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Abstract. Commercial viability of dielectric elastomers is currently limited by a few obstacles, including 

high driving voltages (in the kV range). Driving voltage can be lowered by either decreasing the Young’s 

modulus or increasing the dielectric permittivity of silicone elastomers, or a combination thereof. A 

decrease in the Young’s modulus, however, is often accompanied by a loss in mechanical stability, 

whereas increases in dielectric permittivity are usually followed by a large increase in dielectric loss 

followed by a decrease in breakdown strength and thereby the lifetime of the dielectric elastomer. A new 

soft elastomer matrix, with high dielectric permittivity and a low Young’s modulus, aligned with no loss 

of mechanical stability, was prepared through the use of commercially available chloropropyl-functional 

silicone oil mixed into a tough commercial LSR silicone elastomer. The addition of chloropropyl-

functional silicone oil in concentrations up to 30 phr was found to improve the properties of the silicone 

elastomer significantly, as dielectric permittivity increased to 4.4, dielectric breakdown increased up to 

25% and dielectric losses were reduced. The chloropropyl-functional silicone oil also decreased the 

dielectric losses of an elastomer containing dielectric permittivity-enhancing TiO2 fillers. Commercially 

available chloropropyl-functional silicone oil thus constitutes a facile method for improved silicone 

dielectric elastomers, with very low dielectric losses. 

 
 

1. Introduction 

Dielectric elastomers (DEs), consisting of a thin elastomer film sandwiched between compliant electrodes, 

have many favourable properties such as low weight, low cost and the ability to undergo large deformations. 

The obstacle of high driving voltages, however, limits the commercial viability of the technology at present. 

Higher strains at lower voltages can be obtained by creating elastomer materials with decreased thickness or 

Young’s modulus, or alternatively increased dielectric permittivity according to the equation for actuation 

strain introduced by Pelrine et al. valid for small strains only [1,2].  

      𝑠 =
𝑃𝑒𝑙

𝑌
=

𝜀𝑟𝜀0

𝑌
𝐸2                                           (1) 

 

where Pel, electrostatic pressure, is correlated to strain, s, and the elastic modulus, Y, and where 

ε0 = 8.854x10−12 F/m is vacuum permittivity, E is the electric field and εr is the relative dielectric 

permittivity of the elastomer film. Thus, reducing thickness has the greatest effect on decreasing 

driving voltage. Thicknesses as low as 20 µm have been reported in current large-scale processing; 

further reductions could result in the increased importance of inhomogeneities and defects as well as 

other production-related difficulties [3]. However, other large-scale production processes inspired by, 

for example, spin coating could be developed in the future [3]. A great deal of focus during recent 

years has therefore been on increasing the dielectric permittivity of silicone DEs [4–10], which in turn 

leads to increased elastomer energy density and thereby increased strain at a given electric field. Large 

increases in dielectric permittivity have most often been accomplished through the use of metal oxide 

fillers creating silicone elastomer composites [11–15]. Such composite-type systems, though, do 

include the disadvantage that the Young’s modulus of the elastomer is significantly increased – very 



often to a greater extent than dielectric permittivity – and thus no overall improvement in actuation 

strain is actually obtained.  

Attempts at decreasing the driving voltage have also been made by decreasing the Young’s modulus. These 

efforts include solvent techniques [16] and heterogeneous bimodal networks [17,18]. Furthermore, several 

research studies have attempted to create improved DEs through a combination of decreasing the Young’s 

modulus and increasing dielectric permittivity, in order to achieve a synergistic impact that lowers driving 

voltage. These studies include the use of blends such as PDMS/poly(hexylthiophene) [19] and 

PDMS/polyethylene glycol [20,21] and a blend of a synthesised cyanopropyl-functional PDMS and a PDMS 

matrix, where the cyano-functional PDMS functions both as a high dielectric permittivity filler and as a silicone 

oil that softens the elastomer [22]. All of these materials showed improved electromechanical strain responses, 

since increased dielectric permittivities and decreased Young’s moduli were obtained. The abovementioned 

elastomers, however, all had lower dielectric breakdown strength, due to increased dielectric losses. Dielectric 

losses are crucial for most DEs, since the heat generated due to dielectric losses results in substantial increases 

in both conductivity and temperature, and thus a destructive loop may occur which potentially leads to 

premature electrical [23–25] or thermal breakdown [26]. 

Very recently, we developed a promising silicone elastomer system based on chloropropyl-functional siloxane 

copolymers [27,28]. These chloropropyl-functional silicone elastomers possessed a low Young’s modulus (0.4 

– 1 MPa) and high dielectric permittivity (ε’ = 4.7 at 1 MHz). Dielectric losses, remarkably, remained as low 

as those associated with pure silicone elastomers. Nonetheless, although the recently developed technique via 

this specific synthesis procedure is facile and straightforward, polymer synthesis is inherently time-consuming.  

The aim of this study is therefore to create a simple method for silicone elastomers with improved 

electromechanical strain response, using only commercially available components while exploiting the unique 

properties of chloropropyl-functional siloxanes. The new silicone elastomer matrix is therefore based on the 

addition of chloropropyl-functional silicone oil (LMS-152) to a commercial silicone elastomer 

(ELASTOSIL® LR3043/50), which is a simple mixing process. Increased dielectric permittivity stems from 

the high dipole moment of the chloropropyl groups. Silicone oil acts as a plasticiser in the tough and stiff 

LR3043/50 elastomer, and moreover the bulky nature of the chloropropyl groups yields a larger free volume 

around these groups than around the methyl groups on polydimethylsiloxane (PDMS), which results further in 

a less dense material with a lower Young’s modulus. We will demonstrate how the final properties of DEs, 

such as dielectric losses, mechanical properties and dielectric breakdown strength, are influenced by the 

addition of chloropropyl-functional silicone oil to commercial silicone elastomer, and we will also show how 

we have solved, by a very simple approach, the frequently encountered issue of increased dielectric loss when 

increasing the dielectric permittivity of DEs.  

