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Abstract 

Large-scale dielectric elastomer generators DEGs such as those employed in wave energy 

converter projects require a significant volume of electrically stressed materials. Meanwhile, 

predictions of energy output from such systems are generally extrapolated from electrical and 

mechanical breakdown measurements performed on small scale samples, where the presence 

of small defects can be extremely small. This can lead to overly optimistic upscaled 

predictions for the performance and reliability of full-scale devices. In this study, multilayer 

DEGs were prepared to evaluate the dielectric breakdown strength of thin 

polydimethylsiloxane PDMS elastomer at different values of active areas. The results 

indicated the presence of two separate breakdown mechanisms resulting in an enhanced size 

effect and a reduced reliability for the larger samples. Electrical ageing tests were performed 

on three different sample geometries and the dielectric breakdown strength was found to be 

marginally affected by the time under stress. A Weibull competing failure model was applied 

to the distribution of experimental breakdowns and electrical reliability was accurately 

modelled over more than 4 decades of variation in the electrode area. 
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1. Introduction 

Dielectric elastomer generators (DEGs) are soft transducers 

capable of converting mechanical energy into electrostatic 

energy. They consist of a thin dielectric elastomer film 

sandwiched between two compliant electrodes, resulting in a 

stretchable capacitor. The DEG is stretched by an external 

mechanical force (A to B in Figure 1), and a voltage is applied 

across the electrodes when the stretch is maximal (C). The 

release of external mechanical force leads to a decrease in the 

electrical capacitance and an increase in the electrostatic 

energy (C to D). The stretchability of DEGs makes them 

particularly suitable for large strain amplitudes oscillating at 

low frequency. DEGs have been proposed in a variety of 

applications such as human body motions [1, 2], wave energy 

converters [2-6] or other types of vibrational environments [7, 

8].  

Energy densities higher than 1 J.g-1 are theoretically 

achievable with DEGs [9-11]. These attractive numbers are 

generally obtained when considering materials operated at 

their intrinsic limits (namely the dielectric breakdown strength 

and the strain at break). However, in practical or commercial 

applications, the transducer will have to be operated well away 

from its critical points in the interest of reliability [12]. 

Electrical limits are known to change with the elastomer  

 



  

Figure 1. Working principle of a DEG (a) and its potential application in a wave energy converter farm (b). 

 

stiffness [13-15], amount of pre- stretch [16-18], dielectric 

thickness [19, 20] and time under electrical stress [17]. The 

volume of elastomer that is electrically stressed also plays a 

role in the determination of the dielectric breakdown strength 

[18]. The latter is of prime importance in large-scale DEG 

systems such as the one represented in Figure 1(b), where 

several tons of dielectric elastomer are required for future 

commercial applications. The probability of finding a defect 

is growing with the volume of stressed material, leading to a 

reduced effective breakdown strength for these larger 

volumes. This is known as the weakest link theory or the 

volume effect. Although, it has been widely investigated for 

power cable insulation [21-23] and high voltage capacitors 

[24-26], it remains unexplored when large volumes of 

dielectric elastomer are involved. Upscaling of materials and 

manufacturing strategies are seen as crucial milestones to 

address to make DEG a viable option for energy conversion 

[6, 27] and, according to [28], building full-scale prototypes 

represents an urgent challenge. This paper aims at highlighting 

the main obstacle of volume enlargement and addresses a 

novel methodology to capture the size effect in a reliability 

model in the presence of multiple failure mechanisms. 

To study the sensitivity of dielectric breakdown strength to 

size variations, it is relatively straightforward to change the 

surface area of the electrodes while maintaining the thickness 

constant. However, due to space and budget limitations, this 

approach generally results in volume variations that remain 

within the same order of magnitude, making extrapolations to 

much larger volumes unreliable. In this paper, three sample 

geometries have been evaluated and a novel multilayer 

assembly has been developed, allowing the active surface to 

be increased by more than 4 decades from the smaller to the 

larger sample configuration. The resulting dielectric 

elastomers reached an active area of 35 m2, which constitutes, 

to our knowledge, the largest upscaling reported. Detection of 

failure modes that remain hidden in classical breakdown 

experiments have been identified on these larger samples. A 

statistical approach using competing failure mode (CFM) 

analysis was combined to a Weibull weakest link model to 

predict the electrical reliability over the entire range of 

electrode areas evaluated. The model agrees very well with the 

experimental breakdown measured on the various sample 

sizes evaluated. 

