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ABSTRACT: Currently used dielectric elastomers do not have the ability to self-heal after detrimental events such as tearing 
or electrical breakdown, which are critical issues in relation to product reliability and lifetime. In this paper we present a 
self-healing dielectric elastomer which additionally possesses high dielectric permittivity and consists of an interpenetrat-
ing polymer network of silicone elastomer and ionic silicone species which are cross-linked through proton exchange be-
tween amines and acids. The ionically cross-linked silicone provides self-healing properties after electrical breakdown or 
cuts made directly to the material, due to the reassembly of the ionic bonds that are broken during damage. The dielectric 
elastomers presented in this paper pave the way to increased lifetimes and the ability of dielectric elastomers to survive 
millions of cycles in high-voltage conditions. 

Dielectric elastomers have the ability to mimic human 
muscles, because they possess properties such as large 
strains, high-energy densities and fast responses and are 
therefore often referred to as ‘artificial muscles’.1–3 The 
most obvious human muscle property that current dielec-
tric elastomers lack is the ability to self-heal, as human 
muscles are able to perform this feat and regenerate after 
an injury, before continuing to function throughout our 
lives. In a dielectric elastomer, that “injury” may be dielec-
tric breakdown, and current elastomer materials are not 
able to survive this phenomenon, thereby leading to per-
manent failure of the dielectric elastomer transducer.  

Dielectric elastomers consist of a thin elastomer film 
(<30 μm) sandwiched between two very thin, flexible elec-
trodes and forming a stretchable capacitor. When a voltage 
is applied to the electrodes electrostatic forces are formed 
that reduce the elastomer in thickness and which in turn 
expands in area. Movement, i.e. actuation, is thus created 
by electrical stimulus – much like in a human muscle. In 
order to actuate currently used materials, however, high 
driving voltages are needed, often in the order of kilovolts. 
This leaves the elastomer susceptible to premature electri-
cal breakdown as a result of the local electric field exceed-
ing the dielectric breakdown strength of the elastomer.4 
The risk of breakdown is furthermore increased if defects 
or imperfections exist in the elastomer. Moreover, dielec-
tric or viscous losses may lead to breakdown if the heat 
generated by these losses exceeds heat dissipated into the 
surrounding area.5 Elastomers with few imperfections and 
low losses are therefore in high demand. High-permittivity 
silicone materials are also required if higher actuation 

strains at lower voltages are desired. This demand is in 
stark contrast to the desire for materials with a high toler-
ance to electrical breakdown, since high-permittivity ma-
terials often have higher degrees of imperfection and 
higher losses.3 The solution is the creation of high-permit-
tivity, self-healing elastomer materials for which both 
lower electrical fields are needed to actuate the dielectric 
elastomer, and the elastomer is able to self-heal if a breach 
occurs.  

Only a few approaches to self-healing dielectric elasto-
mers have been presented to date,6–8 and although multi-
ple approaches to self-healing polymers and elastomers 
based on for example metal complexes9, ionomers10,11, hy-
drogen-bonding12,13, π-π stacking14 and supramolecular as-
semblies15,16 have been developed, there has been no focus 
on dielectric properties.17 Recently, we presented a novel 
class of interpenetrating silicone and ionic networks exhib-
iting increased dielectric permittivity.18 We have now opti-
mized these networks, using a different silicone cross-link-
ing chemistry based on condensation silicones which are 
not, unlike platinum-cured silicones, inhibited by ionic 
network constituents, thus leading to significantly better 
cured networks. In this paper we demonstrate that the in-
terpenetrating ionic network displays self-healing abilities, 
and then we move on to explain how it is used to help die-
lectric elastomers self-heal after a detrimental breakdown 
event or other type of damage to the elastomer.  

Self-healing dielectric elastomers were created from two 
different networks, namely a silicone and an ionic network, 
and then combined to create an interpenetrating polymer 
network (IPN). A number of IPNs were prepared by mixing 



 

Figure 1. Chemistry of the prepared IPNs and their self-healing abilities. Top and middle left: chemistry of the IPNs, which 
consist of interpenetrating networks of traditional silicone cured by condensation chemistry and an ionic silicone network 
cured by the formation of ionic bonds between protonated amines and acids. Middle right: two different sample pieces are 
also able to self-heal (reassemble), here illustrated by one piece coloured in green which was made using 1 phr green pigment 
(PGGRN01 from Flourochem). The sample is able to withstand bending, straining and compression after self-healing. a) Shows 
a film after curing and before any inflicted damage. b): A cut is made in the film. c): After thermal treatment the sample is able 
to self-heal due to the reassembly of the ionic bonds that were broken. Initial adhesion is due to adhesion from the silicone 
network part whereas the permanent reattachment is due to the reformation of ionic bonds after the thermal treatment. d): 
Self-healed samples are still able to attain high strains. 



