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ABSTRACT: Due to some useful mechanical, dynamic, and
dielectric properties along with the ease of processing and forming,
liquid rubbers are ideal materials for fabricating dielectric elastomer
actuators in various configurations and for many potential
applications ranging from automation to automobile and medical
industry. In this study, we present a cross-linkable liquid rubber
composition where amine-catalyzed esterification reactions lead to
the formation of a network structure based on anhydride functional
isoprene rubber, carboxyl-terminated nitrile-butadiene rubber, and

epoxy end-capped prepolymers. The success of this intricate s e
network formation procedure was verified by HR-MAS NMR

spectroscopy. The new isoprene-based elastomeric material exhibits actuation-relevant attributes including a low elastic modulus of
0.45 MPa, soft response to an applied load up to a large deformation of 300%, and a dielectric constant value (2.6) higher than the
conventional Elastosil silicone (2.2). A dot actuator comprising of an isoprene dielectric elastomer film in unstretched state and
carbon paste electrodes was fabricated that demonstrated an electrode deformation of 0.63%, which is nearly twice as high as for the
commercial Elastosil 2030 film (~0.30%) at S kV. Compared to the Elastosil silicone film, the enhanced performance is attributed to
the low modulus and high dielectric constant value of the new isoprene elastomer.
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1. INTRODUCTION The expansion—contraction characteristics of DEs are unique,
which have been exploited in various studies in an attempt to
develop soft actuators and robotic assemblies. Mostly, DEs
such as silicone, acrylic, nitrile-butadiene rubber (NBR),"""
hydrogenated nitrile-butadiene rubber (HNBR),”"* carboxy-
lated nitrile-butadiene rubber (XNBR),'*'® polyurethane,'®
silicone rubber,'”'® etc,, have been reported for potential
applications as soft actuators."”'”~>* Among various dielectric
elastomers, liquid rubbers offer benefits of fabrication ease,
design flexibility, and compositional uniformity.z‘%’24 Such
characteristics also made liquid rubbers as attractive materials

Electroactive polymers (EAPs) of ionic and electronic types
are called “artificial muscles” and have attracted considerable
research and innovation interest from the scientific community
for soft robotic applications. The electronic EAPs such as
dielectric elastomers (DEs) are important materials for soft
actuators that exhibit large voltage-induced shape deforma-
tions, high elastic energy density, and fast responsiveness.1_4
Such exceptional properties made dielectric elastomer
actuators (DEAs) appropriate for many fields of applications

such as soft actuators, medical devices, automotive, aerospace, for emerging fabrication technologies such as the 3D printing
wearable technology, etc.’”” A DEA comprises a flexible process for fabricating DEAs in various geometric possibil-
elastomer film sandwiched between two compliant electrodes. ities.”> "2 The use of liquid rubbers is also advantageous for
On applying voltage across opposing electrodes, a DE film producing intricate structures such as adaptive fiber—elastomer
contracts in thickness and expands in the plane direction, composites with integrated actuators. Here, liquid rubbers can
converting applied electrical energy into mechanical energy, easily infiltrate into a woven textile structure without
which defines the actuation principle of a DEA. The strain S in destroying the preferential orientations of fibers usually
thickness direction is defined by the following equation
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desirable to achieve anisotropy in the composite physical
properties.”’”>>

Liquid silicone rubber has been widely investigated as a
dielectric elastomer for fabricating simple to complex soft
actuator/sensor structures.>* >’ Although the silicone chem-
istry offers a versatile range of durable elastomers showing
good relative permittivity and field-induced actuation, they
naturally exhibit poor tear strength and abrasion resistance and
thus are not the preferential choice for challenging environ-
ments and highly resilient applications.’®™* In order to
address similar challenges and to develop novel materials for
new and demanding applications of soft actuators, we report a
new liquid rubber elastomer, which is electronically responsive
with good overall performance characteristics.

