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attracted to each other and the elastomer 
deforms in response to this pressure. This 
mechanism appears to be well suited to 
biaxial strains which can exceed 100% in 
the plane of the film.[17] However, demon-
strations of bending with dielectric elasto-
mers using electric fields are rare.

Actuation using nonelectrical stimuli, 
such as solvent swelling/deswelling,[21–25] 
temperature,[26] and pH[3,27] are also inves-
tigated. However, low voltage stimuli would 
be ideal because the application of potential 
is fast, easy to miniaturize, and suitable for 
interfacing with the skin. Thus, this moti-
vates a sustained interest in the pursuit of 
low-voltage actuators. Ionic polymer metal 

composites (IPMCs)[28–33] are a widely studied system where a 
polymer such as Nafion, which contains hydrated acid groups 
and water channels within a fluorocarbon matrix, is sandwiched 
between Pt electrodes via electroless plating. Ionic actuators 
operate at low voltage (1–5 V) but with mA currents (rather than 
µAs in dielectric elastomers) as ions migrate to the electrodes. 
Hydrated systems exhibit high conductivity and fast response 
but suffer from water splitting and dehydration issues at higher 
potentials leading to poor cyclability. They also exhibit “back relax-
ation,” a phenomenon where an actuator beam will first deform 
to some extent and then slowly migrate back to the origin even 
with a steady applied voltage.[34] Recent strategies in ionic actua-
tors have shifted to adding ionic liquid (IL) to block copolymers or  
Nafion as a way to replace the water with a more electro chemically 
stable and nonvolatile fluid.[35–37] Electronically conduc tive poly-
mers[38] have also been investigated, notably polypyrrole[39–45] 
and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS),[46,47] which generally exhibit bending strains 
<1%.[39,40]

Despite years of study, the key material parameters which 
govern ionic polymer actuation are still unclear. In dielectric elas-
tomers, it is known that actuation pressures scale proportionally 
with the dielectric constant and inversely with Young’s modulus 
(E).[17] However, for ionic polymers, the fields are orders of mag-
nitude lower and electrostriction is not expected to play a major 
role. Higher ionic conductivity appears to generate a faster 
response, while the roles of other factors such as glass transition 
temperature (Tg), modulus, and polarity have not been system-
atically investigated. Most studies on ionic soft actuators focus 
on one particular polymer (Nafion,[31–33,48,49] poly(vinylidene 
fluoride) (PVDF),[8,41,50,51] Nexar,[52] or custom block copoly-
mers[35,36]) with a small molecule additive such as water, IL, or 
organic solvent. Although Nafion has been studied with a range 
of ILs[37,53] solvents,[49] and salt solutions,[54] the comparisons 
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Soft Actuators

Soft actuators are currently receiving intense interest in a diverse 
range of fields including soft robotics, artificial muscles, and 
tactile communication.[1–16] The primary requirements are that 
the actuator is lightweight, flexible, fast, and generates either a 
significant force or displacement depending on the application. 
Secondary requirements often include low power consumption 
(for untethered operation), high cycling capability, and low cost. 
Over the past 2 decades, dielectric elastomer actuators,[6,17–20] 
typically with poly(dimethylsiloxane) (PDMS) as the dielectric 
layer, have received attention for their fast response and sub-
stantial strains, in particular under biaxial expansion. Generally, 
they require kV potentials although the corresponding current 
is low.[17,18] At such high fields, electrostriction is the domi-
nant mechanism of actuation where opposing electrodes are 

Adv. Mater. Technol. 2019, 4, 1800535



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800535 (2 of 7)

www.advmattechnol.de

between groups employed different voltages, frequencies, and 
sample dimensions which are critical for making direct com-
parisons. Larger tip displacements will be observed in thinner 
samples (50 µm)[32] while higher forces/smaller displacements 
are observed in thicker samples (≈2 mm)[49] of the same material.