 

Table 1. Results of electrical breakdown measure-
ments, determined Weibull parameters as well as r2. 

the silicone elastomer part, which consists of hydroxyl-
terminated polydimethylsiloxane (PDMS) (Si-A: 𝑀̅𝑤≈ 
31,000 g mol−1 or Si-B: 𝑀̅𝑤≈ 70,000 g mol−1), a methyltri-
methoxysilane cross-linker and a dibutyltin-diacetate cat-
alyst, together with the ionic network part, consisting of 
aminopropyl-functional silicone (𝑀̅𝑤≈ 4500 g mol−1), with 
an average of four amino groups, and telechelic carboxylic 
acid-functional silicone (𝑀̅𝑤≈ 1000 g mol−1). Concentra-
tions of the ionic network (IN) parts of the IPNs varied 
from 10-30 wt% (IN10-IN30) within the silicone matrices 
(Si-A or Si-B). The films were coated in thicknesses of 1 mm 
and 200 μm, respectively. The condensation silicone part 
of the IPN was cured in a high-humidity oven (80% humid-
ity for three days at RT), after which the ionic network part 
of the interpenetrating network was cured in a normal 
oven at 120°C for three days. This rather slow cure is due to 
reduced mobility of the ionic components in the cross-
linked silicone matrix. The degree of cure and mechanical 
integrity of the films were confirmed and evaluated by 
their linear viscoelastic properties, measured using an 
ARES-G2 rheometer with frequency sweeps from 100 Hz to 
0.01 Hz at an ambient temperature (details and resulting 
rheological curves in ESI). Longer curing times did not lead 
to changes in moduli and the chosen reaction time was 
thus evaluated to be appropriate. During the second curing 
step protonation of the amino groups occurred and ionic 
bonds formed between the amino groups and the acid 
groups, as shown in Figure 1.  

X-ray diffraction measurements (presented in ESI) con-
firmed that the prepared materials were homogenous and 
that the ionic species were not present as larger clusters. 
The ionic species will however be present in the material 
in a statistical distribution and some segregation of ionic 
species will occur. This is also illustrated in the top figure 
of Figure 1. Details of the material preparation are given as 
ESI. The resulting IPN elastomers as well as the control 
samples, i.e. pure Si-A and Si-B, are shown in supporting 
information, in which it is clear that the samples look in-
creasingly orange coloured in line with the increasing con-
centration of the ionic network. This phenomenon is typi-
cally associated with amine oxidation and, under the con-
ditions of the experiment, could not be avoided. However, 
as seen, they all remain transparent and homogenous. All 
samples, including a pure ionic network sample, were 

shown to be hydrophobic by static contact angle measure-
ments and furthermore swelling experiments showed that 
none of the samples swell in water (data presented as ESI). 

The homogeneity of the films was assessed further 
through electrical breakdown strength measurements per-
formed on an in-house-built device based on international 
standards.19 A step-wise increasing voltage was applied (50-
100 V/step) at a rate of 0.5-1.0 step/s. Each sample was sub-
jected to eight electrical breakdown measurements, and an 
average of the values was indicated as the electrical break-
down strength thereof. Electrical breakdown strength was 
analysed statistically through a Weibull distribution anal-
ysis, from which the probability of breakdown can be de-
termined. The linearized Weibull cumulative distribution 
function (F(EB)) is given as:  