Generally, isoprene elastomers are known for outstanding
resilience, good resistance to tear and abrasion with a readily
adaptable property profile by controlling the nature and
density of cross-linked networks.*”* In this work, a liquid
isoprene rubber-based soft elastomeric material is developed,
where a liquid cross-linker, comprising of an epoxy end-capped
oligo(propylene oxide) and carboxy-terminated NBR
(CNBR), was employed as a curative for liquid rubber. The
developed formulation cured into a compositionally homoge-
neous elastomer like commercially available two-component
liquid rubbers. However, herein, the epoxy cross-linker serves
as a spacer chain for a flexible cross-linked network.
Furthermore, the cross-linking reaction creates polar hydroxyl
and carboxyl moieties, which contribute to improve the
polarizability of newly developed soft elastomers.

To the best of our knowledge, no previous study has
reported on the use of liquid isoprene rubber and the opted
cross-linking chemistry to develop an electronically deformable
elastomer for soft actuator applications.”***°

2. MATERIALS AND METHODS

2.1. Materials. Commercially available liquid isoprene
rubber (LIR-403, referred to as LIR in the manuscript) was
purchased from Kuraray Europe GmbH (Hattersheim,
Germany). LIR contains 93 mol % 1,4 units (cis/trans ratio
~ 70:30) and 7 mol % 3,4 units as determined by '"H NMR
spectroscopy (Figure Sla). LIR is grafted with three maleic
anhydride units per molecule (34 000 g/mol) as reported in
the supplier’s data sheet. This corresponds to a degree of
grafting of ~0.6 mol %. The presence of maleic anhydride
groups could be identified in the "H NMR spectrum by signals
of very low intensity in the range of 3.4—2.3 ppm (Figure Sla)
and in the "*C NMR spectrum by carbonyl signals at 170.0 and
172.7 ppm (Figure S1b); however, they could not be
quantified.

The liquid cross-linker (Struktol Polydis3616, Schill +
Seilacher “Struktol” GmbH, Hamburg, Germany) is a mixture
of carboxyl-terminated nitrile-butadiene rubber (CNBR) and
low-molecular-weight glycidyl-terminated poly(propylene
oxide) (epoxy-PPO). The composition of the CNBR was
determined by 'H NMR spectroscopy to be 29 mol %
acrylonitrile, 59 mol % 1,4-butadiene, and 12 mol % 1,2-
butadiene units (Figure S2a). The carboxylic groups could be
identified in the *C NMR spectrum but were not quantified
(Figure S2b). Assuming an a,w-bis(glycidyl)-termination, a
degree of polymerization of 9 (M, ~ 600 g/mol) was
calculated for the epoxy-PPO from the '"H NMR data (Figure
S2a).
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The catalyst 2,4,6-tris(dimethylaminomethyl)phenol (DMP-
30) was purchased from Schill + Seilacher “Struktol” GmbH
(Hamburg, Germany). The commercially available silicone
film with a reported thickness of 200 ym (Elastosil 2030 film
250 mm/200 ym, WACKER, Munich, Germany) was also
characterized for electromechanical actuation performance to
highlight the actuation potentials of LIR. The formulation of
the rubber mixture used for the fabrication of dot actuators is
the following: liquid isoprene rubber (LIR-403) (100 phr),
Struktol Polydis3616 (10 phr), and tris-
(dimethylaminomethyl)phenol (DMP-30) (1 phr). This
mixture and the final epoxy-cured material are denoted as C-
LIR (compounded LIR).

2.2. Mixing and Molding Procedure. LIR is mixed with
an epoxy cross-linker by using a SpeedMixer (DAC1S0 SP,
Hauschild GmbH & Co. KG, Hamm, Germany). The mixing
ingredients were weighed in a PP container and subjected to
the following mixing sequence [rotational speed (time)]: 800
rpm (5 s), 2500 rpm (120 s), 1200 rpm (S s), 2500 rpm (100
s), 800 rpm (S s). This mixing sequence was repeated three
times. The cross-linking behavior of liquid rubber mixtures was
characterized at 160 °C by using an oscillating shear curemeter
(SIS V-50, Scarabaeus Mess-und Produktionstechnik GmbH,
Wetzlar, Germany). The cure characteristics were obtained
from the curing profile and used to vulcanize the liquid rubber
composition into C-LIR elastomers by using a hotpress (TP
1000, Fontijne Presses, Delft, The Netherlands).

