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ABSTRACT 

Different from the traditional ways to prepare PDMS elastomers by addition or condensation curing reaction, a novel 
strategy is reported by chemical modification and curing with bis-ionic liquid (bis-IL) as a crosslinker in this study. The 
IL-modified elastomer (IL-elastomer) presents a relatively low Young’s modulus of ~0.36 MPa and excellent mechanical 
stability with unchanged Young’s modulus and strain at break after a year. Significant improvement in relative permittivity 
(εr =11 at 0.1 Hz), which is ~4 times as high as that of commercial silicone elastomers (~2.8), is proven as well. Furthermore, 
the dielectric elastomer actuator developed from this elastomer exhibits a maximum area strain of 9 % at 18 V/μm due to 
the combination of high εr and low Young’s modulus. The outstanding actuation performance of this novel elastomer 
suggests a promising potential for use in artificial muscles, soft robotics, and energy conversion devices. 
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INTRODUCTION 
 
Dielectric elastomers (DEs), commonly referred to as “artificial muscles”, can present very large spatial deformation in 
response to an externally applied electrical field[1, 2], giving them a great potential within the area of soft actuators[3-6]. 
Among the DEs, polydimethylsiloxane (PDMS) DEs, are one of the most promising materials due to their low weight, fast 
response, silent operation, and high efficiency[7-9]. However, the required driving voltages to actuate, which are usually 
high (typically 500 V to 10 kV)[9], have limited their use as artificial muscles and soft robotics. 
 
According to Pelrine et al.[10], achievable actuation strain at a given voltage is ideally improved by simultaneous 
optimization of two parameters, namely reducing of Young’s modulus (Y) and increasing relative permittivity (εr). The 
most commonly used method for this is incorporating high-permittivity fillers, such as titanium dioxide[11] and zink 
oxide[12] into the matrix of PDMS elastomers. Although the elastomers loaded with the fillers display a high εr, the 
improvement in actuation is limited since the Y generally increases significantly due to the inherent rigidness of the fillers. 
 
Ionic liquids constitute with a remarkable improvement in εr of elastomers due to the polarization of the ions[13, 14], and 
have shown promise as additives capable of improving the relative permittivity of PDMS elastomers[13, 15]. Methews et 
al.[16] investigated a PDMS elastomer with 20 % 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide that 
obtained a 2-fold increase in εr and 100-fold decrease in Y. However, ionic liquids are incorporated without strong chemical 
bonds in most modified PDMS elastomers, they tend to aggregate in the matrices. In addition, an inhibiting effect of the 
ionic liquids on the curing of the PDMS elastomer was observed in a previous study[15].  
 
Here, we report a novel strategy to prepare PDMS elastomer with bis(1-ethylene-imidazole-3-ium) bromide ionic liquid 
as a crosslinker. The prepared IL-elastomer with a uniform dispersion of ionic liquid has excellent mechanical stability 
due to the chemical modification as opposed to physical mixing of ionic liquids. Furthermore, polar ionic liquid contributes 
to the improvement of the relative permittivity of the IL-elastomer. With the combination of high εr and low Y, the IL-

Electroactive Polymer Actuators and Devices (EAPAD) XXIV, edited by Iain A. Anderson
John D. W. Madden, Herbert R. Shea, Proc. of SPIE Vol. 12042, 120420Y

© 2022 SPIE · 0277-786X · doi: 10.1117/12.2610994

Proc. of SPIE Vol. 12042  120420Y-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



  

elastomer presents outstanding actuation behavior and suggests a promising potential for use in artificial muscles, soft 
robotics, and electroactive devices. 
 
 

EXPERIMENTAL 
 
2.1 Materials 
Mercaptopropyl silicone, [4-6% (mercaptopropyl)methylsiloxane]-dimethylsiloxane copolymer (SMS-042, Mn = 6000-
8000 g mol-1, 4-5 mercaptopropyl groups per polymer) was purchased from Gelest Inc. 1-vinylimidazole (Vim), 
azobisisobutyronitrile (AIBN), chloroform, and 1, 12-dibromododecane (DBD) were obtained from Sigma-Aldrich Co., 
Ltd. All chemicals were used without further purification. 
 
2.2 Synthesis of imidazole-grafted silicone  
The imidazole-grafted silicone was synthesized through the thiol-ene addition of the mercaptopropyl silicone and Vim. 
Briefly, the mercaptopropyl silicone (3.0 mmol), Vim (14.0 mmol), AIBN (0.1 wt% of the reactants) were added to a 100 
mL single-neck round-bottom flask and dissolved in 50 mL chloroform. The molar ratio between sulfydryl groups and 
Vim was 1: 1. The reaction was then carried out at 60 oC for 15 h.  
 
2.3 Preparation of IL-elastomer 
IL-elastomer was prepared by a nucleophilic substitution reaction of the imidazole-grafted silicone with DBD. The 
imidazole-grafted silicone (0.3 mmol) and DBD (0.6 mmol) were mixed together using a dual asymmetric centrifuge at 
3500 rpm for 5 min (FlackTek Inc. DAC 150.1 FVZ-K SpeedMixer). Thereafter, IL-elastomer with thickness of 420 μm 
was prepared by pouring the uniform mixture into a polytetrafluoroethylene mold and curing for 3 h in an oven at 80 oC.  
 