2. Experimental 

2.1. Materials and methods 

Chloropropyl-functional silicone oil, LMS-152 (𝑀̅𝑤≈ 9,000 g mol−1), was acquired from Gelest Inc., while 

ELASTOSIL® LR3043/50, inhibitor Pt88, solvent Belsil and Belsil resin (TMS 803) were acquired from 

Wacker Chemie AG. Rutile TiO2 R 420 and TiO2 Hombitec RM130F were purchased from Sachtleben. 

Differential scanning calorimetry (DSC) measurements were performed on a Discovery DSC from TA 

Instruments. The thermal analyses were performed with a heating and cooling rate of 10 °C min-1 from -180–

200 °C. Linear viscoelastic (LVE) data, i.e. storage and loss moduli, were measured using an ARES-G2 

rheometer (TA Instruments), set to a controlled strain mode of 1% strain and with frequency sweeps ranging 

from 100 Hz to 0.01 Hz at room temperature (RT) in an ambient atmosphere, and a parallel-plate geometry 25 



mm in diameter. The morphology of samples with 30 phr and 100 phr LMS-152 was investigated with a Leica 

optical microscope at RT, using cross-sectional film cuts. The morphology of samples was examined by 

scanning electron microscopy (SEM) (FEI Inspect S, USA). The samples were firstly immersed into liquid 

nitrogen for a few minutes, then broken and deposited on a sample holder. All samples were coated with gold 

under vacuum before test. Energy dispersive X-ray (EDX) spectroscopy (Oxford INCAWave 500, UK) was 

applied to detect the element distribution profile on the surface of the samples. The films’ stress-strain curves 

were measured at RT using the ARES-G2 rheometer with a SER2 universal testing platform. The 20 mm in 

length and 6 mm in width sample was placed between two drums separated by a distance of 12.7 mm. The test 

specimen was elongated uniaxially at a steady Hencky strain rate of 0.01 (1/s) until sample failure in the middle 

part of the sample. The Young’s moduli of the films were determined from the tangent of the stress-strain 

curves for a strain of 5%. Each sample composition was subjected to four tensile measurements which were 

then averaged. Typical standard deviations in tensile measurements were of the order +/- 5 %. Dielectric 

relaxation spectroscopy (DRS) was performed on a Novocontrol Alpha-A high-performance frequency 

analyser (Novocontrol Technologies GmbH & Co) operating in the frequency range 10-1-106 Hz at room 

temperature and low electrical field (~1 V/mm). The diameter of the tested 0.5-1 mm thick samples was 

25 mm. Electrical breakdown tests were performed on an in-house-built device based on international 

standards (IEC 60243-1 (1998) and IEC 60243-2 (2001)), while film thicknesses (~80 μm) were measured 

through the microscopy of cross-sectional cuts. The distance between the spherical electrodes was set 

accordingly with a micrometre stage and gauge. An indent of less than 5% of sample thickness was added, to 

ensure that the spheres were in contact with the sample. The non-stretched elastomer film was slid between 

the two spherical electrodes (radius of 20 mm), and the breakdown was measured at the point of contact by 

applying a stepwise increasing voltage (50-100 V/step) at a rate of 0.5-1 steps/s. Each sample was subjected 

to 12 breakdown measurements, and an average of these values was given as the breakdown strength of the 

sample. Post-curing was performed by heating the cured samples additionally at 200°C for 4 hours as suggested 

in Brook et al.[29]. The mechanical and dielectric properties of the samples were hereafter tested again. 

Circular strain tests were carried out to measure actuation strain. The dielectric elastomer film was fixed on a 

circular frame with 75% pre-strain (diameter based). Circular electrodes (diameter of 20 mm) consisting of 

carbon grease were sprayed on. The area strain was defined as the change in the area of electrodes divided by 

the original area (314 mm2). The voltage was supplied by a high-voltage alternating current generator with 

maximum of 5 kV. In order to measure changes in electrode area, a video camera was fixed above the elastomer 

film to capture the actuator plane before and after applying the voltage. The area strain (actuation strain) is 

calculated according to: SA = (A – A0) / A0 × 100%, where A is the area of the electrodes in the actuated state, 

and A0 is the original area of the electrodes (314 mm2). 

2.2. General procedure for elastomer synthesis with chloropropyl-functional silicone oil 

An appropriate amount of LMS-152 was mixed with commercial two-component silicone mixture, 

ELASTOSIL® LR3043/50 (mixed in a 1:1 ratio) (one component was added first), filler materials (TiO2), 

resin (Belsil) and solvent (Belsil, 30-50 phr), as indicated in Table 1, using a Speedmixer. The second elastomer 

component and inhibitor were then added, and the mixture was speed-mixed once more. The mixture was then 

poured into a 1 mm thick steel mould, coated as thin films, using a 150 μm thick doctor blade, on a glass 

substrate and then cured at 115°C for 1 hour. The different sample compositions and quantities can be found 

in Table 1. 