2.3. Extraction and Swelling Experiments. In addition
to the NMR structure investigation, we conducted distinct
swelling and extraction experiments. These experiments aimed
to determine the amount and composition of the soluble
fraction that remains, including the residual uncross-linked
LIR, leftover epoxy curing agent, and CNBR component. This
information was crucial in elucidating the intricate network
formation process. A small piece of the cured material (~10 X
10 X 2 mm®) was placed in a vial and § mL of chloroform was
added. The vial was placed on a circular vibrating shaker
Vibramax 100 (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany) at 300 rpm for 2 h. Then, the first
extract was removed and after addition of 5 mL of chloroform
again, the material was further extracted at 300 rpm for 20 h.
From the weight before extraction, the weight of the swollen
material after removing the second extract, and the weight of
the vacuum-dried material after extraction, the solvent uptake
(density (CHCl;) = 1.49 g/mL) and the weight loss due to
extraction were calculated.

3. CHARACTERIZATION TECHNIQUES

3.1. Structural Characterization. NMR spectra were
recorded on a Bruker Advance III 500 spectrometer (Bruker,
Ettlingen, Germany) operating at 500.13 MHz for 'H and at
125.76 MHz for '*C at 30 °C. The spectra were referenced to
the solvent signal (CDCly: §('"H) = 7.26 ppm; §(**C) = 77.0
ppm). For high-resolution magic angle spinning (HR-MAS)
measurements, the PTFE insert of the ZrO, rotor (4 mm outer
diameter, SO yL insert volume) was filled with small pieces of
the material (~2 mg). After the addition of CDCl, and 30 min
swelling time, the sample was measured with a HR-MAS probe
(Bruker, Germany) at v, = 4000 Hz.

3.2. Tensile and Dynamic-Mechanical Characteriza-
tion. The tensile test of the sample is conducted according to
the standard DIN 53504 using a Universal Testing Machine
(UTM) Zwick 1456, Z010 (ZwickRoell GmbH & Co. KG
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Ulm, Germany) equipped with optical strain sensors and a 1
kN force transducer at a crosshead speed of 200 mm/min by
using S2-type dog bone shaped specimen which were punched
out of the compression molded vulcanized sheets. From the
tests, the stress—strain curves as well as average values of stress
at break and strain at break were obtained.

The temperature-dependent dynamic-mechanical behavior
of the elastomers was characterized by temperature sweeps on
a GABO EPLEXOR 150N (Gabo Qualimeter GmbH, Ahlden,
Germany) using rectangular specimens with sample dimen-
sions of 35 mm X 10 mm, which were punched out from the 2-
mm-thick plate using specific dies. The tests were carried out
in tension mode at a prestrain of 2% and a dynamic strain of
0.5%, 2 K/min heating rate, and in the temperature range of
—120 to 100 °C.

3.3. Dielectric Characterization. The dielectric proper-
ties of the samples were analyzed at 23 °C in the frequency
range from 1 Hz to 1 MHz by impedance spectroscopy using a
Solartron SI 1260A frequency response analyzer with the
1296A interface system and a 12962A sample holder
(Solartron Analytical UK., Farnborough, U.K.). Circular
disc-shaped elastomer samples with a diameter of 25 mm
were clamped between the electrodes of the sample holder.
From the real and imaginary parts of impedance Z, the
capacitance of the sample holder with the inserted elastomer
sample Cgpple Was calculated.”® Subsequently, the empty
sample holder was measured in air, whereby the electrode
distance was set to the same value as that before with the
respective elastomer sample inserted. Also, for the empty
configuration, the capacitance Ceppycer Was derived. The
relative dielectric constant &, was then calculated according to
DIN EN 62631-1:2012-03:

_ Csample(f)
' Cempty cell(f) (2)

3.4. DEA Deformation Measurements. Both C-LIR and
Elastosil films were bonded, without prestretching, onto an
acrylic frame by using a double-sided adhesive tape—Adhesive
Research EL-8932EE (Adhesive Research Inc., Glen Rock, PA,
USA). In order to correlate electrode deformation with the
electric field strength, we measured the film thickness at the
electrode region before applying carbon paste electrodes. An
incremental probe (IKF 10, Feinmess Suhl GmbH, Germany)
with a plate-shaped measuring insert of 4 mm diameter and a
display unit (PU 11, Feinmess Suhl GmbH, Germany) was
used for thickness measurements. About eight measuring
values were recorded, giving average thicknesses of 248 and
185 um for C-LIR and Elastosil films, respectively.

