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Abstract

Dielectric elastomers are of interest for actuator applications due to their large actuation strain,
high bandwidth, high energy density, and their flexible nature. If future dielectric elastomers are
to be used reliably in applications that include soft robotics, medical devices, artificial muscles
and electronic skins, there is a need to design devices that are tolerant to electrical and
mechanical damage. In this paper, we provide the first report of self-healing of both electrical
breakdown and mechanical damage in dielectric actuators using a thermoplastic methyl
thioglycolate modified styrene-butadiene-styrene (MGSBS) elastomer. The self-healing
functions are examined from the material to device level by detailed examination of the healing

process, and characterisation of electrical properties and actuator response before and after
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healing. We demonstrate that after dielectric breakdown, the initial dielectric strength can be
recovered by up to 67%, and after mechanical damage a 39% recovery can be achieved with no
degradation of the strain-voltage response of the actuators. The elastomer can also heal a
combination of mechanical and electrical failures. This work provides a route to create robust
and damage tolerant dielectric elastomers for soft robotic and other applications related to

actuator and energy harvesting systems.
1. Introduction

Dielectric elastomers are of interest for actuator applications due to their large actuation strain,
high bandwidth, high energy density, and their compliant and flexible nature !\, They are also
easy to manufacture since they consist simply of a low stiffness elastomer placed between two
conductive electrodes '*. When an electric field is applied across the elastomer, the attractive
force between the oppositely charged electrodes reduces the elastomer thickness and increases
its area to provide actuation. One disadvantage of this approach is that high electric fields are
necessary to achieve significant shape change, leading to large operating voltages which can be
in excess of 1 kV for elastomers less than 1 mm thick. Dielectric elastomers are also being used
for energy harvesting, where the change in capacitance during deformation of the elastomer is

used to increase the amount of stored electrical energy ).

Due to the high operating electric field for both actuator and energy harvesting applications, the
elastomer is susceptible to dielectric breakdown. The breakdown process is typically initiated at
a defect within the elastomer that acts to concentrate the applied electric field. During
breakdown the applied voltage is discharged through the elastomer between the two electrodes,
leading to heating and vaporization to form a “pin-hole’ defect '*!. If dielectric elastomers are to
be used reliably in applications such as soft robotics, medical devices, artificial muscles and
electronic skins, there is a need in the future to design devices that are tolerant to such electrical

damage.

One strategy to overcome electrically or mechanically induced damage is to develop elastomer
devices with the ability to self-repair or self-heal. Diinki et al. ! developed a dielectric silicone
elastomer with a high permittivity and low Young’s modulus for actuation. The actuation strain
(s) is related to s « (&'egEZ)/Y, where &' is the relative permittivity, &, is the permittivity of

free space, Y is the Young’s (elastic) modulus and Ej is the breakdown field of the material.
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Clearly for a high strain dielectric actuator, a combination of high permittivity and low elastic
modulus is desirable, coupled with a high breakdown field to enable operation at high electric
fields'. The material developed by Diinki e al. exhibited a high permittivity ('~ 10.1), low
Young’s modulus (Y ~ 150 kPa) and demonstrated an ability to self-repair after dielectric
breakdown. The repair process during actuation was attributed to the burning of both the
elastomer and electrode during breakdown events, which prevented the formation of conductive

] who used

paths and electrical shorting. The process is similar to that used by Ahmed et al.
self-clearing to mitigate against early breakdown of dielectric elastomers at defect sites. This
involved pre-clearing defects in a P(VDF-TrFE-CTFE) terpolymer prior to operation by
applying an electric field to the material that eliminated defective regions by vaporizing the
electrode and polymer, thereby electrically isolating the breakdown site. An improvement in
breakdown strength of 18% was achieved compared to non-cleared material, and the loss of
active area and capacitance during the pre-clearing process was less than 5%. Carbon based
electrodes for dielectric actuators have also been developed that exhibit self-clearing for
dielectric elastomer applications, which includes the use of graphite nano-platelets in a silicone

matrix or carbon nanotubes (71 81 1 1101 [11].