𝑙𝑛[−𝑙𝑛(1 − 𝐹(𝐸𝐵))] = 𝛽 ∙ ln(𝐸𝐵) − 𝛽 ∙ ln(𝜂) (1)
 where EB is the measured electrical breakdown 
strength, η is the scale parameter and β is the shape param-
eter. In a probability plot, the shape parameter, β, is then 
equal to the slope of the regressed line. It is desirable to 
have as large a β value as possible, since this means that the 
breakdown values fall within a narrow range of voltages. A 
high β value can also give an indication about microscale 
homogeneity, since electrical breakdown strength meas-
urements are very sensitive to local defects and imperfec-
tions.20 The scale parameter, η, is determined from the dis-
tribution at which 63.2% of the samples have broken down. 
The results of the electrical breakdown measurements and 
the Weibull distribution results with β, η and a linear re-
gression value (r2) are shown in Table 1, whereas raw data 
and Weibull plots are given as ESI. For control samples Si-
A and Si-B, electrical breakdown strengths were deter-
mined to be 53±2 V/µm and 45±3 V/µm, respectively. The 
Si-B control sample is softer than Si-A due to lower cross-
linking density and thus possesses slightly lower electrical 
breakdown strength. It is well known that the electrical 
breakdown performance of dielectric elastomers is influ-
enced strongly by material conditions such as the Young’s 
modulus,21 applied pre-strain20,22–24 and elastomer thick-
ness.22,24 Electrical breakdown strength values remain con-
stant within experimental uncertainty, irrespective of the 
concentration of the added ionic network, the presence of 
which in the investigated concentrations therefore does 
not affect the overall breakdown strength of the materials.  

The shape parameter β, however, is seen to be influenced 
by the concentration of the ionic network, since it de-
creases in line with increasing concentration. This indi-
cates that there may be some tendencies for microscale 
phase separation between the silicone network and the 
ionic network at higher ionic network concentration. The 
interpenetrating structure of the materials, nevertheless, 
makes it difficult for the two networks to phase separate 
completely, due to their interlocked nature and the very 
low rate of flow which ensures long-term stability. This is 
true at room temperature, whereas at higher temperature, 
for example during the self-healing process, the ionic parts 
are able to ‘flow’ or ‘migrate’ and self-heal the material. The 
lower β values obtained for Si-B-containing materials are 
most likely due to the viscosity of the pre-cured silicone, 

No. Name 
EB 
(V/µm) 

β 
η 
(V/µm) 

r2 of 
Weibull fit 

#1 Si-A 53±2 34.5 54.1 0.94 

#2 Si-A_IN10 55±2 27.8 55.8 0.94 

#3 Si-A_IN20 57±3 23.4 57.8 0.94 

#4 Si-A_IN30 56±5 14.6 58.3 0.93 

#5 Si-B 45±3 19.8 46.1 0.96 

#6 Si-B_IN10 53±4 14.8 55.1 0.89 

#7 Si-B_IN20 46±6 11.0 48.3 0.79 

#8 Si-B_IN30 39±9 6.6 41.3 0.72 



 

which in this case is rather high and thus leads to mixing – 
and ultimately inhomogeneity – issues. All β values, how-
ever, were high enough to indicate little variance in data 
and a high degree of confidence and reliability.  

The dielectric properties of the films were measured us-
ing dielectric relaxation spectroscopy (DRS) on a Novocon-
trol Alpha-A high-performance frequency analyser in the 
frequency range 10−1–106 Hz. Resulting dielectric spectra 
are shown as ESI. The control samples Si-A and Si-B both 
possess relative dielectric permittivity in the range ε’ = 3.1-
3.2 and, as expected, dielectric permittivity increases in line 
with the increasing concentration of the ionic network, 
reaching ε’ = 5.8 and ε’ = 6.3 at 0.1 Hz for Si-A_IN30 and Si-
B_IN30, respectively. In both cases this approximately rep-
resents a doubling of dielectric permittivity. The dielectric 

loss factor, tan δ, increases in line with increasing ionic 
network concentration, but it remains lower than 0.15 even 
at low frequencies (0.1 Hz); furthermore, the elastomers re-
main non-conductive. Combined with the dielectric break-
down results, the produced IPNs are consequently ideal 
candidates for high-permittivity dielectric elastomers. It 
should be noted that insufficient curing affects the dielec-
tric properties of such condensation cure silicone elasto-
mers, since unreacted polar groups tend to increase both 
permittivity, losses and conductivity in undesired ways. 
Proper curing, such as that carried out in these experi-
ments, eliminates this problem (details in ESI).  