Both sides of the dielectric elastomer film were coated with
concentric circular electrodes of conductive carbon paste
(Gelest ExSil5O mixed with 11 phr Printex XE2B) by using
adhesive stencils 50 mm in diameter with a 3-mm-wide
connecting strip extending from the electrodes to the acrylic
frame. The connection strips were attached to the copper
adhesive tape, which connects to the high-voltage power
supply (Peta-pico-Voltron). The experimental setup for
measuring the actuator deformation is shown in Figure 1.

DEAs were actuated by applying a voltage ranging from 0 to
5000 V, corresponding to the device’s maximum operational
voltage. The voltage was incremented in 500 V intervals, and
during each step, the corresponding radial electrode strain was
recorded. A compact camera (Sony @6400) with a macro lens
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Figure 1. Measurement setup for DEA deformation.

(Sony SEL30M35) was employed for video capture at a speed
of 100 frames/s by setting a 12.5 cm distance between the lens
and the observed electrode. The electrode strain is extracted by
video processing using MATLAB and the proportional increase
in electrode area upon actuation is considered as an ideal
circular surface.

The components of rubber formulation, methods of mixing
and rheology, elastomer production, and characterization
techniques are summarized in the block flow diagram of
Figure 2.

4. RESULTS AND DISCUSSION

4.1. Curing Characteristics. The cross-linking behavior of
C-LIR is measured at 160 °C by using an oscillating shear
curemeter and plotted as a torque-versus-time response in
Figure 3. The rubber mixture was squeezed in a biconical die
assembly preheated under a constant temperature of 160 °C to
run a time sweep test at a fixed standard frequency and
deformation amplitude. The torque value increases over time
showing epoxy—anhydride esterification reactions between
epoxy end-capped PPO short chains and anhydride functional
isoprene rubber and thus forming poly(propylene oxide)
flexible bridges (PPO) between rubber chains. The torque
value increases and tends to stabilize, reflecting the establish-
ment of a cross-linked rubber network. After 60 min, the C-
LIR reveals a maximum torque value of 1.6 dNm, which is used
to determine the optimum cure time for the compression
molding process. In comparison to solid isoprene rubber,
which typically possesses a molecular weiight range of
approximately 300,000—1,000,000 g/mol,”" the torque
exhibited by C-LIR is significantly low due to its lower
molecular mass of 35000 g/mol and merely three anhydride
groups per molecule.

4.2. Network Formation. The network formation is based
on the reaction of the anhydride groups of the functionalized
IR and the carboxyl groups of the CNBR, with the epoxide
groups of epoxy-PPO catalyzed by 2,4,6-tris-
(dimethylaminomethyl)phenol.**~>* Following these esterifi-
cation reactions, subsequent reactions can take place
(esterification, transesterification, and ether formation),
leading to a structurally complex network (Scheme S1).
While individual reactions cannot be followed in detail, a
combination of NMR structure investigations and extraction
experiments was used to derive conclusions on network
formation.

Figure 4a shows the 'H NMR spectrum of the mixture
before addition of the catalyst. Despite considerable signal
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Figure 2. Schematic illustration of materials, methods, and characterization techniques used in the present work.
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Figure 3. Curing profile of C-LIR at 160 °C.

overlap, several signal regions are characteristic of the different
components of the mixture. The range 5.8—5.3 ppm represents
the —CH= signals of the 1,2- and 1,4-butadiene units of the
CNBR. The signals in the range 5.3—4.9 ppm are from both
the =CH, protons of the 1,2-butadiene units of CNBR and
the —CH== signals of the 1,4 units of IR. The corresponding

=CH, protons of the 3,4 units of the IR give the signal groups
between 4.8 and 4.6 ppm. The signals in the range of 4.2—3.2
ppm are from the OCH and OCH, protons of epoxy-PPO
with the CHj signal at ~1.15 ppm. Finally, the epoxy group
can be identified by the signals at 3.13, 2.78, and 2.61 ppm.

