operate as a sensor producing 0.4 mV Open Circuit
Voltage in response to bending deformation of Δ𝜖 = 9%. In con-
clusion, this i-EAD-IPN-LCE is a promising system for the fabri-
cation of robust electroactive devices and sensors with multiple
degrees of freedom.

4. Experimental Section
Experimental details are given in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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