  



 

Table 1. Compositions and quantities of the samples prepared with chloropropyl-functional silicone oil. 

 

3. Results and discussion 

Silicone elastomers with high dielectric permittivity and low Young’s moduli were prepared by a 

simple mixing process using chloropropyl-functional siloxane polymers. The approach was based on 

the addition of chloropropyl-functional silicone oil, LMS-152, Figure 1, to a tough commercial silicone 

elastomer with excellent mechanical properties. 

Chloropropyl-functional silicone oil was mixed into the commercially available ELASTOSIL® 

LR3043/50 elastomer system, a two-part (A and B) liquid silicone rubber (LSR) mixed in a 1:1 ratio. 

More details on the characteristics of LSRs can be found in the work by Delebecq et al.[30,31]. A 

sample containing a high concentration of LMS-152 (100 phr) was furthermore reinforced with 5 wt% 

Belsil resin (TMS 803). A reference sample consisting of pure ELASTOSIL® LR3043/50 was also 

prepared. All sample compositions can be seen in Table 1. 

The viscoelastic properties of the samples prepared with chloropropyl-functional silicone oil were measured 

by linear shear rheology, and the resulting shear storage moduli (G’) and viscous losses (tan δvisc) are shown 

in Figure 2 and summarised in Table 3. The elastomers became increasingly softer in line with an increasing 

amount of LMS-152 silicone oil, as expected. Moreover, losses, represented as tan δvisc, also increased in line 

with an increasing amount of silicone oil, which was again expected, due to the larger amounts of non-bonded 

structures in the networks which give rise to viscoelastic relaxation. These viscoelastic losses, however, 

remained very low with the addition of up to 30 phr LMS-152. Above 40 phr, significant relaxation could be 

  Quantities 

Entry Composition 
LMS-

152 
LR3043/50A LR3043/50B TiO2 

Belsil 

resin 

LR3043/50 Reference sample with LR3043/50 - 5.00 g 5.00 g - - 

10 phr LR3043/50+ 10phr* LMS-152 1.00 g 5.00 g 5.00 g - - 

20 phr LR3043/50+ 20phr* LMS-152 2.00 g 5.00 g 5.00 g - - 

30 phr LR3043/50+ 30 phr* LMS-152 3.00 g 5.00 g 5.00 g - - 

40 phr LR3043/50+ 40 phr* LMS-152 4.00 g 5.00 g 5.00 g - - 

70 phr LR3043/50+ 70 phr* LMS-152 7.00 g 5.00 g 5.00 g - - 

100 phr LR3043/50+ 100 phr* LMS-152 10.0 g 5.00 g 5.00 g - - 

100 phr+Belsil 
LR3043/50+ 100 phr* LMS-

152+5wt% Belsil resin 
10.0 g 5.00 g 5.00 g - 1.00 g 

30 phr TiO2(1) LR3043/50+ 30phr* TiO2 (R 420) - 2.50 g 2.50 g 1.50 g - 

30 phr + 30 phr 

TiO2(1) 

LR3043/50+ 30 phr* LMS-

152+5wt% Belsil resin+30phr* TiO2 

(R 420) 

1.50 g 2.50 g 2.50 g 1.50 g 0.40 g 

30 phr TiO2(2) LR3043/50+30phr* TiO2 (Hombitec) - 3.00 3.00 g 1.80 g - 

30 phr + 30 phr 

TiO2(2) 

LR3043/50+ 30 phr* LMS-

152+5wt% Belsil resin+30phr* TiO2 

(Hombitec) 

1.80 g 3.00 3.00 g 1.80 g 0.48 g 

*phr = parts per hundred rubber 

Figure 1. Structure of LMS-152 chloropropyl-functional silicone oil. 



observed (tan δvisc became concave). Moreover, it was evident that the addition of 5wt% Belsil resin to the 

very soft 100 phr sample reinforced the network such that viscoelastic losses improved two-fold, thereby 

indicating that resin partly immobilises the silicone oil and leads to an overall improved network.  

 

Figure 2. Storage moduli (G’) and viscous loss (tan δvisc) as functions of frequency for elastomers prepared 

with chloropropyl-functional silicone oil. 

Tensile tests were performed on the elastomers with LMS-152, for which the resulting stress-strain curves are 

presented in Figure 3. The Young’s moduli at 5% strain and the maximum stress and strain are shown in 

Table 3. The stress-strain curves corroborate the increasing soft nature of the elastomer samples with LMS-

152 silicone oil, since stress at break and the Young’s moduli decrease in line with increasing content. Up to 

30 phr LMS-152 the strain at break increases in line with increasing LMS-152 loading, whereas thereafter 

strain at break significantly decreases as content increases. This is due to concentration of LMS-152 becoming 

so high, that the network becomes weaker, i.e. the elastic properties of the network are destroyed. The addition 

of Belsil resin improves stress and strain at break somewhat for a 100 phr sample. All films show weak strain-

softening behaviour. 



 

Figure 3. Stress-strain curves for elastomers prepared with chloropropyl-functional LMS-152. 

The destruction of the networks at high LMS-152 loading is corroborated by microscopy images (Figure 4) 

obtained from the cross-sectional cuts of samples with 30 phr and 100 phr LMS-152 where it is clear that 

whereas the sample containing 30 phr silicone oil was a completely homogenous film, the sample containing 

100 phr silicone oil experienced severe internal phase separation. This was further substantiated by SEM 

images of surfaces and cross-sectional cuts of the 30 and 100 phr samples as well as pure LR3043/50 as shown 

in Figure 5. It can be seen that the 100 phr sample had extensive phase separation compared to pure LR3043/50 

and the 30 phr sample. The 30 phr sample showed slightly increased surface roughness, but negligible 

compared to the 100 phr sample.   