Here, we present the development of a new class of actu-
ating polymer comprised of crosslinked network polymerized 
ionic liquids (n-PILs) with tethered imidazolium cations and 
mobile bis(trifluoromethane sulfonimide) (TFSI) anions. The 
n-PIL actuators exhibit performance comparable to hydrated or 
IL doped systems but without the need for small molecule addi-
tives. These networks are made via a facile step growth route and 
have highly tunable polarity and modulus through the choice 
of either hydrocarbon (HC) or ethylene oxide (EO) monomers 
and crosslinking density. The Tg is not substantially affected by 
monomer choice, and the role of conductivity, crosslinking, and 
modulus can be probed to understand how they systematically 
affect actuation. Because the n-PILs are hydrophobic (<1 wt% 
water uptake under ambient conditions), they can be operated 
over thousands of cycles at 3 V with minimal degradation of 
performance. Additionally, the leaching of ionic liquids or other 
small molecule additives is suppressed which may make them 
suitable for wearable applications, although human testing has 
not yet been performed. To our knowledge, only one very recent 
study has reported actuation for a dry, linear PIL.[55] However, 
this work did not investigate structure–performance relation-
ships, exhibited a ten times slower actuation, and had lower 
strain than in the present work.

A series of n-PILs with different linker polarities, either HC 
or EO, and a range of crosslinking densities were synthesized  

to probe how molecular details impact actuation. As shown in 
Figure 1, all networks contain the same tribromo crosslinker (1), 
dibromo monomers (2, 4), and a stoichiometric ratio of diimi-
dazole monomers (3, 5) containing either HC (11 atoms) or EO 
(also 11 atoms) between the end groups. The monomer syntheses 
are based on well-known reactions and are reported in the Sup-
porting Information with characterization (Figure S1). By varying 
ratios of crosslinker to difunctional monomers, networks were 
prepared with four different crosslinking densities of 25, 33, 50, 
and 100 mol%. A crosslinking percent of 25% corresponds to a 
sample where 25% of the imidazolium cations were formed by 
reaction with a crosslinker and 75% with a dibromo species. The 
percent is set by the stoichiometry of the reaction mixture and 
solid-state NMR indicates a high conversion network (Figure S2, 
Supporting Information). Three different linker chemistry ratios 
(0, 43, and 100 mol% EO with the balance being HC) were also 
synthesized with a fixed crosslinking density of 25% to investigate 
linker polarity effects. All samples were ion exchanged to TFSI 
counterions which are known to plasticize imidazolium ionic liq-
uids resulting in higher ionic conductivity, larger electrochemical 
stability window, and lower Tg (≈−40 °C).[53,56] The TFSI exchange 
was monitored by elemental analysis (Tables S1 and S2, Sup-
porting Information) and Br content (from both unreacted bromo 
end groups and Br anions) is <0.6 wt% in all networks, putting 
a lower bound on the network conversion and ion exchange effi-
ciency. Current theories[57,58] for actuation in single ion conductors 
indicate that the size of the mobile ion limits the concentration of 
charges which can accumulate at an electrode and creates a volu-
metric mismatch between the double layer and depletion layers 
which form at opposing electrodes. Thus, large anions such as 
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Figure 1. a) Monomers used to synthesize n-PILs with either HC or EO linkers. The reaction is run overnight at 80 °C to cure the networks followed by 
ion exchange to the imidazolium TFSI form which is flexible and transparent as shown in the inset photo. b) Thermal transitions, water uptake, ionic 
conductivity, and modulus for the n-PILs investigated in this work. The percentages indicate the number of ionic sites formed from tribromo species 
relative to dibromo monomers. The monomers are either all HC or EO except for 25% EO/HC which is a 43/57 mixture.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800535 (3 of 7)

www.advmattechnol.de

TFSI (calculated volume of 147 Å3)[59] are anticipated to generate 
greater actuation response than smaller anions such as Br (5.9 Å3).

