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ABSTRACT: Large deformation of soft materials is harnessed to Acrylic Acid [c_zmi_"“]l!Ets_g‘] -~ PE(?_DI‘:
provide functions in the nascent field of soft machines. This paper (monomen) ftonic liquic) (crosslinker)
describes a new class of systems enabled by highly stretchable,
transparent, stable ionogels. We synthesize an ionogel by polymer- s
izing acrylic acid in ionic liquid 1-ethyl-3-methylimidazolium .
ethylsulfate ([C,mim][EtSO,]). The ionogel exhibits desired =
attributes of adequate ConduCt.iVity (0’22 S m_l)’ low e,la.StiC homogeneous highly transparent high stretchability and
modulus (~3 kPa), large rupturing stretch (~4.6), and negligible solution soft thin film as conductor large deformation
hysteresis and degradation after cyclic stretches of large amplitude.

Using the ionogel and a dielectric elastomer, we fabricate electromechanical transducers that achieve a voltage-induced areal
strain of 140%. The ionogel is somewhat hygroscopic, but the transducers remain stable after a million cycles of excitation in a
dry oven and in air. The transparency of the ionogels enable the transducers with conductors placed in the path of light, and the
nonvolatility of the ionogels enable the transducers to be used in open air.
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B INTRODUCTION nanowires and graphene sheets exhibit considerable conductiv-

. . e . 14,18-20
Machines in engineering use mostly hard materials, whereas ity, but limited s_tretc'hablhty and transmittance. .
machines in nature are often soft. This conspicuous difference Whereas making highly stretchable and transparent electronic

has been an inspiration for the nascent field of soft machines.' conductors has been challenging, a recent work has reported

A soft machine uses the large deformation of soft materials to dielectric ela.sto.mer tl('iansducgﬁsTlilsmg hydl;;)gels as stretchable,
assist humans,”* operate robots,™® monitor living tissues,”"° transparent, ionic conductors. ese transducers can operate at

sense environment. 112 shape light 13,14 - 1 harvest energy Is o frequencies beyond 10 kilohertz and voltages above 10 kilovolts.
) ) : . )
technology under intense development is electromechanical The devices are fully transparent to light of all colors, and the
transduction using dielectric elastomers.%” In such a transducer, a electromechanical transduction is achieved without electro-
membrane of a dielectric elastomer is sandwiched between two chemical reaction. Demonstrated devices include actuators that
electrical conductors. When a voltage is applied between the generate areal strains beyond 100%, and loudspeakers that
conductors, electric charges of the opposite polarities spread on prodl?ce soync.l over entire ?udlbl_e range. .ITIydrogels can also
the two faces of the dielectric, causing the dielectric to reduce function as ionic conductors in devices requiring low voltage and

thickness and increase area. low frequencies, and have been demonstrated as resistive strain
The conductors on the two faces of the dielectric must be Sensors.

compliant, and be able to deliver voltages up to tens of kilovolts. Hydrogels are easy to make and inexpensive, ideal for

Making such compliant conductors has been challenging.16 demonstrating conceptual designs and for fabricating devices

Compliant conductors used in dielectric elastomer transducers that require biocompatibility. Hydrogels, however, dry out as

are traditionally electronic conductors, such as carbon grease, water evaporates; they are unsuitable for applications in open air.

corrugated metal films, carbon nanotubes, graphene sheets, and Here we develop nonvolatile, stretchable, transparent con-

silver nanowires.'® They yield valuable prototypes of devices, but ductors: ionogels. An ionogel is a three-dimensional polymer

limit applications in several ways. Carbon grease is a viscous

liquid, and is opaque and difficult to pattern and integrate in Received: February 24, 2014

solid-state devices.® Corrugated metal films are also opaque and Accepted: April 23, 2014

have relatively small stretchability.17 Carbon nanotubes, silver Published: April 23, 2014
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(organic or inorganic) network that hosts an ionic liquid.** Tonic
liquids constitute a large and fast growing family of conductive
and nonvolatile solvents.”* An ionogel combines the attributes of
asolid and a liquid: the polymer network provides an elastic solid
form, and the ionic liquid enables electrical conduction. Ionogels
are being developed intensely for applications in transistors,”
batteries,” supercapacitors,””** and fuel cells.***’

Ionogels developed so far, however, do not meet the
requirements for being compliant conductors in dielectric
elastomer transducers. In such an application, an ionogel must
have low elastic modulus and high stretchability, as well as
negligible hysteresis and degradation over cyclic deformation.
Transducers may operate in dry or moist environment. Other
requirements include adhesion between the ionogel and
dielectric elastomer, and negligible migration of the ionic liquid
into the dielectric elastomer. High transparency and low cost are
also desired. The combined requirements post a new and exciting
challenge to materials science and engineering.