 

Figure 4. Microscopy images of cross-sectional cuts of samples with 30 phr (top) and 100 phr (bottom) 

LMS-152. The samples are 62.6 μm and 60.0 μm thick, respectively. 



LR3043/50 surface LR3043/50 cross-section 

30 phr surface  30 phr cross-section  

100 phr surface  100 phr cross-section  

Figure 5. SEM images of surfaces and cross-sectional cuts of samples with 30 and 100 phr LMS-152 as well 

as pure LR3043/50. 

 

The thermal transition behaviour of the samples was determined by differential scanning calorimetry (DSC) 

and the resulting thermograms can be found in supporting information. From these results it is clear that the 

melting and crystallisation temperatures were similar for pure LR3043/50 and the 30 phr sample whereas the 

sample with 100 phr LMS-152 showed reduced melting temperature and significantly reduced crystalline 

behaviour, which was deduced from the area under the crystallisation peak. These results agree with the 

microscopy results and further elucidate the significant plasticisation effect exhibited by 100 phr LMS-152. 

On the other hand, there was no clear evidence of two glass transition temperatures, even at high concentration 

of LMS-152, which is usually a sign of phase separation on the microscale. This may be due to the high 

compatibility between the silicone matrix and the silicone based oil. Ageing (post-cure for 4 hours at 200°C) 

did on the other hand not change the mechanical properties of the LMS-152 filled samples to a different extent 

than for pure LR3043/50. As expected all samples became stiffer by post-cure as the cross-link density 

increased and consequently the stress and strain at break were reduced. However, this reduction was within a 

similar range for all samples irrespective of LMS-152 concentration. The dielectric properties and the 

conductivity did not change with post-cure (more than what was within the experimental error). All ageing 

results can be found as supporting information. 



Dielectric permittivity as a function of frequency is shown in Figure 6 and depicted further as a function of 

LMS-152 loading in Figure 7. Dielectric permittivity increases as the content of chloropropyl-functional 

silicone oil increases, reaching ε' = 5.5 at 100 Hz for the elastomer with 100 phr LMS-152. This corresponds 

to an increase of 104% compared to the pure LR3043/50 elastomer for which ε' = 2.7 at 100 Hz.  

 

Figure 6. Dielectric permittivity (ε’) and loss tangent (tan δ) as functions of frequency for elastomers 

prepared with chloropropyl-functional silicone oil LMS-152. 



 

Figure 7. Dielectric permittivity as a function of LMS-152 loading. The solid line indicates a fit to a linear 

mixing rule, where the permittivity of high-permittivity part is artificially set to 9.5 and silicone permittivity 

set to 2.7. 

To interpret the results a comparison between the classical linear mixing rule [32] and the data was performed. 

The linear mixing rule can be expressed as: 

εm = Vaεa + Vbεb
                                                                                (2) 

where εm  is the dielectric permittivity of the mixture and εa and εb are the dielectric permittivity of the 

high and low permittivity phases, respectively, and Va and Vb are the volume fractions of the high and 

low permittivity phases, respectively. The linear mixing rule can be derived easily as a function of 

parts per hundred rubber: 

 

 εm = εb + (phr/(100+phr))(εa-εb)                                                   (3) 

 

It is clear from Figure 7 that the increase in dielectric permittivity as a function of LMS-152 loading 

does not follow the general linear dielectric constant mixing rule. The model only predicts the 

properties if the dielectric permittivity of the high-permittivity part (chloropropyl-functional silicone 

oil) is set artificially to ε' = 9.5 (value found by least-square fitting of linear mixing rule to experimental 

data), which gives a clear indication that the simple linear mixing rule does not capture ongoing 

phenomena in the resulting elastomers. Several other mixing rules have been proposed for predicting 

the relationship between dielectric permittivity and the  volume fractions of materials with high 

dielectric permittivity fillers, including the Maxwell-Wagner equation [33,34] and the Rother–

Lichtenecker model [35]. These models however, are only valid for composites with hard fillers, 

whereas the filler used in this study is a soft and flexible polymer. This may lead to the large variations 

in relation to the classical linear dielectric permittivity mixing rule which we have illustrated in Figure 

7. In the supplementary information we have shown fittings by various models to the data, and it is 

clear that the traditional mixing laws do not hold for this type of composite. The data is, however, 

promising despite not fitting to the interpretation of any model. 

By adding Belsil resin to the elastomer with 100 phr silicone oil, dielectric permittivity drops slightly 

to ε' = 5.1 at 100 Hz, due to the diluting effect of the resin, which does not contribute with significant 

dielectric permittivity. Interestingly, this increase in dielectric permittivity is not followed by an 



increase in dielectric losses (tan δ), as seen in Figure 6; in fact, most of the samples with LMS-152 

have lower dielectric losses than the commercial elastomer LR3043/50. To our knowledge there are 

no reports of other elastomer systems with such properties, since increases in dielectric permittivity 

are generally followed by large increases in dielectric losses. Consequently, the addition of LMS-152 

to silicone elastomers constitutes a simple and easy method of decreasing or maintaining suitable levels 

of dielectric losses in silicone DEs. 