Due to their high-surface area, low resistivity, and good 
flexibility, thin (20 µm) single walled carbon nanotube (CNT) 
sheets are fabricated and used as the compliant electrodes of 
n-PILs in this study. Figure 2a shows top and side view photos 
of an assembled actuator after sandwiching a layer of n-PIL in 
between two CNT electrodes under pressure. The black surface 
is the color of the CNT sheet. Scanning electron microscope 
images of the cross-section of an n-PIL actuator (Figure 2b) 
show the three-layer structure. A zoomed in image of the top 
n-PIL-CNT interface (Figure 2c) indicates that only ≈5 µm of 
the CNT sheet is exposed. The rest of the CNT (≈15 µm) is 
completely immersed into the polymer matrix creating a large 
polymer–electrode interface for ion accumulation. Electroless 
plating of metal particles from metal salts, a method widely 
used in Nafion IPMCs, was also tested on n-PILs. Since the 
networks contain base sensitive ester linkages, n-PILs did not 
survive the reduction process even with reducing agents such 
as ammonium hydroxide or hydrazine. A number of other 
electrodes (e.g., metal nanoparticles, sputtered gold) were also 
tested during the development of the n-PIL actuators, and CNT 
electrodes showed the best performance.

The electrochemical stability of all networks in this study 
is sufficient to allow repeated testing at 3 V (verified by cyclic 
voltammetry (CV) scans, Figure S3, Supporting Information) 
as expected for imidazolium TFSI systems. Redox reactions 
are observed when the potential exceeds >± 3 V limiting the 
window for sustained actuation. The n-PIL actuators were tested 
at ambient conditions (22 °C, ≈50% relative humidity (RH)) 
by lightly clamping between two copper foil electrodes which 
allow the attachment of clamps (Figure S9, Supporting Infor-
mation). A potentiostat was then used to apply a 3 V, 0.1 Hz 
square wave alternating current (AC) potential (Figure 2e). As 
the actuator bent, the tip displacement was recorded with a laser 
sensor. The current and tip displacement of the best performing 
n-PIL comprised entirely of EO difunctional monomers 2 and 3 
with a 25% crosslinking density are shown in Figure 2f,g. This 
sample exhibited a tip-to-tip displacement of 3.1 ± 0.6 mm (with 
error bars being determined from three independently prepared 
actuators) at 0.1 Hz which is comparable to the hydrated or 
IL swollen Nafion with similar thickness and area (to be dis-
cussed later). The current reflects electrode polarization (EP) 
and is analogous to the charging behavior of a double layer 
capacitor. The displacement evolves steadily as EP occurs and 
mobile TFSI anions accumulate at the positive electrode and 
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Figure 2. a) Top and side view photos of n-PIL actuators fabricated with CNT electrodes with no voltage stimulus. b) Scanning electron microscope 
image of the cross-section of a 25% EO n-PIL actuator with CNT electrodes on top and bottom surfaces. c) A zoomed in view of the top polymer–
electrode interface of the composite device in panel (b). d) A photograph of 25% EO TFSI actuator reaches maximum displacement under 3 V potential 
after 2 mins. e) Actuation of a 25% EO n-PIL actuator in response to a 3 V, 0.1 Hz square wave. The corresponding f) current and g) tip displacement 
are also plotted. h) The displacements of n-PIL and saturated LiCl solution doped Nafion IPMC actuators cycling under 3 V, 0.1 Hz testing conditions. 
The y-axis represents the % displacement with respect to the first cycle.
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deplete from the negative electrode leading to a volume mis-
match which causes bending. Additionally, the presence of a 
layer of negative TFSI anions leads to charge repulsion at the 
positive electrode which further contributes to the bending. The 
AC measurements limit the time over which EP can occur and 
are influenced by ionic conductivity. The n-PIL actuators were 
also tested under a 3 V direct current (DC) potential where the 
tip was allowed to deflect until it reached a steady value with a 
maximum displacement of 6.7 ± 0.6 mm (Figure 2d) to reach 
an equilibrium displacement. No back relaxation was observed, 
a distinct advantage over Nafion, and other hydrated polymer 
actuators. All displacement data are reported from an average 
of at least three individually prepared samples which showed 
excellent reproducibility (Table S3, Supporting Information).