2.4 Characterization 
Fourier transform infrared spectroscopy (FT-IR) 
FT-IR was performed using a Nicolet-380 FT-IR instrument fitted with a diamond crystal attenuated total reflection 
accessory (ATR) in the wavenumber range of 650–4000 cm-1. All spectra were baseline corrected. 
 
Proton Nuclear magnetic resonance (1H-NMR) 
1H-NMR experiments were performed on a 7 T Spectrospin-Brukera 300 MHz spectrometer using 100 mg mL-1 solutions 
in deuterated chloroform-d.  
 
Tensile strength, strain at break, and Young’s modulus 
Tensile strength and strain at break were tested using Instron 3340 materials testing system, INSTRON, US. The samples 
were cut to 20 mm in length and 3 mm in width before being placed between two clamps initially separated by a distance 
of 10 mm. The test specimen was elongated uniaxially at 10 mm min-1. Y was obtained from the tangent of the stress-
strain curves at 10 % strain. Three measurements were taken for each sample and then averaged. 
 
Swelling experiment 
Gel fractions were determined via swelling experiments according to our previously reported procedure[17], where the 
elastomers were immersed in chloroform for 72 h at room temperature, with the solvent being replaced every 24 h. After 
swelling for 3 days, the chloroform was decanted, and the films were washed several times with fresh solvent. The films 
were then dried for 2 days under an ambient atmosphere. Gel fractions were calculated as: Wgel = m1 / m0×100 %, where 
m1 is the weight after extraction and drying, m0 is the initial weight of the sample. 
 
Field emission scanning electron microscope (FE-SEM) 
FE-SEM (SU8020, Hitachi) was used to investigate the morphologies of the PDMS elastomers, and energy-dispersive X-
ray spectroscopy (EDS) was applied to detect the element distribution profile on the surface of the samples.  
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Dielectric relaxation spectroscopy (DRS) 
DRS characterization of samples was performed using a Novocontrol Alpha-A high-performance frequency analyzer 
(Novocontrol Technologies GmbH & Co, Germany) with an electrical field of approximately 1 V mm-1, in the frequency 
range of 10-1 to 106 Hz.  
 
Actuation test 
The films with thickness of 420 μm were mounted to a rigid ring mold (inner diameter 50 mm) with 5 % pre-strain. Circular 
carbon grease electrodes with a diameter of 30 mm were cast to both sides of the films and connected to a Stanford Research 
Systems Model PS37 high voltage source. The tests were performed by increasing the voltage gradually in 500 V 
increments from 0 V to the voltage until dielectric breakdown was observed. The diameter change of the circular carbon 
grease electrode was recorded by a digital video camera (LUMIX DMC-G80) and analyzed with the video analysis and 
modeling tool—Tracker.  
 
 

RESULTS AND DISCUSSION 
 
The preparation of the IL-elastomer is illustrated in Scheme 1. Firstly, imidazole-grafted silicone was synthesized by the 
thiol-ene addition of mercaptopropyl silicone and Vim. Then the IL-elastomer was cured with imidazole-grafted silicone 
as main chains and bis(1-ethylene-imidazole-3-ium) bromide ionic liquid as crosslinker. 
 

 
Scheme 1: Preparation procedure of IL-elastomer. 

 
The extent of grafting of Vim on the mercaptopropyl silicone was investigated by 1H-NMR analysis. As presented in 
Figure 1a, peak 6 represents the chemical shifts of the protons on the sulfur, and it disappears fully after being grafted 
with Vim (Figure 1b), indicating the complete reaction of sulfydyl groups and Vim.  
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Figure 1: 1H-NMR spectrum of mercaptopropyl silicone and imidazole-grafted silicone. 

The IL-elastomer is cured based on the successful reaction of imidazole-grafted silicone and DBD. As shown in Figure 2, 
imidazole-grafted silicone displays the characteristic peaks of imidazole rings at 1506 cm-1

, while the IL-elastomer displays 
the characteristic peaks of imidazole rings at 1563 cm-1. The shift of the peaks is due to the formation of ionic liquid turned 
the initial imidazole to imidazole cations with higher characteristic peaks.[18, 19] This indicates the successful preparation 
of the PDMS elastomer via the reaction between imidazole-grafted PDMS and DBD. 
 

 
Figure 2: FT-IR spectra of vinylimidazole, mercaptopropyl silicone, imidazole-grafted silicone, and IL-elastomer. 

 
Tensile testing was performed to evaluate Young’s modulus, tensile strength, and strain at break of the IL-elastomer. As 
shown in Table 1, the IL-elastomer has a relatively low Y (0.36 MPa), compared with the commercial PDMS elastomer 
(~1 MPa)[7]. This may be due to the softness of ionic liquid and the low crosslinked density of the IL-elastomer. The 
relatively low strain at break (121 %) is due to the low molecular weight of the mercaptopropyl silicone (~7000 g mol-1) 
as the main chain in the system. The IL-elastomer shows potential use in actuators albeit the low strain at break since the 

Proc. of SPIE Vol. 12042  120420Y-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



  

actuation area strain is lower than 50 % in most dielectric elastomers[9]. Furthermore, almost unchanged Y and strain at 
break were observed after a year (Table 1), suggesting that the IL-elastomer maintained stable mechanical properties. 
 