Low conductivity is also a key element in dielectric elastomer performance, and it is important to make sure 

that the composites do not possess conductivity. Conductivity as a function of frequency for elastomers 

prepared with chloropropyl-functional silicone oil is shown in Figure 8. It can be seen in Figure 8 that 

conductivity remains very low for all samples prepared with chloropropyl-functional silicone oil. Only the 

sample prepared with Belsil resin experiences increased conductivity at low frequencies, but this remains at a 

negligible level. 

 

Figure 8. Conductivity as a function of frequency for elastomers prepared with chloropropyl-functional 

silicone oil. 

The results of the dielectric breakdown strength measurements are shown in Table 3. The addition of low 

amounts of chloropropyl silicone oil to the commercial silicone elastomers is seen to increase breakdown 

strength, even though the materials become softer. Thereafter, breakdown strength decreases as the content of 

LMS-152 increases, probably due to the significantly decreased stiffness/moduli of the elastomers at this 

concentration of silicone oil, since stiffness has a major impact on breakdown strength – as shown in previous 

studies, where it was found that breakdown strength was proportional to the Young’s modulus [36,37]. This 

means that up to 30 phr LMS-152 can be added to commercial formulations without compromising dielectric, 

mechanical and, ultimately, DE properties.  

In order to gain a more detailed understanding of the breakdown strengths, Weibull analyses were performed. 

Weibull analysis can provide further insights into electrical reliability. The data are fitted to the Weibull 

cumulative distribution:  

𝐹(𝐸𝐵) = 1 − 𝑒𝑥𝑝 (−
𝐸𝐵

𝜂
)

𝛽
           (4) 

where η is the so-called scale parameter which is determined from the distribution at which 63.2% of the films 

have broken down electrically. β is the shape parameter indicating the width of the distribution. In order to fit 



the experimentally determined breakdown data points (EB) to the Weibull distribution, the expression in 

Equation 4 is linearized to give: 

𝑙𝑛 [𝑙𝑛 (
1

1−𝐹(𝐸𝐵)
)] = 𝛽 ∙ ln(𝐸𝐵) − 𝛽 ∙ ln(𝜂)             (5)                         

The Median Ranks method is used to obtain an estimate of the unreliability for each failure, i.e. 

𝐹(𝐸𝐵) ~ 𝑀𝑅(𝑖) ~ 
𝑖−0.3

𝑁+0.4
∙ 100                            (6)                                                                                        

where the median rank is the value that the true probability of failure, F(EB), should have at the jth failure out 

of a sample of N units at the 50% confidence level. Thereby the left side of Equation 5 as function of ln(EB) 

and thereby β can be found as the slope of the linear regression and the product (β·ln(η)) as the intersection. 

Both parameters are of great importance to DEs. η should be as high as possible, in close agreement with 

traditional measurements of electrical breakdown strengths. However, for reliability, β is also required to be 

as large as possible, i.e. the measured breakdown strengths all fall within a narrow range of voltages. This is 

also a clear indication of homogeneity on the microscale. The determined parameters are shown in Table 2 and 

plotted in Figure 9.  

Table 2. Weibull parameters for the samples with chloropropyl-functional silicone oil as well as the 

correlation fit between data and model. 

Film with 
entry 

Number of 
measurements 

Scale 
parameter η  

Shape 
parameter β 

r2 

  [V/μm]   
LR3043/50 10 123 33  0.95 

10 phr 10 144  29  0.96 
20 phr 10 153  44  0.98 
30 phr 10 132  27  0.99 
40 phr 10 120  35  0.95 
70 phr 10 101  31  0.96 
100 phr 10 84  33  0.70 

 

 

Figure 9. Weibull data for samples with chloropropyl-functional silicone oil. The scale parameter η is given 

in units of V/μm. 

From Figure 9 it is clear that the most favourable composition with respect to electrical breakdown and 

reliability is found around 10-30 phr of chloropropyl-functional silicone oil (where 20 phr corresponds to a 



volume fraction of oil of φ = 0.16). These compositions possess both the highest β and η, which indicates very 

homogeneous films with good electrical properties. This agrees well with the fact that these samples have 

decreased viscosities compared to pure LR3043/50 which affords easier film-coating. At the same time these 

films do not have significantly reduced Young’s moduli compared to films with higher concentration of 

chloropropyl-functional silicone oil and they therefore maintain their resistance to compression upon 

application of a Maxwell pressure. At higher loadings the films become very soft, due to the presence of 

significant amounts of oil. For the 100 phr sample the observed Weibull distribution agrees well with the 

microscopy results, namely that the sample is very inhomogeneous, with almost a two-fold decrease in η 

compared to the samples with 30-70 phr LMS-152. 

The figure of merit, Fom, is a universal expression, defined by Sommer-Larsen and Larsen[38], which through 

a single parameter can be used to evaluate the performance of a DE at the maximal applicable potential. The 

figure of merit depends on the dielectric constant, dielectric breakdown strength and the Young’s modulus (Y 

= 3G’) of the elastomer and is defined as: 

𝐹𝑜𝑚 =  
3𝜀′∙𝐸𝐵

2

𝑌
=

𝜀′∙𝐸𝐵
2

𝐺′
                                           (7)                                                      

The overall DE properties of the elastomers with the chloropropyl-functional silicone oil can be compared to 

the properties of the commercial elastomer by calculating the Fom of a given sample relative to the Fom of the 

reference material (Fom / Fom_ref), for which the results are shown in Figure 10 and Table 3 (calculated using 

Y). The figure of merit calculations indicate the combined effect of the chloropropyl-functional silicone oil on 

the properties of the commercial elastomer ELASTOSIL® LR3043/50. It is evident that all of the samples 

with chloropropyl-functional silicone oil improved their overall properties compared to the pure silicone 

elastomer, for which the samples with 30 phr and 100 phr show the highest improvement in DE properties.  