A major advantage of the n-PIL actuators is that they have no 
solvent and low water uptakes. Thus, water splitting and solvent 
breakdown are not issues when cycling. Figure 2h shows the 
displacement of our 25% crosslinked EO actuator which started 
at 3.1 mm and decayed to ≈95% over ≈500 cycles. After 1000 
cycles, the displacement eventually dropped to ≈85% of the orig-
inal value. As a comparison, a Nafion IPMC actuator was fabri-
cated following a literature reported procedure with electroless 
plating of Pt electrodes.[46] The Nafion IPMC was doped with a 
saturated LiCl solution and the initial tip-to-tip displacement was 
3.4 mm (at 3 V, 0.1 Hz) in agreement with prior literature. Upon 
cycling, the displacement quickly deteriorated to around 50% of 
original performance in less than 50 cycles which we attribute 
to water splitting and/or dehydration effects. This lowers the 
conductivity and flexibility of the system and compromises the 
performance of the Nafion IPMC actuator. Typically, Nafion 
cycling experiments are performed at 1 V.[35] After 1000 cycles, 
a 3 V DC potential was applied to both systems with the Nafion 
showing 5.0 mm of displacement, and a 25% crosslinked EO 
network exhibiting 6.0 mm of displacement. Thus, the n-PILs 
outperformed Nafion after cycling under the same conditions.

As mentioned in the introduction, the roles of polarity, 
modulus, conductivity, and Tg on actuation are not well under-
stood in ionic polymer actuators. To explore the structure-per-
formance relationship of n-PILs, the crosslinking density and 
linker chemistry were systematically varied to identify their 
relative importance. The thermal, mechanical, and conduc-
tive properties of all n-PIL samples are reported in Figure 1b. 
Thermal properties are largely unaffected across networks with 
varying EO/HC content or crosslinking density. As shown in 
Figure 1b and S4 in the Supporting Information, all n-PILs 
have thermal stability >360 °C. Furthermore, all the networks 
have a Tg of −40 °C except for the 25% HC system (−33 °C), and 
the 100% EO system (−36 °C) indicating that Tg is not changing 
appreciably (Figure 1b and S5, Supporting Information). Thus, 
Tg is not playing a primary role in subsequent actuation trends. 
Water uptakes are all below 1 wt% regardless of linker chem-
istry (Figure 1b and S6, Supporting Information) due to the 
hydrophobic nature of the TFSI anion which leads to greater 
cyclability relative to Nafion systems (Figure 2h) and should 
also allow for higher temperature actuation without dehydra-
tion or degradation (which occurs above 360 °C).

Conductivity, measured under ambient conditions, mono-
tonically increases by a factor of three in the EO systems as the 
crosslinking density decreases from 100% to 25% (Figure 3b 

and  S7, Supporting Information). Thus, even though Tg and 
water uptake are not changing substantially, the crosslinking 
density appears to influence the conductivity. The ionic conduc-
tivity increases by a factor of five in the 25% crosslinked net-
works, as the monomers are varied from all HC to all EO, due 
to the increased polarity of the medium. Further work is needed 
to understand the role of mesh size and network polarity on ion 
aggregation and conductivity.

One of the key properties which was investigated for the net-
works is the E. For dielectric elastomer actuators,[17] the strain 
decreases as 1/E but such systems work based on a different 
mechanism, electrostriction. For the n-PILs, lower crosslinking 
density corresponds to lower modulus and all networks have 
E < 1 MPa except for the 100% crosslinking density sample 
(Figure 1b). Figure 3g shows the stress–strain curves which are 
linear and have an increasing slope (modulus) with increasing 
crosslinking density for the EO networks. In fact, these mate-
rials can be stretched to >100% in the case of low crosslinking 
density (Figure S8, Supporting Information) and such flexible, 
rubbery polymers are anticipated to be beneficial for application 
as wearable actuators. Upon changing the network chemistry 
from HC to EO, the modulus decreases by a factor of 7.