B FABRICATION OF THE IONOGEL

We synthesized an ionogel by radical polymerization of acrylic
acid (AA) in the ionic liquid 1-ethyl-3-methylimidazolium
ethylsulfate ([C,mim][EtSO,]) (Figure 1). In the ionic liquid,
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Figure 1. Preparation of the poly(acrylic acid) ionogel. (a) Ingredients:
acrylic acid (AA) as the precursor of the polymer network, poly-
(ethylene glycol) diacrylate (PEGDA) as the cross-linker, and 1-ethyl-3-
methylimidazolium ethylsulfate ([C,mim][EtSO,]) as the ionic liquid.
(b) The ingredients are mixed and stirred for 20 min, forming a
homogeneous solution. The solution forms an ionogel after exposing to
the UV light for 2 h.

we dissolved AA at 1 mol L™" as the monomer of the polymer
network, poly(ethylene glycol) diacrylate (PEGDA) at 0.6 mol %
of AA as the cross-linker, and a-ketoglutaric acid at 1 mol % of
AA as the initiator. The solution was transferred into a mold
made of a pair of glass plates (100 mm X 100 mm) separated by a
silicone spacer. Then the mold was put into an ultraviolet
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exposure chamber (SCIENTZ 03-1I, Ningbo Scientz Biotech-
nology Co., LTD). After being irradiated with a power of SO W
and a wavelength of 365 nm for 2 h. The solution turned into a
stretchable and transparent sheet of poly(acrylic acid) (PAA)
ionogel. We controlled the thickness of the ionogel by adjusting
the thickness of the silicone spacer.

B PROPERTIES OF THE IONOGEL

We measured the transmittance of the ionogel to light of all
colors using a spectrophotometer (UV-2250, SHIMADZU Co.)
with a quartz cuvette. A 10 mm thick ionogel showed 96.95%
average transmittance over the visible wavelengths from 380 to
720 nm (Figure 2a). The inset demonstrates the high
transparency of the ionogel by comparing the photos of the
ionogel and pure water. Whereas water is a liquid and flows, the
ionogel is a solid and retains the shape when we placed the
container upside down.

We studied the mechanical behavior of the ionogel using a
tensile-machine (CMT6503, MTS). The ionogel had Young's
modulus 3.1 + 0.6 kPa, fracture strength 7.4 + 0.4 kPa, and
fracture stretch 4.6 + 0.3. We further measured the cyclic stretch-
stress curves of the ionogel by using rectangular specimens of
dimensions 4.5 mm X 7 mm X 0.5 mm and a dynamic mechanical
analysis tester (DMA Q800). The ionogel exhibited relative
small hysteresis after hundreds of cycles of loading and unloading
(Figure 2b). Young’s modulus of the ionogel decreased in initial
cycles, and became stable after about 150 cycles. Overall, the
ionogel exhibited good mechanical reversibility.

We compared the volatility of the ionic liquid, the ionogel and
a hydrogel by weighing samples placed in a thermostatic chamber
held at 100 °C. The weight of the ionic liquid decreased 4.23%
and became stable within 12 h. The weight of ionogel decreased
12.43% and became stable within 12 h. The ionic liquid and the
ionogel were somewhat hygrospcoic, and the initial loss of weight
was due to the evaporation of the dissolved water. By contrast,
the weight of a poly(acrylic acid) hydrogel contained a large
qunatity of water, and its weight dropped steeply and decreased
93.69% within 1 h as water evaporated. The photos compare the
ionogel and the hydrogel after being in the thermostatic chamber
for 12 h (Figure 2c, inset).