As indicated by Hunt ez al. ¥, the process of self-clearing, or self-repair, leads to a progressive
decrease in the performance of the dielectric elastomer device. This is different to the
mechanism of self-healing, which we define here as the infilling and removal of any defects
formed by damage . Self-healing has a number of potential advantages. Firstly, unlike self-
clearing, it can maintain device capacitance and device functionality *!. Secondly, the healing
process can lead to removal of breakdown defects that could potentially lead to mechanical
failure, especially at the high strains and large operating cycles in actuator and energy harvesting
applications. Finally, in addition to electrical damage, self-healing has the potential to recover
any mechanical damage that the elastomer experiences in service or during processing; self-
clearing is unable to provide such mechanical healing since it relies on electrical vaporization of

the electrode around the defect site to electrically isolate any damage.

The parameter (¢'/Y) is also used since it relates to the strain per unit voltage and E, defines the maximum
applied voltage.

2 o . . ) S . — -
‘Self-healing’ is also used in the literature to describe self-clearing in capacitor applications, but for clarity ‘self-
healing’ is used here to specifically describe the removal or defects.

3
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Work on true self-healing in dielectric elastomers has been limited to date. Hunt ez al. ! used a
two-phase system based on a silicone sponge infilled with a silicone oil which would infill any
breakdown defects, leading to an improved lifetime. Acome et al. "' used a liquid dielectric to
provide a healing mechanism, which was combined with a hydraulically amplified electro-static
actuator; liquid conductive electrodes have also been considered [’ In an attempt to simplify
device design, solid self-healing dielectric elastomers have been considered. Madsen ez al. '
created self-healing dielectric elastomers based on interpenetrating silicone and ionic networks
with ¢’ ~ 6.3, E, ~ 56 kV mm™ and Y ~ 400 kPa. Visual evidence of self-healing around
electrical breakdown ‘pin-hole’ sites was observed after thermal treatment, although the degree
of recovery was not quantified. Li e al. ' developed a poly(dimethylsiloxane) based material
with &' ~ 6.4, E, ~ 18.8 kV mm™ and Y ~ 540 kPa which could heal mechanical damage, but
there was no detailed investigation on the healing of electrical breakdown.!"”! Liu et al. reported
a supramolecular elastomer that self-healed with &' ~ 64 - 4126, Y ~ 12 - 400 kPa, and relatively
low Ep ~ 1.1 - 9.5 kV mm™" and demonstrated self-healing of mechanical damage in a dielectric
elastomer, however, the high dielectric loss (tan &) is a potential concern for device
performance.'® Finally, self-healing of mechanical and electrical damage was reported in
hydrogen-bonded supramolecular polymer nanocomposites based on surface functionalised
boron nitride nanosheets."'”). The material exhibited healing after dielectric breakdown over five
cycles; however, the combination of a low &' ~ 4 and high Y ~ 40 MPa makes it undesirable for
dielectric elastomer applications and the material was not tested in a device. To date, there has
been no quantitative demonstration of both electrical and mechanical healing in solid dielectric

elastomers and the actuation properties of self-healed dielectric actuators have yet to be reported.

In this paper we provide the first report on self-healing of both electrical breakdown and
mechanical damage in dielectric actuators using a thermoplastic methyl thioglycolate modified
styrene-butadiene-styrene (MGSBS) dielectric elastomer. The self-healing performance is
examined at both the microstructural and device levels by detailed examination of the healing
process, and by characterization of the electrical properties before and after self-healing. We also
assess the actuation characteristics of self-healing dielectric actuators subjected to both electrical
and mechanical damage. The material exhibits high permittivity (¢’ > 10), high dielectric
strength (Ej ~ 30 kV. mm™), low Young’s modulus of 2.9 MPa and a large strain to failure of
600%. We demonstrate that after dielectric breakdown, the electric strength can be recovered by

~ 39% of initial strength after mechanical damage and by ~67% after electric breakdown.
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Furthermore, the displacement-voltage response of the actuator is unchanged after healing and
infilling of breakdown defects. After being subjected to both mechanical and electrical damage,
the elastomer can also retain its displacement-voltage characteristic when operating as an

actuator.

