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ABSTRACT 

   
Enabling desirable actuations at low voltages for silicone based dielectric elastomer actuators (DEAs) is challenging. 

Reducing the thickness and increasing the softness of the silicone film are key approaches for this purpose. In this work, a 

super-stretchable silicone elastomer was characterized and used as DEA. The prepared elastomer can be stretched 

uniaxially to 2400% strain, allowing a significant thickness reduction through pre-stretches. Besides, it shows a moderate 

average elastic modulus of 0.32 MPa even at strains of 1000%-1500%. These properties favor its application in DEAs. 

Actuation results show that the elastomer was not only actuated to a high strain but also actuated at attractive voltages. 

Specifically, a 1 mm-thick elastomer with a pre-strain of 200%×200% was  actuated 45% in area at 4 kV, and a 0.25 mm-

thick elastomer film with pre-strain of 600%×600% showed a 3% actuation strain at only 120 V. Considering its easy 

fabrication and excellent actuation performance at low voltages, the elastomer is promising in the application in DEAs. 

 

Keywords: Super-stretchable silicone elastomer, high stretchability, dielectric elastomer actuator 
 

1. INTRODUCTION  

Dielectric elastomer actuators (DEAs), often called artificial muscles, are electromechanical transducers and enable 

noiseless, reversible deformations by cycles of charging and discharging the electrodes[1]. The development of DEAs has 

been progressing rapidly due to their promising applications in a broad range of fields, such as soft robotics[2], [3], tunable 

optics[4], [5] and compliant grippers[6], [7]. A DEA consists a dielectric elastomer (DE) sandwiched between two 

compliant electrodes. When a voltage is applied between the electrodes, the DE decreases in thickness and expands in area 

driven by the electrostatic pressure. For strains of less than 10%, the actuation strain in thickness is approximated by[8]: 

𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
휀0휀𝑟

𝑌
(
𝑈

𝑑
)2 

(1) 

Where d is the thickness of the DE and U is the applied voltage. 휀0 = 8.854 × 10 −12 F m −1 is the vacuum permittivity and 

휀𝑟 is the relative dielectric permittivity. Y is the Young’s modulus. 

Silicone elastomers are one of the most promising elastomer types in DEAs due to their high efficiency, reliability, fast 

response times and broad operation ranges[9], [10]. However, one of the main challenges is that high voltages (> 1 kV) 

are usually required to actuate silicone based DEAs[11]. High voltages are potentially hazardous and hence require 
stringent safety procedures, which hinder their path to practical applications. Silicone elastomers are commercially 

available and extensive research has been conducted to map their performance[12], [13]. However, further 

functionalization opens up for improved performance, and a plethora of studies has been performed to decrease the 

operation voltages by decreasing thickness and Young´s modulus and/or increasing the permittivity of silicone elastomers. 

The dielectric permittivity of silicone has been improved by physically or chemically incorporating high permittivity 

components (particles/oils/functional moieties)[11], [14]. Physical incorporation of high permittivity components may lead 

to increased  stiffness, phase-separation, and long-term instabilities[15], [16]. Chemically modified silicones, for example, 

from grafting with high permittivity components, should overcome such disadvantages, but they often suffer from 

increased dielectric losses, which may in turn lead to reduced dielectric breakdown strengths[17]. As an example, a 

significant decrease of applied voltage was achieved by modifying a silicone elastomer with nitrile groups. The DEA 

resulted in a 4% lateral actuation strain at 200 V[18].  

Young’s moduli of commercial silicone elastomers are generally larger than 0.6 MPa[19]. Softer silicone elastomers have 

been realized through addition of solvents[20]–[23], sparse crosslinking[24]–[26] and crosslinking of bottle-brush 

polydimethylsiloxane (PDMS)[27], [28]. Synthesizing bottle-brush PDMS often requires complex procedures[29].  
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Addition of solvents and sparse crosslinking are relatively easy to perform but the elastomers resulting from these methods 

are prone to electromechanical instability and general issues related to stability[20].  