We measured the conductivity of the ionic liquid by using a
conductivity meter (DDSJ-308A), and measured the conductiv-
ity of the ionogel by using an impedance analyzer (Agilent
E4980A). In both cases, the measurements were carried out at
room temperature (~25 °C). Discs of the ionogel, 12.0 mm in
diameter and 2.0 mm in thickness, were sandwiched between two
mirror-finished cooper electrodes. We applied two levels of
voltage, 10 mV and 1 V, and found that the measured
conductivities were essentially independent of the voltage in
this range. To eliminate the effect of water dissolved in the ionic
liquid and ionogel, before the conductivity was measured, both of
them were held in the thermostatic chamber at 100 °C for 10 h.
Afterward, the measured conductivity of ionic liquid was 0.23 S
m™', which is somewhat lower than the value reported in the
literature (0.38 S m™").>* The conductivity of the ionogel was
0.22 4+ 0.01 Sm™". To place these values in context, recall that the
conductivities of salt-containing hydrogels are ~1 x 10> S

~12133 and the conductivities of many ionic liquids are ~1 S
m™".*° This low conductivity of 1 S m™" is comparable to that of
carbon grease,®' an electrical conductor commonly used for
dielectric elastomer transducers. Our ionogel is somewhat
hygroscopic. When the ionogel absorbs water, ions become
more mobile, and the electrical conductivity increases (Table 1).
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Figure 2. Properties of the poly(acrylic acid) ionogel. (a) Transmittance of a 10 mm thick ionogel to visible light of all colors. Inset: photos of pure water
and the ionogel. (b) Stress—stretch curves of the ionogel subject to tensile load and unload. Inset: the change of Young’s modulus with the increasing
number of cyclic stretch. (c) Change of weight of the ionic liquid, ionogel and hydrogel in a thermostatic chamber at 100 °C. Inset: photos of the ionogel

and hydrogel before and after being in the thermostatic chamber for 12 h. (d) The change of electrical resistance as the ionogel is stretched. Inset: the
change of electrical resistance of the ionogel after being cyclically stretched.

Table 1. Conductivities of Ionic Conductors

samples IL(10 g)¢ dried IL(10 g) in air IL(10 g) + H,0(1.58 g) IL(10 g) + AA(0.5765 )b +H,0(1.672 g) ionogel dried ionogel in air
2 g g g 2 g 8 g 2 g 3 8

0.23 0.42 1.55 1.53 022 1.43

“IL represents ionic liquid [C,mim][EtSO,]. Dried means the water in samples was removed by heating in thermostatic chamber before
measurement. “AA is the monomer of poly(acrylic acid), which constructs the network of the poly(acrylic acid) ionogel. “Samples were measured

conductivity (S m™)°

under the room temperature(~25 °C).

We also measured the electrical resistance of a dumbbell-
shaped ionogel when stretched by uniaxial forces using the four-
point method (Figure 2d). This method measures electrical
resistance of a conductor using two external probes and two
inner probes. The two external probes are connected to the ends
of the conductor, and to the power source and the galvanometer
to supply and measure electrical current. The two inner probes
are connected to two points in the central uniform part of the
conductor, and to a voltmeter to measure the voltage. The ratio
of the voltage to the electrical current determines the electrical
resistance between the two inner probes. Also plotted in Figure
2d is the theoretical prediction of an ideal conductor, for which
the resistivity and volume are independent of stretch. When the
length of the ideal conductor is stretched by a factor of 4, the
cross-sectional area of the conductor reduces by a factor of 4, so
that the ratio of the resistance of the stretched conductor (R) to
that of the undeformed conductor (R,) is R/R, = A% The
resistivity of the ionogel increased somewhat when the ionogel
was stretched; however, the deviation of the measured resistance
from the prediction of the ideal conductor is relatively small.

We further measured the change in the electrical resistance
when the ionogel is subject to cyclic loading and unloading
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between stretches 1 and 4. The increase of the electrical
resistance of the ionogel was modest after hundreds of cycles
(Figure 2d, inset). This result further confirms that the ionogel
suffers negligible degradation after cyclic stretches of large
amplitude. The small change in resistance of the ionogel may be
compared with that of other conductors under cyclic loads. For
example, the electrical resistance of nanotube films increased