2. Results and discussion
2.1 Observation of self-healed MGSBS elastomer after electrical breakdown

To evaluate the mechanism of healing of electrical damage, the elastomer was initially subjected
to dielectric breakdown and the healing of the defect was examined by a combination of
microscopy and electrical measurements at low and high electric fields. Figure 1 shows a pin-
hole defect formed during breakdown, and the corresponding scanning electron microscopy
(SEM) and optical morphology of the elastomer after healing. To facilitate observation of the
breakdown site and healing no electrode was used and similar pin-hole breakdown defects were
formed when metallic electrodes were used (Figure S1). The pristine elastomer experienced
electrical breakdown at a 9.5 kV voltage (and electric field of 32.8 kV mm™), as shown in
Figure 1(A)-(1) which leads to the formation of a carbonized "® pin-hole of ~ 90 um in
diameter, as shown in Figure 1(B). Both the upper and lower surfaces of the elastomer had
carbon deposits produced near the defect, due to the reaction of the vaporized material with air
during breakdown. In order to remove any carbon deposits nearby and within the pin-hole, the
carbonized zone was penetrated through its thickness by a fine scale metallic needle probe, see
Figure 1(A)-(2) and Figure 1(C). This led to the pin-hole defect exhibiting a more circular
morphology and reduced the level of carbonized deposits to produce a smoother and cleaner
inner surface for healing, as shown in Figure 1(D). The freshly formed new surface then healed
due to the macromolecular interactions ' between the MGSBS chains, as shown in Figure 1(E),
where the healing site has some similarities with self-healing of polymers subjected to projectile

201 21 The differences between healing of mechanical and electrical damage are

punctures
discussed in more detail later in the paper. After healing the breakdown site, the surface of the
elastomer exhibited a closed up and healed hole, Figure 1(E). This healing differs from many
reports on mechanically damaged self-healing elastomers where the damaged surface after

cutting is flat and therefore becomes fully sealed!'* 11> 1161 [171 [22 {23]
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To gain a further insight into the healing of a pin-hole defect it was examined as a cross-section
(side view), using a defect that was introduced via a needle probe, as in Figure S4(A). The site
was then self-healed by applying pressure with fingers, where the damaged surface can be seen
to self-heal in the central region with a partially closed morphology near the surface of both
sides, as seen in Figure S5(B), which is in agreement with observation from the top view of the
pin-hole breakdown defect in Figure 1(E). This approach has provided a simple alternative to
cleaning of the damage site and accomplish self-healing of the elastomer at room temperature.
This is in contrast to other self-healing techniques, which require a healing agent/catalyst **, or
more challenging healing conditions, such as high temperature (> 100 °C) !, light *®!, pH ") or
a long dwell time **, to trigger the dynamic covalent bonding through thermal Diels—Alder
chemistry, photochemical cycloaddition or disulphide interexchange reactions **\. The electrical

properties of the self-healed elastomer are now discussed.

(A) (B)

Top view

(©)

" _Tep view Top view

Figure 1. (A) Schematic of self-healing process for electrical breakdown MGSBS elastomer, (B) SEM images of the

MGSSB surface after electrical breakdown, (C) optical images of the processing of the probe treatment on the
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elastomer surface, SEM images of the MGSSB surface (D) after probe treatment and (E) followed by application of

pressure with fingers.

2.2 Electrical properties of self-healed MGSBS elastomer after electrical breakdown

Figure 2 shows the frequency dependent AC conductivity and dielectric properties of both the
pristine MGSBS elastomer and self-healed elastomer after electric breakdown. It can be seen
from Figure 2(A) to 2(C) that both types of elastomer exhibited a similar value and variation of
AC conductivity, relative permittivity and phase angle in the frequency range of 1 Hz to 1 MHz.
The limited change in properties indicates a promising healing effect via preclearing of the
carbonized zone, thus reducing the possibility of forming an electrical short circuit due to the
formation of a percolated conductive path of carbon through the pin-hole . The AC
conductivity of the elastomer in pristine and healed form was largely frequency independent at
low frequencies below ~ 1 kHz, see Figure 2(A). However, at frequencies above 1 kHz, the AC
conductivity became increasingly frequency dependent, as shown in Figure 2(A). Below this
critical frequency of ~ 1 kHz, the low frequency conductivity plateau can be considered to be
related to the DC conductivity of the material, where opc~ 2x10° S/m. The dispersive high-