Ultra-thin silicone elastomer films have been prepared to reduce actuation voltages. Previous work showed that a DEA 

consisting of a 3 µm thin silicone film was actuated 7.5% in lateral at 245 V[30]. The thickness was further reduced to 1.4 

µm and it enabled a 4.0% linear strain at 100 V[31]. Although these results are promising, the implementation of such thin 
films in industrial production is challenging, since fabricating thin films is associated with significantly increased 

production costs and requirements. Another approach to reduce the thickness of DE films is by pre-stretching. The process 

does not involve complicated and expensive processing, however, it comes with two issues, namely 1) The thickness 

reduction is limited by the mechanical stability of the given elastomer (conventional silicone elastomers usually have 

maximum strains for uniaxial deformation  below 800%[32]) and 2) pre-stretching requires a more complex design of the 

actuator itself to allow for the frames. Besides, large pre-stretches often lead to increased stiffness of the DE film due to 

strain hardening effects. Therefore, a new silicone elastomer with super large stretchability and a low modulus (even at 

high strains) is needed to overcome these limitations for devices where the pre-stretching frames are acceptable.  

In this work, we present a super-stretchable elastomer, which was prepared through a simple one-pot-reaction including a 

chain extension reaction and a subsequent crosslinking reaction. The chain extension reaction extends the length of 

precursor PDMS extensively. Subsequently, a network is created by crosslinking of the extended chains. The structure of 

the prepared elastomer is illustrated in Figure 1a, where it is illustrated how the distance between chemical crosslinks is 
much longer than that of a conventional silicone network (Figure 1b). The much longer distance between the chemical 

crosslinks means a much longer slippage distance of entangled chains upon deformation, and thereby a much higher 

stretchability of the network, provided a sufficient crosslinking.  Mechanical properties, rheological properties, and 

dielectric permittivity of the super-stretchable elastomer were studied and discussed. The elastomer is furthermore explored 

as a DEA and its actuation performance is analyzed for various applied voltages.  

 

  

Figure 1. Illustration of network structures (a) The herein presented so-called super-stretchable silicone elastomer where the chain 
length between the chemical crosslinks is very long, and thus, the concentration of chemical crosslinks is low. (b) A conventional 
silicone elastomer is used as a reference and is illustrated by a network structure where the concentration of entanglements and 
crosslinks are similar. For the reference elastomer in this work, the chain length between the chemical crosslinks is Mn=63 kDa .  

 

2. EXPERIMENTS 

 
2.1 Materials 

Vinyl terminated PDMS (DMS-V41, Mn=63 kDa, ĐM=1.5) and methyl hydrosiloxane-dimethylsiloxane copolymer (HMS-

301, 1.9 kDa) were purchased from Gelest Inc. Platinum cyclo-vinylmethyl siloxane complex (catalyst 511, 1.0 wt% Pt) 

was purchased from Hanse Chemie. Carbon grease (760G Nyogel) was purchased from Nye Lubricants. 
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2.2 Sample preparation 

A model silicone elastomer with no filler was prepared as a reference elastomer. Before the crosslinking reaction, two 

types of mixtures, part A and part B, were prepared, respectively. Part A was prepared by mixing a vinyl terminated PDMS 

(DMS-V41, 10.00 g, 1.59×10-4 mol) with methyl hydrosiloxane-dimethylsiloxane copolymer (HMS-301, 0.14 g, 7.33×10-

5 mol) using a speed mixer at 3000 rpm for 2 min. Part B was prepared by mixing vinyl terminated PDMS (DMS-V41, 
4.86 g, 7.75×10-5 mol) with platinum complex catalyst (catalyst 511, 6 mg, 3.08×10-6 mol) using a speed mixer. Part A 

and part B were mixed homogenously using speed mixer at 3000 rpm for 30 s. The final mixture was poured into a mold 

and placed into an oven at 100 °C for 10 h.  

2.3 Uniaxial tensile test 

Uniaxial tensile tests were performed by employing a universal testing system (Instron 3340 series, Instron, US). 