While the reaction mixture could be studied as a solution in
CDCl;, the cross-linked material is no longer soluble and was
studied as a gel swollen with CDCIl; using high-resolution
magic angle spinning (HR-MAS) NMR spectroscopy.”” Figure
4b shows the '"H HR-MAS spectrum after network formation.
The signals of the epoxy groups almost completely
disappeared, indicating suitable curing conditions. An exper-
imental detection of the formed ester and ether groups is not
possible because the new signals are of low intensity and also
strongly broadened, as they represent the network point with
limited mobility. The material was extracted with chloroform,
and the extractable fraction was determined to be about 12 wt
%. Comparing the "H NMR spectra of extracted (Figure 4c)
and nonextracted materials (Figure 4a), the lower content of
NBR and PPO in the extracted material is obvious.

The '"H NMR spectrum of the extract (Figure S3) shows
that the extracted PPO is mainly nonfunctionalized and thus
nonreactive. The higher extractability of CNBR compared to
IR indicates a lower reactivity of the terminal COOH groups
compared to the anhydride groups of IR and probably also a
content of nonfunctionalized NBR. The solvent uptake is 10.3

IR, CNBR PPO
* —CH-CH,
|R \O/
(@) cnNBrR PPO
* * x
4»-)\/\}

(b)
(c)

| I T T I 1

6.0 5.0 40 3.0 20 1.0

5("H)

ppm

Figure 4. "H NMR spectra of (a) reaction mixture of C-LIR without catalyst (asterisks mark signals of the epoxy group), (b) cross-linked material
C-LIR, and (c) C-LIR after extraction with chloroform. Spectrum (a) was measured as solution in CDCl,, whereas spectra (b, c) are 'H HR-MAS
spectra recorded from samples swollen with CDCl;. For better comparability, the spectra are referenced to the same integral intensity of the signals

in the range 4.9—4.6 ppm (=CH, protons of the 3,4 units of the IR).
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mL/g for the extracted sample, which represents quite good
swelling and indicates a loose network.

4.3. Tensile Test Results. The ability of a dielectric
elastomer to undergo large voltage-induced deformations is an
important requirement. Therefore, the tensile testing of the
isoprene elastomer was performed to find out its load—
deformation behavior (see Figure S). C-LIR demonstrates a

0.5

Stress (MPa)

0.0 1 1 1 1 1 1

50 100 150 200

Strain (%)

250 300

Figure 5. Stress—strain curve of C-LIR.

low modulus response to an applied load up to a large
deformation of 300% strain at break. The high strain value of
C-LIR indicates large attainable prestretching levels and the
ability to undergo large-strain actuations before rupturing.
Advantageously, C-LIR exhibits a low elastic modulus value of
0.45 MPa, which is an important performance parameter
according to eq 1, i.e, the lower the modulus is, the higher is
the voltage-induced strain of a dielectric elastomer.

The tensile strength of the soft isoprene elastomer is very
low at 0.43 MPa for 300% strain. This enables the isoprene

elastomer to attain a desirable actuation level at low applied
voltage and Maxwell stresses, which is advantageous for soft
actuator technology.

4.4. Dynamic-Mechanical Analysis. To analyze the
temperature-dependent viscoelastic behavior and to determine
the glass transition temperature (indicating segmental
relaxation process) of C-LIR, a temperature-sweep dynamic-
mechanical measurement was performed. The measurement
data, plotted in Figure 6, identifies the glass transition
temperature of C-LIR at —47 °C, which highlights its
applicability in subzero actuation and robotics applications.
The storage modulus of C-LIR is low, approximately ~2 MPa,
indicating its low dynamic stiffness. C-LIR possesses
viscoelastic properties of a resilient elastomer (low tan delta)
at temperatures beyond the glass transition temperature and in
the rubbery plateau region, which is a crucial parameter in
actuator performance for its fast and reversible response
(Figure 7).