frequency region above 1 kHz follows Jonscher’s universal law %

, where the AC conductivity
O, ¢ @', where o is the angular frequency and n < [ is a fractional exponent. The low
frequency conductivity plateau is due to the DC conductivity of the material, such as from ion
migration in the MGSBS elastomer; this can be imagined as forming a series of resistors (R)
with a frequency independent conductivity of R". At frequencies above 1 kHz, ion vibration in

the MGSBS elastomer leads to a more capacitive response 1*'! *%

, as shown in Figure 2(A) and
this can be imagined as a series of capacitors (C) with a frequency dependent conductivity (~
ioC). The material exhibits a high relative permittivity in Figure 2(B) at low frequencies due to
the resistive response of the MGSBS where an enhanced permittivity is often observed in a
dielectric material exhibiting some conductivity “*. At higher frequencies (10-10° Hz), the
relative permittivity exhibited a frequency independent response, with a relative permittivity of
€' ~ 11.8 at 1 kHz, hence at higher frequencies the AC current passes through the capacitive
regions since @C > R'. This behaviour can also be seen in the phase angle (8 ) in Figure 2(C),

where at low frequencies (below ~ 1 kHz) the response is more conductive and 8 — 0° since R°

'>wC, while above 1 kHz the response is more capacitive with & — 90° since @C > R
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The characterisation of conductivity, permittivity and phase angle was undertaken at a low
electric field and an applied potential of 0.1 V,,;. However, for the evaluation of the electric
performance as a dielectric actuator it is necessary to understand the material response and
degree of healing when a high electric field is applied. The polarisation-field response of the
pristine and healed MGSBS elastomers are shown in Figure 2(D) - 2(F). All samples exhibited
an almost linear capacitive relationship with the applied voltage from 1 to 4 kV (corresponding
to electric field of 3.4 to 13.8 kV mm™); this linear response originates from the dielectric
response of the elastomer since the polarisation (and total charge, Q) is linearly related to applied
field and voltage (V) by Q = CV. During the development of the carbonized zone preclearing
process, two types of needles in terms of a solid probe (Figure S2, S3) and a larger hypodermic
needle (Figure S4) were utilised to explore the healing efficiency. With the aid of the needle
clearing at the electric breakdown site, both of the healed elastomers (Figure 2(E) and 2(F))
exhibited a similar polarisation-field behaviour to that of the pristine elastomer (Figure 2(D)).
Moreover, the areas within the loop of the healed elastomers were slightly larger than the
pristine elastomer at the same voltage, which we attribute to the slightly higher conductivity, as
shown in Figure 2(A) P*1. The importance of the quality of the healing on the degree of
recovered dielectric strength is demonstrated by the larger hypodermic needle experiencing
breakdown at a relatively low applied voltage of 3.1 kV (Figure 2(E)), corresponding to a 36 %
recovery of initial breakdown strength by healing, while the elastomer healed with the finer
needle probe was undamaged at 4 kV (Figure 2(F)), corresponding to at least 47 % recovery of

Y1 where

initial breakdown strength. In addition, only modest healing was reported by Wan ez al |
the site was left to naturally self-heal (6% recovery of breakdown strength) or pressure was
applied without removal or cleaning of the pin-hole defect (15% recovery of breakdown

strength).
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Figure 2. Electrical properties of MGSBS elastomers in pristine state and after self-healing from electric breakdown
(EB): (A) AC conductivity, (B) relative permittivity, (C) phase angle and hysteresis loops of (D) pristine elastomer,

self-healed elastomer whose carbonized zone was precleared via (E) larger hypodermic needle or (F) the finer solid

needle probe using a micro-positioner.
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2.3 Observation of self-healed MGSBS elastomer after mechanical damage