Lifetime is another important feature of large-scale DEGs. 

Using an accelerated life testing protocol, the sensitivity to 

electrical ageing was measured for the different specimen 

sizes. The CFM model was then modified to include time-

induced electrical degradation. This methodology accurately 

described the experimental breakdowns at various specimen 

sizes, electric field, and exposure times, providing one single 

reliability function that can further guide the design of DEGs. 

The outcome of this work also allows for the evaluation of the 

relative importance of the different degradation variables. In 

future work, it can be used to address the variables that 

contribute the most to the reduction in energy density and 

reliability of large-scale DEGs.  

2. Background 

Reliability functions are widely employed to model 

experimental failures and improve availability of materials, 

components, or machines. The cumulative distribution 

function 𝑈(𝑥) represents the population fraction that failed at 

a given stress 𝑥 (e.g. the electric field). The probability of 

survival 𝑅(𝑥) beyond stress 𝑥 is the complement of the 

cumulative distribution function (1). 

 𝑅(𝑥) = 1 − 𝑈(𝑥) (1) 

Many products come in various sizes, and their lifetimes 

are proportional to their volume. This is typically the case for 

capacitors or cable insulation, where lifetime is determined by 

the weakest portion of its dielectric [29]. These products can 

be regarded as a series of 𝑘 sub-elements of volume 𝛺0, such 

that the volume of the entire product is 𝛺 = 𝑘𝛺0. For a system 

composed of 𝑘 statistically independent components having 

the same reliability function 𝑅0(𝑥), the system reliability  
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function is given by equation (2) [29]. 

 𝑅(𝑥) = [𝑅0(𝑥)]𝑘 (2) 

High-voltage capacitors or DEGs, employ thin dielectric 

films where thickness variations are known to change the 

charge dynamics, resulting in local field enhancement [30]. 

Hence, a variation in thickness can change the breakdown 

strength because of two separate causes: a varying probability 

of finding a defect and localised field enhancement. As a 

result, the size effect in this paper is solely described by 

varying the electrode area (A) while holding the dielectric 

thickness (𝑑0) constant. Equation (2) is modified accordingly 

resulting in the cumulative distribution function described by 

(3) with 𝐴0 the active electrode area of a reference sub-

element. 

 
𝑈(𝑥) = 1 − [𝑅0(𝑥)]

𝐴
𝐴0

⁄
 

(3) 

From a statistical standpoint, equation (3) shows that 

unreliability increases with increased area: the probability of 

finding a defect causing premature failure increases as the area 

of stressed material increases. This size effect was already 

identified as an important feature to consider in the electrical 

breakdown strength evaluation of PDMS elastomers, even for 

small volume variations [18]. 

The Weibull distribution [31] is particularly well suited to 

describe extreme events and is widely employed in the 

lifetime prediction of electrical components. The cumulative 

distribution function (cdf) of a 2-parameter Weibull 

distribution is given in (4) with 𝑥 the measured variable, 𝜂 the 

scale parameter of the Weibull distribution (value at the 63.2th 

percentile). The shape parameter 𝛽 is the slope of the 

distribution on a bi-logarithmic scale and is a measure of the 

dispersion in the experimental data. 

 
𝑈(𝑥) = 1 − 𝑒

−(
𝑥
𝜂

)
𝛽

;   𝑥 ≥ 0 
(4) 

In many products, different failure modes are competing in 

the system, and a simple Weibull distribution is insufficient to 

model the experimental results. More sophisticated mixed 

distributions, such as multimodal Weibull or competing risks 

analysis, are required [32]. Typical examples include 

characterization of electrical breakdown in capacitor films 
[24] or mechanical characterization of fibres whose strength is 

determined by a competition among the strength distributions 

of defect sub-populations [33]. 