 

Figure 10. Figure of merit as a function of LMS-152 loading. 

Recently, a newly adjusted figure of merit expression was introduced that takes losses into account[39]. As a 

result, the figure of merit is coupled to the heat conduction of the DE element which arises from either dielectric 

or viscous losses. In this study, due to the use of silicone oil, viscous losses are more significant than dielectric 

losses, which vary marginally between the different samples, and therefore only viscous losses are introduced 

into the adjusted figure of merit equation:  

𝐹𝑜𝑚
∗ = 𝐹𝑜𝑚 ∙

1

tan 𝛿𝑣𝑖𝑠𝑐
                                              (8)                                                                              



The results of the adjusted figure of merit calculations are shown in Table 3 and Figure 10. From the 

calculations it is clear that when losses are taken into account, low concentrations of LMS-152 silicone oil 

produce elastomers with the best DE qualities and the greatest predicted improvements in actuation strain. The 

best improvement in predicted actuation strain is obtained for the sample prepared with 30 phr LMS-152, 

where an over two-fold predicted increase is observed.  

Table 3. Summary of dielectric permittivity (ε’) and loss tangent (tan δ) at 100 Hz, breakdown strengths 

(EB), storage moduli (G’) and loss (tan δvisc), Young’s moduli, tensile tests as well as the figure of merit for 

elastomers with chloropropyl-functional silicone oil, LMS-152, as an additive to ELASTOSIL® LR3043/50. 

 Dielectric spectroscopy 
Conductivit

y 

Electrical 

breakdown 
Rheology Tensile tests 

Figure 

of merit 

Adjusted 

figure of 

merit 

Film with 

entry 

ε' 

@100Hz 

tan δ 

@100Hz 
σ @ 1 Hz EB 

G’ 

@1Hz 

tan 

δvisc 

@1Hz 

Y @ 

5% 

strain 

Max. 

stress 

Strain at 

break 
Fom/ 

Fom_ref 

Fom*/ 

Fom_ref* 

   [s/cm] [V/µm] [kPa]  [MPa] MPa %   

LMS-152 5.1 - - - - - - - - - - 

LR3043/50 2.7 6.8*10−4 1.7*10−15 121±4 181.5 0.081 2.00 14.8 582 1.0 1.0 

10 phr 3.4 5.2*10−4 1.3*10−15 141±6 164.1 0.105 1.88 12.1 646 1.8 1.4 

20 phr 3.9 4.7*10−4 6.2*10−16 151±4 146.7 0.114 1.80 10.8 700 2.5 1.8 

30 phr 4.4 6.7*10−4 3.2*10−15 130±5 137.5 0.100 1.35 8.14 781 2.8 2.3 

40 phr 4.8 1.0*10−3 1.5*10−15 118±4 110.9 0.161 1.30 5.94 599 2.6 1.3 

70 phr 4.9 4.3*10−4 1.1*10−15 100±4 88.4 0.338 1.15 4.12 473 2.1 0.5 

100 phr 5.5 4.4*10−4 2.8*10−15 88±4 65.4 0.449 0.75 1.35 269 2.9 0.5 

100 phr + 

Belsil resin 
5.1 1.1*10−3 2.0*10−14 82±4 68.5 0.205 0.85 

1.95 340 2.0 0.8 

30 phr 

TiO2(1) 
3.4 1.1*10−2 9.9*10−14 98±4 280.5 0.087 3.65 

5.55 533 0.5 0.4 

30 phr + 30 

phr TiO2(1) 
4.5 2.2*10−3 2.8*10−14 109±5 234.7 0.248 3.30 

7.03 643 0.8 0.3 

30 phr 

TiO2(2) 
4.3 4.5*10−2 5.4*10−13 110±4 241.4 0.078 3.40 

6.11 599 0.8 0.8 

30 phr + 30 

phr TiO2(2) 
4.9 1.3*10−2 2.5*10−13 125±6 223.9 0.156 3.10 

6.77 682 1.3 0.7 

 

3.1 Samples with TiO2 

In an attempt to further improve the properties of chloropropyl-functional silicone oil-filled elastomers, the 

30 phr sample, which showed – based on the figure of merit calculations  –  the most promising overall 

properties for DEs, was reinforced with Belsil resin to further improve viscous loss and immobilise the silicone 

oil. Additionally, TiO2 was added to this formulation, in order to increase permittivity and thereby also possible 

actuation strain. TiO2 is a commonly applied permittivity enhancer in silicone DEs [11–13,40] mainly due to 

great compatibility with the silicone matrix from the silicone-compatibilised surface treatments of the particles. 

Therefore, it was desired to investigate possible synergistic (or other positive) effects from the combination of 

chloropropyl-functional silicone oil and TiO2 since the chloropropyl-functional silicone oil in itself does not 

contribute with as significant dielectric permittivity enhancement as required for commercial products to 

become more competitive. The results of the addition of permittivity-enhancing TiO2 as well as Belsil resin 

are shown in Figure 11 to Figure 14. Two different kinds of TiO2 from Sachtleben were tested, namely R 420, 

which is rutile titanium dioxide (particle size ~ 200 nm), and Hombitec RM 130F rutile titanium dioxide 

(particle size ~15 nm). Two reference samples, prepared with LR3043/50 and TiO2 without LMS-152, were 

also formulated. The sample compositions are shown in Table 1. The major difference between the two kinds 

of TiO2 is their particle size. Small TiO2 particle sizes can lead to better material properties but they also create 



a larger particle surface area within the elastomer, and this can lead to increased dielectric losses due to 

increased surface polarisation under an applied field. 