In addition to electrical healing, the response of the material after mechanical damage and its
resulting electrical properties were also evaluated. Figure 3 shows the healing process and
corresponding SEM morphology of the MGSBS elastomer before and after mechanical damage.
The pristine elastomer was cut fully through its thickness using a sharp and clean scalpel, as in
Figure 3(A)-(1), and healed by applying a small load of 5N at ambient temperature for 5 min to
ensure the damaged surfaces were in good contact and flattened in-plane. After healing, the
cutting site (~ 25 mm in length) was fully closed and the healed site could be clearly observed
when stretched normal to the cutting direction, as shown in Figure 3(A)-(2) and Figure S6(A).
The healed MGSBS exhibited a 25% strength recovery with a strain of > 100%, as shown in
Figures S6(B) and S6(C).

A top view of the surface morphology through the healing process is shown in Figure 3(B);
images were taken directly after cutting and allowed to heal for a period of 5 min to 4 hours. The
damage site shortly after cutting is shown in Figure 3(B-i), with the freshly cut surfaces initially
attached together to achieve self-healing. During periodic inspection, the on-going healing
process of the elastomer with initial partial bonding of the cut surfaces can be observed in

Figure 3(B-ii); this process has been described by Kim and Wool **

, and proceeds by surface
rearrangement, wetting, diffusion, and randomisation. The damaged site exhibited a significant
improvement of the healing site after two hours due to continued healing, as shown in Figure
3(B-iii). Finally, an entirely closed fractured surface was found in Figure 3(C), which was in
agreement with the observation from the cross-sectional image with the elastomer thickness of ~
510 um shown in Figure 3(D), which is common in fully healed elastomers after mechanical

damage !4 [151 116] [171 135 [36]

10



O©CoO~NOUTAWNPE

WILEY-VCH

Figure 3. (A) Self-healing process for the mechanical damaged elastomer, (B) optical images of the MGSBS
elastomer when (i) cut immediately, and healing after (ii) 5 min and (iii) 2 hrs. SEM images of the MGSSB after 4-

hour healing from the (C) surface and (D) cross-section.

2.4 Electrical properties of self-healing MGSBS elastomer after mechanical damage

Figures 4(A) and 4(B) shows the AC conductivity and phase angle of the pristine MGSBS
elastomer and self-healed after mechanical damage, respectively. As observed for the elastomers
subjected to electrical breakdown in Figure 2, the mechanically healed elastomer exhibited a
slightly higher AC conductivity and loss than the pristine polymer. In addition, since the
damaged region (and resulting healing region) is larger than the pin-hole formed due to electrical

breakdown, the conductivity increase is slightly larger. Figures 4(C) and 4(D) show the

11
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polarisation-field response of pristine and healed elastomer, respectively, and while the pristine
material experienced breakdown at 9 kV (17.6 kV mm™), the mechanically healed material
breaks down at over 3.4 kV (6.7 kV mm™), see Figure 4(D), corresponding to a healing of 38 %
of the initial breakdown strength of the elastomer. The mechanically healed elastomer also
exhibited a wider polarisation-field loop than the pristine elastomer and electrically damaged and
healed material, shown in Figure S7, which is in agreement with the AC conductivity

measurements (Figures 2A and 4A).

It is also of interest for dielectric actuator applications to understand the recovery of mechanical
properties since the materials are subjected to mechanical strain. Self-healing of MGSBS
resulted in a recovery of the mechanical properties to 116% elongation at break and a recovery
to 0.8 MPa tensile strength; see Figure S6. This represents a recovery of 25% for the tensile
strength and 21 % for the elongation at failure compared to pristine MGSBS, respectively. This
indicates that self-healed MGSBS has the potential to be used for in healed actuator devices,

which are typically subjected to a mechanical pre-strains of ~ 33%. ['*]

12
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Figure 4. Electric properties of MGSBS elastomers in pristine state and after self-healing from
mechanical damage (MD): (A) AC conductivity, (B) phase angle, and hysteresis loops of (C) pristine and

(D) self-healed elastomers.