In this paper, the competing failure mode analysis has been 

used as it was found to better model the distribution of 

experimental breakdown, especially when the size effect was 

considered. Assuming a system subject to 𝑁 independent 

competing failure causes, each distributed according to a 

Weibull distribution, the resulting cdf is of the form: 

 

𝑈(𝑥) = 1 − ∏ 𝑒
−(

𝑥
𝜂𝑖

)
𝛽𝑖

𝑁

𝑖=1

;   𝑥 ≥ 0 (5) 

where 𝜂𝑖 and 𝛽𝑖 are the scale and shape parameters of the 𝑖𝑡ℎ 

failure mode.  

Stressed volume and electric field strength 𝐸 are often 

mentioned as parameters affecting electrical unreliability 𝑈𝑒. 

Additionally, the service life of a material is ultimately defined 

by the stress levels imposed and their duration or repetitions. 

The long exposure time under electrical stress can induce a 

time dependent breakdown mechanism caused by space 

charge accumulation or thermal runaway. If the lifetime 𝐿 is 

inversely proportional to the 𝛾𝑡ℎ power of the electric field, 

the degradation is considered to obey the inverse power law 

(6) which is widely employed for lifetime estimation of 

electrical components [29]. 𝐾 and 𝛾 are the model parameters 

which are experimentally determined. The power exponent 𝛾 

is obtained from the slope of a bi-logarithmic plot of lifetime 

vs. electrical stress and measures the sensitivity to electrical 

ageing (a high 𝛾 value is desirable for the long-term 

reliability). 

 𝐿(𝐸) = 𝐾𝐸−𝛾 (6) 

If time (𝑡) is considered as the variable of the Weibull 

distribution in (4), and if the scale parameter of time to failures 

obeys to the inverse power law, the unreliability function 𝑈0 

of a reference specimen is given in equation (7) with 𝛽𝐸 = 𝛾𝛽𝑡 

and 𝐾 = 𝜂𝐸
𝛾𝜂𝑡. In this expression, 𝛽𝐸 and 𝛽𝑡 are the shape 

parameters of the experimental electric field and lifetime 

distributions, 𝜂𝐸 and 𝜂𝑡 the respective scale parameters. 

 
𝑈0(𝐸, 𝑡) = 1 − 𝑒

−(
𝐸

𝜂𝐸
)

𝛽𝐸
(

𝑡
𝜂𝑡

)
𝛽𝑡

 
(7) 

3. Method 

3.1 Materials 

The dielectric elastomer used was a two-component liquid 

silicone rubber (LSR) with 70 ShA Shore hardness. The LSR 

was diluted with a volatile silicone fluid in a LSR:solvent 

mixing ratio of 10:8 (determined from the mass). The product 

was mixed and degassed with a turbine mixer in a vacuum 

environment (~100 mbar). The resulting mixture was coated 

on a polymer carrier film using a roll-to-roll coater in a clean 

room environment fulfilling the ISO8 requirement. A first 

heating in a ventilated oven was done at 110 °C for a duration 

of 10 minutes to evaporate the solvent and to crosslink the 

elastomer. Final membrane thickness d0 was measured at 

145±5 µm with a digital microscope (Figure 2). Then, a 

compliant electrode made of a commercially available 

conductive LSR was coated over the dielectric PDMS layer 

  



Journal XX (XXXX) XXXXXX E Taine et al  

 4  
 

 

Figure 2. Section cut of the dielectric film and electrode (stripes in 

the dielectric layer are resulting from the cutting operation).  

using a roll coater whose final thickness was measured at 

30±5 µm. Finally, the elastomer stack was peeled from the 

carrier web, and a final post-curing was performed at 120 °C 

for a duration of 15 hours to eliminate the solvent residuals. 