Figure 3a–c examine the role of crosslinking density on 
modulus, ionic conductivity, and actuator displacement under 
both DC and AC potentials. As mentioned, Tg does not change 
appreciably in these networks and thus is not included in subse-
quent discussion. The 25% crosslinking density EO network has 
the largest average tip displacement of 6.7 ± 0.6 mm under 3 V 
DC potential and an average of 3.1 ± 0.6 mm tip-to-tip displace-
ment under a 0.1 Hz, 3 V AC potential. Upon increasing the 
crosslinking density to 33, 50, and ultimately 100% the displace-
ment systematically decreases to <1 mm at full crosslinking for 
both AC and DC testing conditions. The ionic conductivity also 
systematically decreases with increasing crosslinking density. 
Conductivity is important for the AC response as it determines 
the rate of ion transport from one electrode to the other and the 
charging/ion accumulation kinetics. There is a clear correlation 
of conductivity and tip displacement outside of experimental 
error which was anticipated. The DC actuation response cannot 
be explained in terms of conductivity because, after a sufficient 
time, ion accumulation will saturate. Instead, the difference in 
DC displacement is attributed to variations in modulus. A softer 
material is easier to deform with a given pressure generated by 
the ion accumulation process. With increasing E, displacement 
decreases which is qualitatively consistent with nonionic polymer 
dielectric actuators. A plot of displacement versus 1/E reveals an 
apparent nonlinear relationship for AC tests, presumably due to 
the role of ion conduction and accumulation which has not equil-
ibrated on the 0.1 Hz timescale (Figure 3i). This is an important 
insight for ionic polymer actuators which are frequently tested 
and used in an AC mode. In contrast, the displacement is linear 
in 1/E for DC measurements, where ionic conductivity no longer 
plays a role, which is anticipated for equilibrium bending. This 
suggests future routes to engineer the displacement through 
tuning the mechanical properties via crosslinking, higher func-
tionality crosslinkers, and softer/harder linkers. Overall, Figure 3 
indicates that both higher ionic conductivity and lower modulus 
are contributing to the tenfold performance difference between 
the 25% EO and 100% EO n-PIL actuators under AC conditions.

Adv. Mater. Technol. 2019, 4, 1800535
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The other molecular variable investigated was the effect of 
linker polarity on actuator performance. It is well known that 
polar EO provides better solvation for ions than nonpolar 
HC.[60] For a systematic comparison, the HC and EO linkers 
both contained 11 atoms and thus had the same ionic concen-
tration and only varied in polarity. At 25% crosslinking density,  
the EO network has a lower Tg, lower modulus and higher 
ionic conductivity than the corresponding HC linker network. 
A 43/57 mixture of EO/HC had intermediate properties to the 
two pure networks. In the case of the EO network, the com-
bined effect of both low modulus and high conductivity allows 
the EO actuator to demonstrate a 30-fold increase of displace-
ment as compared to the HC actuator (Figure 3d–f). Higher 
conductivity, related to faster segmental dynamics and higher 
polarity, contributes to the improved AC displacement, while 
low modulus allows for greater actuator tip displacement at a 
constant potential (Figure 3f,h).

It is interesting to note that the highest ionic conduc-
tivity observed was 3 × 10−5 S cm−1 at ambient conditions 
(25% EO network) which is much lower than that of Nafion 
(≈0.1 S cm−1). However, for 0.1 Hz actuation this does not 
appear to cause substantial differences in displacement. Nafion 
is known to show a maximum at a higher resonant frequency 
(≈30 Hz) which may be related to the higher conductivity and 

future work should investigate high frequency actuation in 
the n-PILs. Nafion also has a higher modulus which may be 
impeding actuation, as observed in our networks, despite the 
higher conductivity.[26] Decoupling the roles of modulus and 
conductivity is difficult in such systems due to the lack of tun-
ability of the polymer structure. In contrast, our networks can 
serve as model platforms to uncover fundamental structure-
performance relationship in ionic polymer actuators.