4.5, Dielectric Properties. The evaluation of the dielectric
properties of the elastomers was done in the frequency range of
1 Hz to 1 MHz. The dielectric response of C-LIR and Elastosil
as a function of frequency is plotted in Figure 8. It can be seen
that the dielectric constant £ of C-LIR is higher than the &, of
Elastosil across the whole measured frequency range. It
gradually decreases with increasing frequency for C-LIR,
while it remains nearly constant for Elastosil in the measuring
frequency range from 1 to 10° Hz. In particular, C-LIR exhibits
a relative dielectric constant of 2.6 as compared to the value of
2.2 for Elastosil at a frequency of 10 Hz.

C-LIR shows a distinct dielectric loss peak, which indicates
high dissipation of electrical energy owing to the presence of
polarizing species with a relaxation peak at around 10°> Hz. The
use of the epoxy—anhydride cross-linking mechanism produces
polar species with polarization mechanisms that interact with
the applied field for high dielectric losses in C-LIR. On the
contrary, the polarization mechanism in Elastosil adjusts with
the switching electric field (AC oscillations) and shows
minimal dissipation of electrical energy.
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Figure 6. Storage modulus (black color) and mechanical loss factor (red color) vs temperature curves of C-LIR.
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Table 1. Measured Values of Dielectric Constant and Tensile Properties of C-LIR and the Elastosil 2030 Film

dielectric constant

2.6
2.2

C-LIR
Elastosil 2030 film

elastic modulus (MPa)

0.45 + 0.03
1.51 + 0.06

tensile strength (MPa)

0.43 + 0.03
9.55 £ 0.98

elongation at break (%)

300 + 40
574 + 20

The dielectric and tensile properties of C-LIR and the
Elastosil film are summarized in Table 1. The increase in the
dielectric constant value of C-LIR over Elastosil is advanta-
geous for enhanced actuation strains at low field strengths.
Also, due to large tensile deformations at much lower stress
values, the C-LIR elastomer is easy to prestretch by applying
small tensile loads and is actuated for relatively large
deformations by Maxwell stresses of low magnitude as
compared to Elastosil.

4.6. DEA Deformation Measurements. The time-
dependent radial strain of the actuator electrode at an
operating voltage of S kV is exemplarily shown in Figure 8a.
Both elastomers show a rectangular-shaped square wave
response in electrode strain, which indicates a fast response
with low time constants. It should be noted that C-LIR
actuators exhibit a larger radial electrode strain (0.63%)
compared to Elastosil actuators (0.30%) even with an
approximately 60-ym-thick C-LIR film. This is due to the
inherently higher dielectric constant and lower elastic modulus
value of C-LIR.

The voltage applied across the dielectric elastomer is
gradually increased from 0 to 5 kV and then the steady
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actuation strain is measured and plotted in Figure 8b. It can be
seen that the electrically actuated strain of C-LIR is larger than
that of Elastosil at low and high field strengths. Notably, even
though the thickness of the C-LIR film (248 um) is higher
than that of the Elastosil film (185 um), its electromechanical
performance exceeded in actuated strain.

5. CONCLUSIONS

A cross-linkable liquid rubber composition comprising of
isoprene rubber and epoxy end-capped low-molecular-weight
PPO and CNBR molecules was developed and comprehen-
sively characterized. The cross-linking of rubber chains through
epoxy - anhydride/carboxylic acid curing chemistry was
evident by rheology test and the details of structure and
network formations were confirmed by NMR measurements.
The esterification reaction between rubbers and cross-linker
produces polar moieties (hydroxy, ester, carboxylic), which
enhance the electric-field-induced polarizability of isoprene
elastomer. The tensile testing of C-LIR demonstrates soft
response to an applied load up to a large deformation, and the
dynamic-mechanical testing shows its low dynamic stiffness
and resilient response for soft actuator applications. The
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relative permittivity of C-LIR and the electromechanical
actuation of its circular actuator are improved when compared
with the commercial Elastosil 2030 silicone film.

All in all, the newly developed isoprene dielectric elastomer
is soft, resilient, adaptable (wide range of stiffnesses and strains
are possible by network adjustments), and possesses a relative
permittivity value higher than silicone, which makes C-LIR an
attractive elastomer for soft actuators and robotics applications.
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