3.2 Samples preparation 

In this study, three different electrode areas 𝐴 have been 

evaluated, where the thickness of the dielectric layer remains 

unchanged between each geometry (Figure 3). The value of 

each active area was determined from equation (8) with C0 the 

electric capacitance at rest (measured at 25 Hz), 𝜀0 the vacuum 

permittivity 𝜀0 = 8.85 × 10−12  F.m-1 and 𝜀𝑟 the relative 

permittivity of the dielectric elastomer (for the PDMS used in 

this study, a value of 𝜀𝑟 =2.7 has been measured). The active 

areas measured are given in Table 1 for each sample 

configuration, and the corresponding stressed volumes are 

schematically represented (with diagonal dashed regions) in 

Figure 3. 

 𝐴 =
𝐶0𝑑0

𝜀0𝜀𝑟

 (8) 

Results for the smaller area 𝐴0 are obtained using a 

stainless-steel electrode constituted of a 40 mm diameter 

cylinder for which all edges have been rounded to a 3.4 mm 

radius, as represented in Figure 3(a). This electrode is 

connected to ground and is actuated by a 3-axis motor, 

allowing to test at different locations on a sample. The 

cylinder is positioned on the dielectric elastomer such, that 

only its mass contributes to the contact pressure at the film 

interface (4.3 kPa). The conductive compliant electrode, 

represented in black in Figure 3(a), is in contact with a mirror-

polished stainless-steel plate, the latter being connected to the 

high voltage (HV) output of an external DC power supply 

(Heinzinger PNC 30kV). This testing configuration 

constitutes the reference case in this paper. 

The sample is immersed in a silicone oil to prevent 

flashovers, and a polycarbonate frame is installed surrounding 

the cylindrical electrode to fix the position of the sample and 

prevent its displacement towards the vertical surface of the 

cylinder when the electric field is applied. Subsequently, a 

positive DC voltage 𝑉 is applied across the dielectric 

elastomer using a constant ramp that can be adjusted from 𝑟 =

0.05 V. s−1 to 𝑟 = 5 kV. s−1. The corresponding electric field 

E is determined from the initial dielectric thickness as E=V/d0. 

The breakdown voltage VBD is detected from a sharp increase 

in the current measurement, and the corresponding dielectric 

breakdown strength is calculated from equation (9) using the 

initial film thickness. Hence, the dielectric thickness reduction 

induced by the electrostatic pressure is disregarded in the 

evaluation of the dielectric breakdown strength.  

 𝐸𝐵𝐷 = 𝑉𝐵𝐷/𝑑0 (9) 

Then, the vertical axis motor lifts the ground electrode and 

automatically moves to the next testing location, where the 

operation is repeated. A maximum of 24 equally distributed 

measurement points can be determined on a sheet of dielectric 

elastomer, as represented in Figure 3(a). 

The area 𝐴1 is obtained by testing the same film with the 

dielectric layer in contact with the stainless-steel plate on one 

side and the grounded rectangular conductive silicone on the 

other side, as illustrated in Figure 3(b). The resulting area 

covered by overlapping electrodes is increased by a factor of 

78 compared to the reference area 𝐴0. 

Finally, the larger area A2 is composed of a cylindrical 

capacitive stack that is obtained from a continuous winding 

process. Two dielectric films are simultaneously coated with 

electrodes before being assembled on a rotating mandrel to 

form the multi-layer assembly presented in Figure 3(c). In this 

geometry, the two electrodes are offsetted in the coating 

process such as the grounded electrode is ending on one 

extremity of the tubular stack, whereas the electrode 

connected to HV output is connected at the other extremity. 

Further details on the electrodes and dielectric arrangement 

have been described by van Kessel et al. [34]. Inner radius of 

the capacitor is fixed to 𝑅 = 100 mm and the active width to 

350 mm. The active area can be adjusted by changing the 

number of dielectric elastomer layers in the capacitive stack. 

 

Table 1. Active area measured for each sample geometry. 