Specimens were cut into a dumbbell shape according to ASTM D-638 Type V (width of 3.18 mm, length of 9.53 mm and 

thickness of 1 mm). They were stretched at a crosshead speed of 500 mm/min. True stress was determined by multiplying 

the measured engineering stress with elongation. Young´s modulus was determined by linear fitting of the stress-strain 

data at strains of 0-10%. Tensile set was measured by stretching specimens with original length of 𝐿0 to 80% of strain at 

break followed by maintaining this strain for 10 min, and then removing the applied force to measure the specimen length 

(𝐿10 𝑚𝑖𝑛) after 10 min. It is calculated by: 

𝑆𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑒𝑡 =
𝐿10 𝑚𝑖𝑛 − 𝐿0

𝐿0

 
(2) 

2.4 Biaxial tension test 

An elastomer film (1 mm × 50 mm× 50 mm) was marked with a 1 cm-square in the center of the film by using red pigment 

(PGRED01, 50% in silicone oil, Gelest Inc.). The film was manually stretched biaxially until it broke. The biaxial stretch 

was performed to keep the square shape and the stretched film was placed above a grid pad on a table in order to estimate 

the size changes of the red square.  

2.5 Rheological analysis 

Linear viscoelasticity properties of the elastomers was analyzed using a strain-controlled rheometer (ARES G2, TA 

Instruments). A cylinder-shaped sample (∼1 mm thickness and 8 mm diameter) was measured at fixed shear strain 

amplitude of 1% and a frequency range of 0.01-100 Hz.  

2.6 Dielectric permittivity analysis 

Dielectric relaxation spectra were obtained by using a Novocontrol Alpha-A high-performance frequency analyser 
(Novocontrol Technologies GmbH & Co, Germany). Specimens were cylinder shaped with 1 mm thickness and 20 mm 

diameter. The tests were performed at a frequency range of 10-2 to 105 Hz at room temperature and an electrical field of 1 

V mm-1.  

2.7 Actuation test 

Elastomer films were evenly pre-stretched on rigid frames. Extents of the pre-stretch were determined by measuring the 

diameter changes of round marks on the films before and after pre-stretch.  Compliant electrodes (round circles with 

diameter of 10 mm) were stenciled with conductive carbon grease on the two sides of the film, as Figure 2 shows. Step-

wise increased voltages were applied over the two electrodes until electrical breakdown occurred. Dimensional changes of 

the electrodes were recorded by a digital camera and then analyzed by Tracker 5.1.5. Actuation strains in area (𝑆𝑎𝑟𝑒𝑎) and 

laterally (𝑆𝑙𝑎𝑡𝑒𝑟𝑎𝑙), respectively, were calculated by: 

𝑆𝑎𝑟𝑒𝑎 =
𝐴𝑎𝑐𝑡𝑢𝑎𝑡𝑒𝑑 − 𝐴

𝐴
 

(3) 

𝑆𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =
𝐷𝑎𝑐𝑡𝑢𝑎𝑡𝑒𝑑 − 𝐷

𝐷
 

(4) 

Where 𝐴𝑎𝑐𝑡𝑢𝑎𝑡𝑒𝑑 and 𝐷𝑎𝑐𝑡𝑢𝑎𝑡𝑒𝑑 are the actuated area and the actuated diameter of DE films, respectively. 𝐴 and 𝐷 are the 

initial area and initial diameter of DE films, respectively. 
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Figure 2. Illustration of the used DEA configuration  

 

3. RESULTS AND DISCUSSION 

3.1 Stress-strain behavior 

The stretchability of an elastomer determines the highest achievable extent of pre-strain.  Figure 3a presents uniaxial true 

stress-strain curves for the super-stretchable silicone elastomer and a conventional silicone elastomer. The super-

stretchable silicone elastomer shows a maximum strain of 2400%, which is 5 times larger than the maximum strain of 

480% for the conventional silicone elastomer. A tensile set of 137% suggests the super-stretchable silicone elastomer can 

not completely recover its original state after being stretched to a strain of 1920% and this can be explained by the loosely 

crosslinked network. As Figure 3b shows, the entangled elastomer can be extended approximately 180 times in area 

through a biaxial stretch. Such a large extent of stretchability means that the thickness of the film can be reduced to a 
minimum of 1/180 of its initial thickness just by using pre-stretching. However, of course less strong pre-stretches should 

be used in order to avoid approaching mechanical instabilities. 