In the literature, ionic polymer actuators are made in various 
dimensions which can make comparisons less straightforward. 
To place our n-PILs in the context of prior work, the strain (ε) 
is calculated using the relation ε = (2dt)/(L2 + d2), where d is 
the tip displacement, t is the thickness, and L is the distance 
away from the clamp where the displacement measurement 
takes place. For the 25% EO actuator (0.17 mm thick, displace-
ment measured 15 mm from the clamp), a tip displacement 
of 6.7 ± 0.6 mm at 3 V DC corresponds to ε = 0.9%. Next, we 
identified the best performing ionic polymer actuators from 
the literature and calculated their strains using dimensions 
provided in the references. We have intentionally omitted 
reports with testing conditions above 5 V or that are above the 
electrochemical window of the electrolyte materials (aqueous 
solutions, ILs, Nafion, conducting polymers, etc.) and thus will 
not be cyclable. As seen in Figure 4, the best strain observed in 
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Figure 3. Dependence of a) E and b) ionic conductivity on c) displacement of all EO actuators as a function of crosslinking density. Dependence of 
d) E, e) ionic conductivity, f) displacement of actuators with 25% crosslinked mixed EO/HC linkers. The DC displacements are relative to the straight 
beam, while AC measurements are reported as tip-to tip displacements. g) Stress–strain curves of pure EO n-PILs with different crosslinking density. 
h) Relationship between 1/E and tip displacement with 25% crosslinked full HC, mixed EO/HC, and full EO networks (left to right). i) Relationship 
between 1/E and tip displacement with 100%, 50%, 33%, and 25% all EO networks (left to right). Dotted lines are fitting function that demonstrate 
linearity. Experimental data with errors are listed in Table S3 in the Supporting Information. Error bars in the above graphs indicating error coming 
from three or more individually prepared samples/actuators.
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our n-PILs actuators (0.9% at 3 V, DC) is only outperformed by 
a block copolymer doped with free ionic liquid which exhibit 
1.1% (also at 3 V DC).[36] As mentioned, free IL may leach out 
over time in particular if worn on the skin or under stress. 
Nevertheless, the copolymer work is impressive and suggests 
that nanophase separation may be a useful strategy for further 
optimization of our n-PIL electrolyte. The only other undoped 
system reported in the literature is a linear PIL which gener-
ates less than 0.6% strain in 20 mins (at 1.75 V, the highest 
reported voltage),[55] whereas the present n-PIL is able to reach 
0.9% strain in 2 mins (at 3 V). In our experience, linear PILs 
with high conductivity are also low viscosity which motivates 
the use of network PILs. It is worth noting that Figure 4 does 
not provide frequency information which is important for some 
applications.

In conclusion, a new class of electroactive polymer was 
designed and synthesized based on n-PILs which exhibit 
low Tg (≈ – 40 °C), moderate ionic conductivity (≈10−5 S cm−1 
under ambient conditions), low stiffness (E < 1 MPa), large 
electrochemical window (±3 V), and high thermal sta-
bility (Td > 360 °C) for the development of soft, low voltage, 
dopant-free polymer actuators. The n-PIL actuators showed 
large deformation under both AC and DC testing conditions 
without the need of salt solutions or free ILs. As a result, these 
actuators showed only a 15% drop in tip displacement after 
1000 cycles at 3 V, 0.1 Hz, in contrast to Nafion IPMCs which 
show a 45% performance deterioration after 50 cycles under 
the same testing condition. Because the n-PILs are custom 
synthesized using monomers of precise length and polarity, 
the networks were engineered to probe structure-actuation 
relationships. An order of magnitude displacement increase 
was observed by lowering the crosslinking density from 100% 
to 25% and switching from HC to EO monomers. Both mod-
ulus and ionic conductivity are hypothesized to be responsible 
for these substantial changes in tip displacement under an 
AC potential, while modulus alone appears to dictate the DC 
response. It is found that displacement does not scale linearly 
with 1/E for AC measurements, while DC measurements do 
exhibit a linear relationship. This is a key insight for designing 
and using ionic polymer actuators. The dry 25% EO actuator 
shows a bending strain of ≈0.9% which is comparable to the 
best performing ionic polymer actuators, and is only slightly 
less than 1.1% for IL doped block copolymer actuators under 

similar testing conditions.[36] Such dopant-free, polymer actua-
tors are ideal candidates for next-generation artificial muscles, 
soft robotics, and wearable devices. Future work is underway 
probing heterogeneous networks, a broader range of starting 
monomers, and variations of electrodes to further optimize the 
performance.

Experimental Section
The detailed procedures for monomer synthesis, network curing, 
actuator testing, thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), impedance, CV scans and elemental analysis 
are provided in Figures S1–S9 and Tables S1–S3 in the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. Bending strains calculated for this work and literature references based on reported sample dimensions at an operation voltage of 3 V or 
lower. *Actuator from ref. [8] was tested under 0.1 Hz, while all other displacement data are obtained at maximum displacement under steady potential. 
Samples with aqueous solutions or operating above the electrolyte stability window have been intentionally omitted due to cyclability issues.
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