100—1000 times after hundreds of cycles between stretches 1 and
)18

‘When a sheet of the ionogel is in contact with a membrane of a
dielectric elastomer, the ionic liquid in the ionogel may migrate
into the dielectric elastomer, causing premature failure. We
immersed the membrane of a dielectric elastomer (VHB 4910,
3M), thickness 1 mm, into a large amount of the ionic liquid, and
after wiped by filter paper, measured the weight of the dielectric
elastomer several times over one month. The weight of VHB did
not change. This indicates that VHB is inert to the [C,mim]-
[EtSO,] ionic liquid.

dx.doi.org/10.1021/am501130t | ACS Appl. Mater. Interfaces 2014, 6, 7840—7845
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Figure 3. Actuator made by layering the poly(acrylic acid) ionogel with a dielectric elastomer. (a) Membrane of the dielectric elastomer is stretched and
fixed between two rigid plastic frames. Each face of the dielectric membrane is attached with a layer of the ionogel. Thin lines of the ionogel extend to the
rigid frame and meet aluminum wires, which are connected to the power source. (b) Side view of the actuator. (c) When the voltage is off, the actuator is
in the as-prepared state. (d) When the two aluminum wires are subject to a voltage, the actuator expands in area. (e) Areal strain as a function of voltage
for actuators using carbon grease and ionogel as conductors. (f) Areal strain of an actuator made of the dielectric elastomer and the ionogel changes with

the frequency of excitation increases.

B ACTUATOR MADE BY LAMINATING IONOGEL AND
DIELECTRIC ELASTOMER

We fabricated an actuator using the ionogel as the conductors
and the VHB as the dielectric elastomer (Figure 3a). The VHB
was stretched radially to three times its original radius, and fixed
between two circular rigid plastic frames of inner diameter of 66.5
mm. Sheets of 0.2 mm thick ionogel were cut into a circular shape
of 17.0 mm diameter using a laser cutting system (Versa Laser
VLS2.30, Universal Laser Systems). Two circular-shaped sheets
of the ionogel were then gently placed on the two faces of the
VHB. Each sheet of the ionogel was linked, through a thin line of
the ionogel, to an aluminum electrode placed on the rigid frame.
The two aluminum electrodes were connected to a power source
(Model 30/20, TREK). The VHB has been marketed as an
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adhesive tape. The adhesion between the VHB and the ionogel
was adequate; we did not observe delamination during actuation.

This design places the electrode (electronic conductor),
electrolyte (ionic conductor) and dielectric (insulator) in series
(Figure 3b).>! For some combinations of the electrode and
electrolyte, if the voltage across the electrode/electrolyte
interface is within a certain range (~1 V), electrons and ions
do not cross the interface, no electrochemical reaction occurs,
and the interface forms an electrical double layer, like a
capacitor.”' Charges in the electrode and in the electrolyte are
separated over nanometers. By contrast, charges on the two faces
of the dielectric elastomer are separated by its thickness (on the
order of 0.1 mm in a stretched dielectric). Consequently, the
electrical double layer has an enormous capacitance compared to
the dielectric elastomer. When a high voltage is applied between

dx.doi.org/10.1021/am501130t | ACS Appl. Mater. Interfaces 2014, 6, 7840—7845



ACS Applied Materials & Interfaces

Research Article

the two aluminum electrodes, the voltage across the electrical
double layer is much smaller than 1V, and nearly all the applied
voltage drops across the dielectric elastomer. In our experiments,
the permittivity of dielectric elastomer is epy ~ 1 X 107" Fm™,
the thickness of dielectric is Hpy ~ 1 X 10™* m, the capacitance
per unit area of the electrical double layer is cgp &~ 1 X 107 F
m™*?! and the areal ratio between dielectric and electrical double
layer is App/Agpy, & 1 X 10% When a voltage is applied between
the two metallic electrodes, the voltage across the electrical
double layer Vi relates to the voltage across the dielectric Vg

21
as

Vepr _ Apg épp 1

VDE

(1)

Using the representative numbers listed above, we find that
Vepr/ Ve & 1 X 107%. Consequently, when the voltage across
dielectric before breakdown is 4 kV, the voltage across the
electrical double layer is just 0.4 V, which is lower than the
decomposition voltage of the ionic liquid. A small voltage across
the electrical double layer prevents electrochemical reaction, and
a large voltage across the dielectric elastomer enables electro-
mechanical transduction.