The internal bonded structures of the IL-elastomer have a close relationship with its mechanical properties. Swelling 
experiments were conducted to investigate the content of bonded (gel fraction) and non-bonded species in the networks of 
fresh and aged IL-elastomers (sol fraction). As shown in Table 1, both IL-elastomers have gel fractions of around 85 %. 
The high gel fraction indicates excellent network structure and the ageing study confirms that this excellent structure is 
maintained.  
 

Table 1: Mechanical properties and gel fractions of the IL-elastomer. 

Sample Tensile strength 
(MPa) 

Y@10%strain 
(MPa) 

Strain at break 
(%) 

Gel fraction 
(%) 

IL-elastomer 0.22±0.01 0.36±0.05 121±7 85% ±2 

IL-elastomer 
after 1 year 0.19±0.01 0.35±0.02 125±6 87%±3 

 
The morphology of the IL-elastomer and dispersion of ionic liquid were investigated by FE-SEM and EDS. As shown in 
Figure 3a, the IL-elastomer displays a uniform morphology. In Figures 3c-d, the uniform dispersion of N and Br elements, 
which represents imidazole cations and bromine anions of bis-IL, respectively, indicates that the bis-IL is evenly 
distributed throughout the sample.  
 

 
Figure 3: (a) Electron micrograph showing the surface of IL-elastomer, (b) Layered image combining 6 element maps, (c) 
EDS map of Br Lα, (d) EDS map of N Kα. 

 
The dielectric properties of the mercaptopropyl silicone and IL-elastomer are shown in Table 2. The IL-elastomer presents 
a relative permittivity (εr) of ~11 at 0.1 Hz, which is higher than that of the mercaptopropyl silicone (εr 3.5) and those of 
common silicone rubbers (for example, Sylgard 184 with εr ~2.8 @ 0.1 Hz)[9]. In addition, the IL-elastomer displays a 
decrease in εr with increasing frequencies from 0.1 to 106 Hz. This is because ionic liquid as dipoles cannot follow the 
rapid alternation of the electrical field[20]. 
 
However, the IL-elastomer exhibits a relatively high loss tangent (tanδ) and conductivity (σ′) compared with the 
mercaptopropyl silicone, due to the inclusion of ionic liquid. According to Pelrine[10], the Maxwell strain is governed by 
εr and Y, regardless of tanδ and σ′. Moreover, the σ′ at 0.1 Hz is ~10-11 S/cm, indicating that the prepared IL-elastomer is 
an insulating material and a potential candidate for actuator applications.[8] Albeit IL-elastomer has a high tanδ value, the 
actuation performance of the novel IL-elastomer with outstanding εr (11 @ 0.1 Hz) and Y (0.36 MPa) especially merit 
additional investigation. 
 

Table 2: Dielectric properties of the mercaptopropyl silicone and IL-elastomer at frequencies of 10-1 and 106 Hz. 

Sample εr   
@ 10-1 Hz 

εr  
@ 106 Hz 

tanδ  
@ 10-1 Hz 

tanδ  
@ 106 Hz 

σ′  
@ 10-1 Hz 

σ′  
@ 106 Hz 

Pristine PDMS 3.5 2.8 3.3 2.0×10-4 6.5×10-13 2.8×10-12 

IL-elastomer  10.7 4.1 29.9 0.05 1.8×10-11 1.2×10
-7
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An actuation test was performed to estimate furtherly the actuation performance of the IL-elastomer. As shown in Table 
3, the IL-elastomer has a maximum area strain of 9 % at 18 V/μm, which is 15 times as high as that of commercial PDMS 
elastomer Sylgard 184 (0.6 %)[21, 22]. Obviously, the excellent actuation is owing to the combination of high εr and low 
Y. Due to the ionic conductivity of the ionic liquid, the IL-elastomer shows a relatively low breakdown strength of ~19 
V/μm. 

 
Table 3: Area actuation strain and electric breakdown strength of IL-elastomer and Sylgard 184. 

Sample Maximum area strain 
(%) 

Electric breakdown strength 
(V/μm) 

IL-elastomer 9.0 19 

Sylgard 184 0.6 40 

 
 

CONCLUSIONS 
 
A novel approach for preparing PDMS elastomer with excellent dielectric and mechanical properties has been developed 
via chemical modification of mercaptopropyl silicone and crosslinking with bis-ionic liquid. The IL-elastomer presents 
approximately four times higher εr than that of mercaptopropyl silicone, and a relatively low Y (0.36 MPa). Excellent 
mechanical stability of the IL-elastomer was also proven by the unchanged Y and strain at break after a year. In addition, 
the actuator fabricated with this elastomer exhibits a maximum area strain of 9 % at 18 V/μm, which is promising in PDMS 
actuators. The novel strategy provides a new paradigm for achieving high performance dielectric actuators in a simple way. 
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