The dispersion of TiO2 particles in the silicone matrix was investigated by SEM and SEM coupled with energy 

dispersive X-ray (EDX) spectroscopy. The resulting images are presented in supporting information and show 

a high level of dispersion of the TiO2 particles. The addition of LMS-152 is seen to increase the dispersion 

level of TiO2 in the samples. The EDX images in particular demonstrate the presence of the element Ti well-

dispersed throughout the samples. 

The obtained storage moduli and viscous losses (tan δvisc) from rheological measurements of the samples with 

TiO2 are shown in Figure 11 and summarised in Table 3. From the rheological data it can be seen that the 

storage moduli increase substantially as a result of adding TiO2 and the films have become significantly stiffer 

– irrespective of the type of TiO2 used. Furthermore, viscous losses have increased somewhat in line with the 

addition of the TiO2 particles compared to the sample with only 30 phr LMS-152. Viscous losses are also 

higher than for the samples prepared with only TiO2. Thus, there seems to be a combination effect when 

combining LMS-152 and TiO2 in the elastomer, due to the very high concentration of added filler/plasticiser 

in the network. Lower concentrations (5-25 phr) of TiO2 also have similar effects on viscous loss. 

 

Figure 11. Storage moduli (G’) and viscous loss (tan δvisc) as functions of frequency for elastomers prepared 

with chloropropyl-functional silicone oil and two different kinds of TiO2. 

The Young’s moduli (determined at 5% strain, which are shown in Table 3) also illustrate that the elastomers 

soften after adding silicone oil and that TiO2 particles significantly stiffen the network in the low-strain regime. 

At larger strains all composite elastomers behave very similarly and more or less fall together on a universal 

curve. The stress-strain curves presented in Figure 12 reveal that samples containing TiO2 have become 

weaker, as the maximum stresses are significantly reduced. This is probably due to the high loading of fillers, 

which increases the chances of mechanical defects in elastomers with TiO2. 



 

Figure 12. Stress-strain curves for elastomers prepared with chloropropyl-functional LMS-152 and two 

different kinds of TiO2. 

The influence of the two different kinds of TiO2 on the dielectric properties of LR3043/50 elastomers is shown 

in Figure 13, while the data are summarised in Table 3. From Figure 13 and Table 3 it can be seen that the 

addition of 30 phr R420 TiO2 (TiO2(1)) to the commercial elastomer LR3043/50 increases permittivity from 

ε’ = 2.7 to ε’ = 3.4 at 100 Hz, whereas the addition of identical amounts of TiO2(2) increases the permittivity 

of LR3043/50 to ε’ = 4.3 at 100 Hz. Consequently, there is a large difference in how much the two kinds of 

TiO2 increase permittivity. Furthermore, dielectric loss increases significantly with the addition of both types 

of TiO2, whereby Hombitec (TiO2(2)) increases dielectric loss the most. This difference in permittivity and 

loss is due to the difference in size between the two types of TiO2, i.e. smaller TiO2 particles create an elastomer 

with more particles and a larger total particle surface area than larger particles at the same concentration. This 

leads to larger interface dipole layers in the elastomer, and thereby larger permittivity, as well as the greater 

chance of increased dielectric losses from surface polarisation and dipole relaxation mechanisms. 

 

Figure 13. Dielectric permittivity (ε’) and loss tangent (tan δ) as functions of frequency for elastomers 

prepared with chloropropyl-functional silicone oil and two different kinds of TiO2. 



The addition of TiO2 to the elastomer with 30 phr silicone oil increases permittivity somewhat, albeit not as 

much as expected. R420 TiO2 (TiO2(1)) increases permittivity from ε’ = 4.4 for the sample with only 30 phr 

LMS-152 to ε’ = 4.5 for the sample with 30 phr LMS-152 plus 30 phr R 420 TiO2, whereas 30 phr Hombitec 

TiO2 (TiO2(2)) increases permittivity to ε’ = 4.9. The dielectric losses of samples containing both LMS-152 

and TiO2 are lower than those containing only TiO2. This again indicates that the addition of LMS-152 lowers 

the dielectric losses of silicone DEs, or, put in a different way, LMS-152 does not contribute any loss, even 

though it contributes large dielectric permittivity. At high frequencies LMS-152 decreases dielectric loss (tan 

δ) by a factor of ~2. At intermediate frequencies the reduction is even greater (up to almost a factor of ten). At 

the lowest applied frequencies, however, the reducing effect does disappear for both kinds of TiO2. 

Conductivity as a function of the frequency of samples prepared with TiO2 is shown in Figure 14 and 

summarised in Table 3. Conductivity is seen to increase with the addition of TiO2, to which Hombitec TiO2 

(TiO2(2)) contributes the most. The values, however, are still so low that they are negligible and conductivity 

remains dependent of frequency in the entire frequency region, meaning that no conducting paths are created 

in the material [41]. Furthermore, it is evident that the samples prepared with 30 phr LMS-152 and 30 phr TiO2 

exhibit lower conductivity than the samples with only TiO2 and no LMS-152. 

 

Figure 14. Conductivity as a function of frequency for elastomers prepared with chloropropyl-functional 

silicone oil and two different kinds of TiO2. 