When the voltage is applied, the charges of the opposite
polarities on the two faces of the dielectric elastomer attract, so
that the actuator reduces thickness and expands area (Figure 3c,
d). The elastic modulus of the poly(acrylic acid) ionogel is a few
kilopascals, but that of the dielectric is on the order of 100 kPa.
Consequently, the soft ionogel negligibly constrains the
actuation. When the voltage was ramped up at a 10 V s/, the
areal strains were recorded until the dielectric elastomers failed
by electrical breakdown. The actuator achieved an areal strain of
140%. The stretch-voltage curve of the actuator using the ionogel
was similar to the actuator using carbon grease (Figure 3e). The
experimental data matched closely with the predictions using an
existing theoretical model.*> After the actuator made with the
ionogel and dielectric elastomer was placed in the open air for
several weeks, we could still obtain the same large areal strain.

The electromechanical response is frequency-dependent.
Subject to cyclic voltage, the actuator oscillated and, due to
viscoelasticity of the VHB, the amount of actuation drifted in the
initial cycles.’® After several cycles, the actuator oscillated
steadily. We plot the steady areal strain (maximum strain minus
minimum strain in one cycle) as a function of the frequency
(Figure 3f).

The frequency of actuation is limited by mechanical resonance,
not by electrical resistance. The time delay in charging a
capacitor, i.e., the RC delay, scales as?!

Agpr, Hpg cepr

@)

In our experiment, the capacitance of dielectric elastomer per
unit area is cpg & 1 X 1077 F m™>, the area of dielectric elastomer
is Apg & 1 X 107> m? and the sheet resistance of ionogel is R ~ 1
x 10* ohm square™, so the RC delay of the actuator is 75 & 1 X
1075 s. The mechanical resonance sets another time scale®'

Tinertia ~ \/ADE:D/Y (3)

where p is the mass density and Y is the elastic modulus. For
representative values Apy ~ 1 X 1072 m? p ~ 1 X 10°kg m ™, and
Y~ 1X10° N m? Tiertia & 1 X 1073 5, corresponding to a
frequency of 1 kHz. The areal strain of the actuator using ionogel
(Figure 3f) is comparable to the areal strain of the actuator using

ionic liquid (Figure S6 in ref 21). In both cases, the areal strain

Tre R CppApeR
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reduces rapidly with the frequency of excitation. The reason for
this rapid reduction is unclear. More systematic experiments and
calculations are needed.

The ionogel is somewhat hygroscopic, but the absorption of
water by the ionogel does not negatively impact the performance
of the actuators. We carried out experiments to compare the
performance of actuators in an oven and in air. A total of six
actuators were prepared. Three of them were placed in the oven
of relative humidity 10 + 0.4%, and the others were placed in air
of relative humidity 54 + 5%. The temperature in the oven and in
air was 20 + 1 °C. We applied a sinusoidal voltage of amplitude
3300 V and frequency 20 Hz. The areal strain of actuators was
recorded after every 100 thousands cycles and the experiment
was terminated after 1000 k cycles. When we measured the areal
strain, the frequency of the applied voltage was turned down to
1/16 Hz for observing a relative large and clearly visible areal
strain. After the measurement, the frequency of voltage was
turned back to 20 Hz for more cycles. The difference in the areal
strain of the actuators tested in the oven and in air was small
(Figure 4). In both environments, the actuators could work for at
least a million cycles.

120
10“%—0;:/;\3;;)’
X 80
{ 60
=
<
40 —o—in oven
~®in air
20
0 . . . .
0 200 400 600 800 1000
Thousand Cycles

Figure 4. Change of the areal strain of actuators after cycles of excitation
in oven of relative humidity 10 + 0.4% and in air of relative humidity 54
+5%. A’ is the areal strain measured after a certain number of cycles, and
A, is the areal strain measured in the first cycle.

H CONCLUSION

In summary, we have synthesized a highly stretchable, trans-
parent, stable ionogel, and demonstrated its use as a nonvolatile,
compliant ionic conductor for dielectric elastomer transducers.
The transparency of the ionogel will enable devices with
conductors placed in the gath of light, such as tunable lenses,™*
transparent loudspeakers,”" and active-noise-cancellation win-
dows.** The nonvolatility of the ionogel will enable transducers
to be used in open air. Ionic liquids constitute a large family of
conductive solvents, so that ionogels with various attributes can
be synthesized to broaden the applications of highly deformable
electromechanical transducers.
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