As shown in Figure 3a, the modulus, as represented by the slope of the true stress-strain curves, increases with strain for 

both elastomers. For the conventional silicone elastomer, the modulus at strains of 0-10% is 0.19 MPa. Then it increases 

to 1.11 MPa at strains of 400-480% until the elastomer ruptures. As a comparison, the modulus of the super-stretchable 

silicone elastomer at small strains of 0-10% is close to that of the conventional silicone elastomer (0.17 MPa). At higher 

strains, it increases only slightly, to 0.32 MPa, as strain approaches 1000%-1500%. When the elastomer is stretched to 

strains of 2000-2400%, the modulus increases rapidly to 2.22 MPa, most likely due to full extensibility of polymer chains 

in the network structure.  

The described super-stretchable silicone elastomer allows a notable thickness reduction through a pre-stretching while the 

moderate modulus at strains of 1000%-1500% further benefits the elastomer actuation from the pre-stretched state under 

low voltages. 
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Figure 3. (a) Uniaxial true stress-strain curves of the super-stretchable silicone elastomer and a conventional silicone elastomer. (b) 
Super-stretchable silicone elastomer before and during a biaxial stretching. 

3.2 Linear viscoelasticity 

Linear viscoelastic properties of the super-stretchable silicone elastomer and the conventional silicone elastomer were 

studied at frequencies from 10-2 to 102 Hz. As shown in Figure 4, the super-stretchable silicone elastomer behaves solid-

like at the full range of frequencies since the storage modulus remains larger than the loss modulus. An obvious relaxation 
process is observed on the super-stretchable silicone elastomer as the frequency is decreased, evidenced by decreasing 

tendencies of the storage modulus and the loss modulus. Tan 𝛿  (the ratio of loss modulus to storage modulus) is a measure 

of the relative viscous loss. Figure 4 shows that the super-stretchable silicone elastomer has a higher tan 𝛿  than the 

conventional elastomer (except at frequencies higher than 30 Hz) and this is a result of the less crosslinked structure of the 

super-stretchable silicone elastomer 
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Figure 4. Frequency dependence of storage moduli, loss moduli and tan(𝛿) for the super-stretchable silicone elastomer and a 
conventional silicone elastomer 

3.3 Dielectric permittivity 

Silicone elastomers typically have dielectric permittivity at around 3 and low dielectric loss. Tan (𝛿 ), ratio of loss 

permittivity to dielectric permittivity, is used to evaluate the relative dielectric loss. Tan (𝛿) is usually smaller than 5% for 

silicone elastomers[11]. According to Figure 5, both the super-stretchable silicone elastomer and the conventional 

elastomer entail constant dielectric permittivity of 3.50 and 3.25, respectively, at the full range of applied frequencies. 
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Besides, tan (𝛿) of the two elastomers maintain low values of less than 5% for frequencies in the range of 3∙10-2 to 102 Hz. 

These results are close to reported results of silicone elastomers[11]. 
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Figure 5. (a) Dielectric permittivity (ɛ´), loss permittivity (ɛ´´) and (b) tan (𝛿) as a function of frequency for the super-stretchable 
silicone elastomer and a conventional silicone elastomer.  

3.4 Application in DEAs 

The super-stretchable silicone elastomer film with 1.01 mm thickness was biaxially pre-strained (200%×200% pre-strain) 

and then actuated at 1 kV-4 kV. As Figure 6a shows, the actuation strain in area is 3% at 1 kV, and it increases rapidly as 

the voltage goes up. The actuation strain in area reaches to a maximum value of 45% at 4 kV, the actuated state of which 

can be clearly seen by Figure 6b. It is a rather high actuation strain compared with reported strains of 5-15% for most of 

silicone based DEAs[11], [33], [34].  