The dielectric breakdown strengths of samples prepared with TiO2 are presented in Table 3. It is notable that 

samples prepared with both kinds of TiO2 have lower breakdown strengths than neat LR3043/50. For TiO2(1) 

(R 420) breakdown strength has dropped from 121.0 V/μm for LR3043/50 to 97.8 V/μm, while for TiO2(2) 

(Hombitec) it has decreased to 110 V/μm – a smaller but still remarkable decrease. This decrease in the 

breakdown of filled elastomers is well-known and could be due to an increased number of defects, either on 

the particle surface or around the particles as well as increased dielectric losses. Furthermore, particle 

agglomeration can lead to localised areas with reduced breakdown strengths [36]. For both types of TiO2 it can 

be seen that upon the addition of 30 phr LMS-152 breakdown strength increases by over 10%. This means that 

adding LMS-152 has a positive effect on dielectric breakdown strength, even though the materials become 

softer, possibly due to the higher mobility of the components within the reaction mixture during curing. Data 

for the Weibull analysis of electrical breakdown strengths are shown in Table 4. From the Weibull analysis it 

is evident that for both types of TiO2, initially, the addition of TiO2 to the composite decreases η significantly 



(~20 and 10%, respectively, for R 420 and Hombitec), albeit with a slight increase in β for both samples. When 

the chloropropyl-functional silicone oil is added to the composites, η increases ~10% for both samples. 

Nevertheless, β for both samples drops by a factor of almost two, which gives a clear indication of the 

heterogeneity of the samples with at least two types of particles (silica in the commercial LR elastomer and 

the added TiO2) as well as PDMS and silicone oil. This observation also agrees well with the unexpected 

increase in the viscous losses of these two types of composites. 

Table 4. Weibull parameters for TiO2-filled samples as well as the correlation function between data and fit. 

Film with 
entry 

Number of 
measurements 

Scale 
parameter η  

Shape 
parameter β 

r2 

  [V/μm]   

30 phr 
TiO2(1) 

10 100  29  0.94 

30phr + 30 
phr TiO2(1) 

10 111  
25  
 

0.89 

30 phr 
TiO2(2) 

10 112  30  0.88 

30phr + 30 
phr TiO2(2) 

10 128  27  0.87 

 

The figure of merit calculations (calculated using Y) for TiO2-filled samples can be seen in Table 3, whereby 

it is evident that it is only the sample prepared with 30 phr LMS-152 and 30 phr Hombitec TiO2 (TiO2(2)) that 

induces an improvement in the combined properties compared to LR3043/50. However, when viscous losses 

are taken into account in the adjusted figure of merit calculations, none of the samples with TiO2 performs 

better than neat LR3043/50. Additionally, if the dielectric losses of TiO2-containing samples were taken into 

account in the adjusted figure of merit calculations, LR3043/50 with only chloropropyl-functional oil would 

be favoured even more than TiO2-containing samples. 

3.2 Electromechanical properties 

The electromechanical behaviour of the sample with the best predicted performance based on figure of merit 

calculations (LR3043/50 + 30 phr LMS-152) was investigated in circular strain tests to compare with the 

reference material. The measured actuation strains are shown in Figure 15. It is clear from Figure 15 that the 

sample with 30 phr LMS-152 has a greater strain response than pure LR3043/50 at any given electrical field 

reaching an actuation strain of 19% at 210 V/μm while pure LR3043/50 shows an actuation strain of 6% at the 

same field. This increase fits closely with that predicted from the figure of merit calculations. 



 

Figure 15. Actuation strain of pure LR3043/50 compared with actuation strain of LR3043/50 with 30 phr 

LMS-152 as functions of applied electrical field. 

Furthermore, we are currently investigating the lifetime of these chloropropyl-functional silicone oil-filled 

materials. This is a commonly non-addressed parameter of DEs, since research usually focuses mainly on 

maximum achievable strains in initial actuation cycles. 

4. Conclusions 

A new simple method of creating softer silicone dielectric elastomers with high dielectric permittivity has been 

developed through the use of chloropropyl-functional siloxanes. The study opens up the possibility of creating 

silicone dielectric elastomers with reduced dielectric losses, and thereby it turns the emphasis of material 

optimisation away from focusing solely on increased actuation strain and instead on the very important field 

of dielectric elastomer losses. The method is based on adding commercially available chloropropyl-functional 

silicone oil to a tough commercial LSR silicone elastomer, following which the elastomer becomes 

increasingly softer as more silicone oil is added. Viscous losses are not influenced significantly up to a certain 

concentration of LMS-152, above which they increase, due to increasing amounts of non-bonded structures in 

the elastomer. Dielectric breakdown strength has been found to increase in the presence of low amounts of 

added silicone oil, whereas it decreases with larger amounts. Dielectric permittivity increases greatly at high 

concentrations of silicone oil and attains a two-fold increase compared to the pristine commercial LSR silicone. 

Remarkably, dielectric losses reduce at low concentrations of chloropropyl-functional silicone oil, and the 

silicone oil is also able to lower the dielectric losses of TiO2-filled elastomers. Overall, it is clear from this 

work that emphasis should be placed on the optimal concentration of high permittivity fillers in dielectric 

elastomers. In this case the optimal concentration has been found through figure of merit calculations, while 

dielectric elastomer properties are optimal at a concentration of 30 phr chloropropyl-functional silicone oil, 

where high permittivity is matched with high breakdown strength and low dielectric and viscous losses. 
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