Area Symbol Value Unit 𝐴
𝐴0

⁄  

Reference 𝐴0 1.2 × 10-3 m2 1 

Film 𝐴1 9.1 × 10-2 m2 78 

Ring 𝐴2 3.5 × 101 m2 2.9 × 104 

3.3 Progressive stress test 

Electronic components typically exhibit a high mean 

lifetime before failure. Therefore, life testing under operating  



(a) 

 

 

(b) 

 

(c) 

 

Figure 3. Samples geometries with the insulating PDMS dielectric layers represented in white with black dots, the compliant electrodes in 

grey with white dots, the volume of dielectric material electrically stressed with diagonal dashed lines for (a) the active area 𝑨 = 𝑨𝟎, (b) 

𝑨 = 𝑨𝟏 and (c) 𝑨 = 𝑨𝟐. Geometries are representational only and not to scale. 

 

conditions would be extremely time consuming. Different 

methodologies have been developed to reduce testing times 

and approximate lifetime in a reasonable resource. 

Accelerated Life Testing (ALT) is widely used to determine 

the failure time distribution of a product and the associated 

life-stress relationship in order to predict the product's long-

term reliability under normal operating conditions. A step 

stress test methodology can be employed, which consists in 

placing a sample on test at a relatively mild stress level for a 

fixed time period. At the end of this period, the parts are 

inspected for failure, and the ones that have not failed are put 

back on test at the next higher stress level. They are tested for 

the same time period, and the procedure is repeated, until 

either a desired percentile or the total sample population fails. 

Voltage, temperature, and the length of the time interval of 

stress application are frequently used variables in the test 

program [35]. A variation of this ALT method is known as the 

progressive stress test. It is similar to the step stress test, where 

the time increment approaches zero and the rate of voltage 

increase is 𝑟 =
𝑑𝑉

𝑑𝑡
 . Testing at different rates will expose the 

sample to different times under stress, and the electrical 

damage 𝐷 accumulated after an exposure time τ is given in 

equation (10) [35].  

 

𝐷 = ∫ 𝐸(𝑡)𝛾𝑑𝑡 =

𝜏

0

(
𝑟

𝑑0

)
𝛾

∫ 𝑡𝛾𝑑𝑡

𝜏

0

 (10) 

Integration of equation (10) leads to the inverse power law, 

and the sample fails once the accumulated damage reaches the 

critical damage value 𝐷𝑐  after an exposure time 𝜏𝑐 

representing its lifetime at a specific stress rate 
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(equation (11)). 𝛾 is the power exponent obtained from a plot 

of the electric field-life line obtained from this progressive 

test. 

 
𝜏𝑐 = (𝛾 + 1)

𝐷𝑐

𝐸𝑐
𝛾 (11) 

The main advantage in the use of progressive stress tests is 

that they do minimise the analysis problems caused by early 

and late failures in a typical test sample population. This 

methodology has been applied to a PDMS elastomer 

membrane by Iannarelli et al. [17], where the power exponent 

has been measured for different levels of pre-stretch. In 

Section 4.2, the value of 𝛾 has been measured on different 

volumes of electrically stressed materials where the voltage 

rise is changed from 0.05 V.s-1 up to 500 V.s-1. 

4. Results and discussion 

4.1 Size effect 

The experimental breakdowns obtained on the three 

different samples are presented in Figure 4, with only the 

electric field and active area considered as degradation 

variables. It appears that when the active area increases, the 

mean breakdown strength reduces significantly (electrical 

breakdown distributions are shifted to the left in Figure 4). 

Additionally, the slopes of the distributions are different. 

indicating a larger scatter in the breakdown results when the 

stressed volume increases. 

For the area 𝐴1, two distinct slopes are clearly identified in 

the distribution of the experimental breakdowns indicating the 

presence of two failure mechanisms (respectively noted as 

mode 1 and mode 2). Hence, equation (5) is used with the 

electric field as variable and setting the number of failure 

causes to 𝑁 = 2. The resulting Weibull competing failure 

model is inserted into equation (3) which yields to 

equation (12) with 𝜂𝐸𝑖 and 𝛽𝐸𝑖the scale and shape parameters 

of the 𝑖𝑡ℎfailure mode of the reference sample. 