In order to decrease the required voltages, the initial thickness was reduced to around 0.25 mm and larger pre-strains 

(300%×300%, 500%×500%, and 600%×600%, respectively) were applied to the films. Figure 7a shows that the applied 

voltage to achieve actuation can be reduced by one order of magnitude. Specially, a 3% actuation strain in area is achieved 
at only 120 V. Furthermore, the maximum actuation strain decreased to 11%, 9% and 3% for the films with pre-strains of 

300%×300%, 500%×500%, 600%×600%, respectively. The decreases of actuation strains come from the increased 

modulus of the films at high pre-strains and stiffness of electrodes. According to Figure 3a, the modulus of the super-

stretchable silicone elastomer increases with stretches. Therefore, a higher modulus is possible for the film with a larger 

biaxial pre-strain. The effect of electrodes can only be ignored when the following inequality is respected[31]: 

𝑌𝑒𝑑𝑒 ≪  𝑌𝑑 (5) 

Where 𝑌𝑒  is the Young’s modulus of the electrode, 𝑑𝑒  is the electrode thickness, 𝑌 is the Young’s modulus of the DE, and 

𝑑 is the DE thickness. It has been the case for most reported DE with thicknesses of more than 50 𝑢𝑚. However, for the 

super-stretchable silicone elastomer, the thickness of the film at pre-strains of 500%×500% and 600%×600% are pretty 

low (<10 𝜇𝑚). Such thin film increases the stiffness effect of electrodes on the films, which has been evidenced by studying 

the effect of electrodes on a 3 𝜇𝑚 thick silicone film[30].  

In order to quantify the performances of DEAs with different operating voltages, the lateral strain-to-voltage-squared ratio 

(Slateral/U2) metric has been used[31]. Recent results on silicone based DEAs are compared with our results. As Figure 7b 

shows, most reported Slateral/U2 values are below 30 %/kV2. The highest reported Slateral/U2 is 400 %/kV2, which was realized 

by preparing a 1.4 µm thick silicone film. Our Slateral/U2 reaches a high value of 97 %/kV2, from simple preparation of a 

thick film of 250 µm that is then pre-stretched. Thus, our super-stretchable silicone elastomer offers commercial promise 

in DEAs considering its easy fabrication and excellent performance, in applications where pre-stretch is acceptable. 
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Figure 6. (a) Actuation behaviors under various applied voltages for the super-stretchable silicone elastomer with initial thickness of 

1.01 mm and pre-strain of 200%×200%. (b) Super-stretchable silicone film with thickness of 1.01 mm and pre-strain of 200%×200% 
shows a 45% actuation strain in area at 4 kV. 
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Figure 7. (a) Actuation behaviors under various applied voltages for the super-stretchable silicone elastomer with initial thickness of 
0.25 mm and various pre-strains. (b) Comparison of our results with recently reported results[1], [15], [18], [30], [31], [35]–[39] in 
terms of lateral strain-to-voltage-squared ratio (Slateral/U2, U). 

 

4.  CONCLUSION 

 
In this work, a super-stretchable silicone elastomer was presented. The elastomer can be uniaxially stretched to 2400% 

strain. Such an extensibility allows for significant thickness reductions through pre-stretches. Besides, the elastomer shows 

a moderate softness with a 0.32 MPa average modulus at strains of 1000%-1500%, which favors its application in dielectric 

elastomer actuators (DEAs) at low voltages. Rheological analysis and dielectric permittivity analysis indicate that the 

elastomer possesses an obvious stress relaxation behavior at linear range stretches, a higher viscous loss, a similar 

permittivity constant and a dielectric loss compared with a conventional silicone elastomer. 

 

The super-stretchable silicone elastomer was applied in DEAs. It showed that the elastomer could be not only actuated to 

a high strain but also actuated at fairly low voltages.  Specifically, a 1 mm-thick elastomer with a pre-strain of 200%×200% 

was actuated 45% in area at 4 kV and a 0.25 mm-thick elastomer film with a pre-strain of 600%×600% showed a 3% 

actuation strain at only 120 V. The elastomer presents a much higher lateral strain-to-voltage-squared ratio (Slateral/U2 ) than 

Proc. of SPIE Vol. 11587  1158715-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 Sep 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

most of reported results. Considering its easy fabrication and excellent performances, the outlook of the elastomer´s 

application in DEAs is promising. 
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