The self-healing capabilities of the materials were tested 
after applying cuts to the materials and after electrical 
breakdown. The tensile properties of the samples before 
and after self-healing were measured on a series of thin 
elastomer films (100-200 μm) in order to determine 
Young’s moduli and tensile strengths by uniaxial exten-
sional rheology, using an ARESG2 rheometer with an SER2 
geometry, as described by Zhang et al.25 The test specimen 
was elongated uniaxially at a steady Hencky strain rate of 
0.01 (s-1) until sample failure in the middle part. Young’s 
moduli were obtained from the tangent of the stress-strain 
curves at a 5% strain. After measuring the initial tensile 
properties, the samples were clipped in the middle, reat-
tached and treated in an oven for 12 hours at 120°C, alt-
hough significantly shorter self-healing times are also pos-
sible. Four hours, for example, is enough to self-heal a sam-
ple where the two sample parts have a large contact area. 
The samples’ stress-strain properties were re-tested there-
after. The results of the tensile tests, with Young’s moduli 
at a 5% strain, tensile stress and tensile strain before and 
after self-healing can be found in Figure 2. Stress-strain 
curves are shown as ESI. Young’s moduli increase in line 
with increasing ionic network concentrations, due to the 
higher cross-linking density of the rather short-chain ionic 
network. This ultimately leads to a stiffer material with a 
higher Young’s modulus. All materials are nonetheless soft 
and very stretchable, irrespective of ionic network concen-
tration, with tensile strains well above 350% for both Si-A 
and Si-B. The exceptional extensibility of the samples after 
self-healing is seen clearly in Figure 1. As highlighted in Fig-
ure 2, all samples containing ionic networks have the abil-
ity to self-heal after thermal treatment, whereas the con-
trol samples have very little ability, with less than 6% strain 
and stress recovery. This minimal recovery is simply due to 
adhesive forces and very small amounts of previously un-
reacted species and not to actual self-healing of the ionic 
network. The higher the content of the ionic network, the 
higher the self-healing abilities. This is especially pro-
nounced for the IPN system with Si-A, where a 30 wt% 
ionic network leads to as much as 77% strain recovery and 
close to 300% obtainable strain, which is significant given 
the fact that the samples were cut in half and then reas-
sembled. The curing conditions strongly influenced the 
mechanical properties and self-healing abilities of the sam-
ples (more details in ESI). Incomplete curing in the initial 
curing step for example led to a higher degree of self-heal-
ing but this was simply attributed to unreacted species 

Figure 2. Graphical illustration of mechanical properties 
before and after self-healing. 



 

from the silicone network part of the samples and not ac-
tual self-healing from the ionic network part.  Not only do 
the materials possess the ability to self-heal after mechan-
ical damage, but the prepared IPNs are also capable of self-
healing after a detrimental electrical breakdown event. 
This is clearly illustrated in the SEM images shown in Fig-
ure 3 a) where a sample (Si-A_IN10) was subjected to elec-
trical breakdown. Significant damage and a distinct pin-
hole in the sample are seen clearly and marked with a black 
circle. After thermal treatment it can be seen in Figure 3 b) 
that the damage to the sample has flattened out and the 
pinhole has closed up. For small breakdown pinholes it was 
observed that heat generated during the use of the dielec-
tric elastomer transducer itself (i.e. due to losses) may be 
sufficient to self-heal the breakdown and allow for the con-
tinued operation of the transducer, i.e. true self-healing 
ability with no external stimulus required. Several other 
similar images are shown as ESI.  

The road towards the full commercialisation of dielectric 
elastomers transducers still faces major challenges, partic-
ularly in improving the lifetime. This issue is crucial even 
in the early stages of manufacturing, where the very thin 
dielectric elastomer films (<30 μm) need to survive being 
released from carrier webs without detrimental tearing. In 
addition, the tearing of films after electrical breakdown is 
also a critical problem in relation to product reliability and 
lifetime. Self-healing abilities therefore play a major role in 
both the fabrication and the use of thin dielectric elasto-
mer films. Consequently, the materials presented in this 
paper pave the way towards dielectric elastomers with sig-
nificantly increased lifetimes and the ability to survive mil-
lions of high voltage cycles without compromising other 
important properties required for actuation performance.   
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Figure 3. SEM images of a sample (Si-A_IN10) that has been 
subjected to dielectric breakdown in a) and subsequently self-
healed after a treatment at 120°C for 6 hours in b). The surface 
of the sample has very obviously smoothened out after self-
healing, and the pinhole in the middle of the black circle has 
closed up. 

a) b) 
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