 
𝑈𝑒(𝐴, 𝐸) = 1 − 𝑒

−
𝐴

𝐴0 
[(

𝐸
𝜂𝐸1

)
𝛽𝐸1

+(
𝐸

𝜂𝐸2
)

𝛽𝐸2
]
 

(12) 

Parameters that best fit the experimental data are obtained 

using a least squares optimization method and are given in 

Table 2. The resulting equation (12) is represented with lines 

in Figure 4 for the three areas evaluated. The CFM Weibull 

distribution coupled to the size effect is found to model 

accurately the experimental results, which could be 

interpreted as a sign that different failure modes competing in 

the samples is a reasonable assumption. This will be further 

discussed in Section 3.3. 

The experimental breakdown distribution obtained on the 

reference area 𝐴0 is exclusively described by the first failure 

mechanism (mode 1). This failure mode is assumed to be  

Table 2. Scale and shape parameters of the CFM Weibull 

distribution. 

 Parameter Symbol Value Unit 

mode 1 
Scale 𝜂𝐸1 192 V.µm-1 

Shape 𝛽𝐸1 14.5 – 

mode 2 
Scale 𝜂𝐸2 2316 V.µm-1 

Shape 𝛽𝐸2 2.1 – 

 

caused by electro-mechanical instability which is 

acknowledged as the dominant failure mechanism of dielectric 

elastomer in the absence of pre-stretch [36, 37]. This 

assumption is supported by the results of a previous study on 

the same dielectric elastomer  where the onset of 

electromechanical instability was calculated at 200 V.μm-1 for 

an unstretched material [15]. Here, the scale parameter is 

measured at 192 V.μm-1 which is a strong indication that 

electro-mechanical instability is the underlying failure 

mechanism of mode 1. 

In contrast, the experimental breakdowns on the large 

samples 𝐴2 are mainly driven by the second mechanism 

(mode 2) as indicated by the slope of the distribution. When 

the electrode area increases, this failure mode rapidly takes 

over electro-mechanical instabilities as the main cause of 

electrical failure. To ensure that electrical failures have 

occurred within the dielectric layer, after testing, a small 

current of 1 mA is circulated between the electrodes of 

opposite polarities. The Joule’s dissipative heat in the highly 

resistive breakdown pinholes leads to a local temperature 

increase which diffuses across the layers up to the surface of 

the ring, allowing its localization with the use of an infrared 

camera as shown in Figure 5-a. Then, the rings are cut at this 

precise location, and the pinholes inspected with a microscope 

(Figure 5-b). Despite several layers being generally damaged,  

 
Figure 4. Experimental breakdown results modelled with a CFM 

Weibull distribution. 
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Figure 5. Breakdown pinhole inspected with (a) an infrared camera 

and (b) a digital microscope after cutting a slice at the location 

identified. 

no breakdowns have been identified at electrode terminations. 

This observation indicates that this second failure mechanism 

is driven by the dielectric properties rather than electric field 

enhancement at the electrode tips. 

Experimental breakdowns on additional intermediate areas 

are shown in Figure 6. Larger electrode surfaces have been 

coated on samples of type 𝐴1 whereas lower dielectric layers 

have been stacked in sample of type 𝐴2. These additional 

measurements are aimed at verifying that the reduced 

reliability is actually driven by a change in area rather than a 

change in the sample configuration. The mixed Weibull 

distribution (12) is represented with a colour scale, where the 

colour intensity increases linearly with the unreliability level. 

It was choosen to bound the visibility of the Weibull contour 

plot between 0.01 and 0.99 unreliability (dashed black lines). 

Large DEGs composed of a continuous piece of active 

material seem unrealistic for reliable operation over multiple 

years, and the development of segmented electrodes where 

each segments are interconnected with thin connections acting 

as fuses can be a way for improving reliability [38]. The size 

of these segments can be assessed based on their individual 

reliability, and outcome of Figure 6 gives guidelines on the 

typical segment area allowing for a reliable design. For the 

specific material and process evaluated in this study, the 

change of breakdown mechanism from mode 1 to mode 2 

progressively occurred when the area increased from 10-2 to 

101 m2. The largest area that allows 90% of the segments to 

survive in mode 1 is around 10-1 m2 leading to an electric field 

in the range of 110 V.µm-1 as represented by the dashed line 

in Figure 6. This can be defined as a critical area 𝐴𝐶 to use as 

basis of design of a segmented electrode arrangement, such as 

the ones employed in the capacitor industry. Active surface of 

a unitary segment shall be preferably designed to be smaller 

than 𝐴𝐶  to operate 90% of the segments away from mode 2. 

4.2 Electrical ageing 

Further to electric field and volume, the time under stress 

can also be added as an additional stress variable influencing 

the electrical reliability. Results of a progressive stress step 

where the voltage rise is changed from 0.05 V.s-1 up to 

500 V.s-1 are represented in Figure 7 for the three geometries 

previously described. For the reference area 𝐴0, the effect of 

exposure time is extremely limited over the time period 

evaluated as the mean breakdown remains unchanged for the 

different voltage ramps tested (Figure 7-a). For the other larger 

areas, electrical ageing can also be considered as marginal 

with regards to the size effect and is difficult to evaluate given 

the large scatter in the breakdown values. The CFM Weibull 

cdf, which integrates the effect of exposure time, is obtained 

by combining equation (7) and (5) with 𝑁 = 2. The resulting 

reliability function is then inserted into equation (3) to account 

for the size effect, and the electrical unreliability function is 

expressed as: 

𝑈𝑒(𝐴, 𝐸, 𝑡) = 1 − 𝑒
−

𝐴
𝐴0 

[(
𝐸

𝜂𝐸1
)

𝛽𝐸1
(

𝑡
𝜂𝑡1

)
𝛽𝑡1

+(
𝐸

𝜂𝐸2
)

𝛽𝐸2
(

𝑡
𝜂𝑡2

)
𝛽𝑡2

]
 

(13) 

The Weibull parameters that best fit the experimental data 

are given in Table 3 for each failure mode, and the 

corresponding distribution described in equation (13) is 

superimposed on the experimental data for the three volumes 

evaluated in Figure 7. An ageing power exponent 𝛾1 = 134 is 

obtained for the smaller samples where failures are determined 

by mode 1. The very low sensitivity of electrical breakdown 

to exposure time supports the previous results obtained by 

Iannarelli et al. [17] on an unstretched PDMS elastomer. On 

the larger area, where electrical breakdowns are driven by 

mode 2, a value 𝛾1 = 103 is obtained. At a first glance, 

electrical ageing appears to be slightly enhanced as the power 

exponent is smaller. However, that observation has to be 

considered with caution due to the large scatter in the 

breakdown field distribution. It seems more appropriate to 

conclude that no major deviation in the electrical ageing 

kinetics occurred when the active area increases. The test 

duration of each individual point represented in Figure 7 never 

exceeded 7 days, and other ageing processes might build up at 

longer exposure times leading to different 𝛾 values. 

 

 

Figure 6. Electrical unreliability depending on the level of electric 

field and active area. 

  

(a) (b) 
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Table 3. Parameters of the inverse power law used in the CFM 

Weibull distribution. 

 Parameter Symbol Value Unit 

mode 1 

Scale 𝜂𝑡1 2.0 × 104 s 

Shape 𝛽𝑡1 0.108 –  

Power exponent  𝛾1 134 – 

mode 2 

Scale 𝜂𝑡2 1.3 × 109 s 

Shape 𝛽𝑡2 0.020 – 

Power exponent 𝛾2 103 – 

4.3 Discussion 

For improving the reliability of DEGs constituted of large 

areas of dielectric material, identifying and eliminating the 

early failures caused by mode 2 is crucial. Microscope 

inspections have been performed on the dielectric films, and 

when a defect is identified, a breakdown test is performed at 

this specific location using the cylindrical stainless-steel 

electrode described in Section 3.2. This electrode was centered 

above the defect, and a voltage ramp up of 500 V.s-1 was 

applied until electrical breakdown. The breakdown strength 

was calculated from the initial film thickness (equation (9)) 

and can be compared to the values measured on a defect-free 

sample (Figure 7-a). After breakdown, the film was re- 

inspected, and breakdown pinholes were always localised on 

the previously identified defects (Figure 8). For the bubble-

shape defects, dielectric breakdown strengths ranging from 13 

to 53 V.µm-1 have been measured on 11 different bubbles. For 

the filamentary defect, the breakdown strength was higher and 

a value of 101 V.µm-1was measured on the film (localized 

field enhancements are likely higher at the extremity of the 

defect where the breakdown occurred). For the different types 

of defects, the measured values are in the range of the 

breakdown values identified as mode 2 in Figure 4. This tends 

to indicate that mode 1 corresponds to electro-mechanical 

instabilities, whereas mode 2 covers different types of flaws of 

variable nature and sizes, leading to premature failure and a 

larger dispersion in the experimental breakdowns. 

These results highlight the importance of the 

manufacturing process in the production of large DEGs. The 

presence of contaminants shall be avoided with specific efforts 

in the material formulation and manufacturing process (such 

as clean room environment). The bubbles-shape defects 

require specific additional steps like vacuum degassing, 

planetary mixing, or specific disposition in the coating 

process. Despite all these preventive actions, it is impossible 

to guarantee a 100% defect free large-scale DEG. For this 

reason, developing stretchable electrodes with self-clearing 

properties or patterned electrodes would be game changers for 

the industrialization of dielectric elastomer transducers. The 

major contribution of microscopic defects to the reliability of 

large-scale DEGs indicates that breakthrough electrode 

technologies are prerequisites to the development of material 

formulations with higher dielectric breakdown strength or 

higher dielectric permittivities. 

 

 

Figure 7. Electrical ageing obtained from a progressive stress test on 

samples with electrode areas equal to (a) 𝑨 = 𝑨𝟎, (b) 𝑨 = 𝑨𝟏 and (c) 

𝑨 = 𝑨𝟐. 
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Figure 8. Microscope picture of defect before voltage application 

(left) and after electrical failure (right) for an air bubble (a) and a 

filamentary particle (b). 

5. Conclusion 

The electrical breakdown distribution has been measured 

on different sizes of dielectric materials by varying the 

electrode area. It was found that the presence of defects, such 

as air bubbles or external contaminants, significantly reduced 

the breakdown strength of the larger active areas. The energy 

density of DEGs is generally extrapolated from breakdown 

tests realised on relatively small-scale samples of dielectric 

material. In these common breakdown setups, defect-driven 

failure mechanisms are often hidden, causing 

misinterpretation of the size effect. However, considering 

several breakdown mechanisms in a Weibull competing 

failure model allows an accurate description of the size effect 

and electrical ageing. According to the experimental results, 

the size effect outweighed electrical ageing in determining 

electrical unreliability. These results highlight the importance 

of testing dielectric elastomers at representative scales for 

determining their operating limits. The power exponent of the 

electrical ageing law was found to be in accordance with 

literature for the small, non-stretched PDMS samples, and a 

similar sensitivity to exposure time was measured on the 

larger samples. For reaching commercial application on large-

scale devices and operating such systems in the range of 80-

100 V.µm-1, the development of patterned or self-clearing 

electrodes is mandatory unless an extreme degree of purity can 

be achieved in the dielectric for the purpose of excluding any 

type of defect that would lead to an electrical failure before the 

design life of the DEG. A methodology has been proposed to 

evaluate the critical area at which the failure mechanism 

transitions from electro-mechanical instabilities to premature 

failures induced by defects. 
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