2.5 Self-healing mechanism of MGSBS elastomer

In contrast to many of the self-healing processes, there was no externally applied stimulus
(catalyst, thermal, etc.) to promote the surface wetting and inter-diffusion of the new surfaces 1"
341 after either electrical breakdown or mechanical damage of the dielectric, other than a small
mechanical pressure. The origin of the healing in this elastomer region may be ascribed to the
intermolecular electrostatic interaction taking place between the methyl thioglycolate modified
butadiene block and the styrene block of SBS "”; this leads to a dynamic inter-chain interaction
across the entire damage site which re-establishes bonding between the polymer chains due to
the 8" proton adjacent to the ester interacting with the 8- aromatic centre of styrene. This process
is shown schematically in Figure 5(A) which can be thought of as a series of ‘lock and key’
interchain junctions that leads to self-healing. The glass transition temperature (7, = -22 °C (191

of MGSBS is well below room temperature and so allows easy chain movement. A similar

phenomenon for van der Waals interchain self-healing has been observed in poly(methyl

13
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methacrylate)/n-butyl acrylate block copolymers synthesised by multistep atom transfer radical

polymerisation.”**!

Styrene

Butadiene

i Initial state ii. Electrical breakdown iii. Pin-hole formation iv. Self-healing to infill damage

Figure 5. (A) Healing mechanism with the 8" proton adjacent to the ester interacting with the 8 aromatic centre of
styrene, (B) schematic of self-healing after electrical breakdown where (i) initial state, (ii) electrical breakdown
leading to vaporization of polymer and (iii) formation of pin-hole, (iv) healing and infilling of pin-hole with

application of pressure. Schematic is not to scale.

Self-healing after mechanical damage, such as cutting or fracture, has been described in detail in
the literature!1**. However, it is important to highlight that the nature of the damage induced by
electrical breakdown is somewhat different which results in differences in the healing

1. BV indicated that electrical breakdown is due to the presence of

mechanism. Zakrevskii et a
pores or low-density regions in the polymer that lead to ionisation, electron avalanche and
ultimately the rapid progress of a conducting channel through the material. In contrast to
mechanical damage, there is therefore vaporization and removal of material from the electrical
breakdown site to create the pin-hole. In addition, there is unlikely to be any significant chain
motion due to elastic or plastic deformation during the rapid breakdown process, as shown
schematically in Figure 5(B)(i-iii). The application of a small pressure leads to healing and

closure of the pin-hole, Figure 5(B)(iv), via the healing mechanism outlined in Figure SA,

where precleaning of the defect improves the degree of healing.

2.6 Modeling of self-healing MGSBS elastomer before and after breakdown

14
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Since small defects are likely to remain after healing, for example surface defects as seen Figure
1(E) and S4, modeling was undertaken on the impact of surface defects and residual cavities
post-healing on the electric field distribution within the elastomer and the resulting progression
of breakdown. This is particularly important since, as described above, the presence of any

cavities or pores can lead to ionization and initiation of electrical breakdown *'.

The finite element modeling method consisted of creating an initial geometry for a healed
material apart from the presence of small surface defects, see Figure 6(A), which are present
after healing of the pin-hole, see Figure 1(E). An electrical load was applied to the model and
the electric field in each element was assessed. When the local electric field within an element
exceeded the breakdown strength of material, the permittivity of the material was changed from
e’ = 11.8 (measured experimentally) to an infinite value to represent the material becoming

Y14 Once breakdown was initiated, the same electric field was applied, and the

conductive |
modeling sequence repeated, which led to progressive breakdown from the initiation sites. The
upper images of Figure 6 show the resulting propagation of breakdown (red areas) through the
elastomer (blue), and shows that breakdown is initiated at the surface defects due to electric field
concentrations subsequent breakdown of the polymer; the electric field distribution can be seen
in the lower images of Figure 6. The effect of residual low permittivity cavities after healing is
shown in Figure S8, whereby the field first concentrates in the low permittivity, a condition of

42], and low breakdown strength air phase (¢' =1, Ep 4 = 3 kV mm'l). This results in

Gauss’ law |
localized dielectric breakdown of the air, which in turn causes the electric field to concentrate in
the polymer phase. The breakdown defect then propagates through the structure until a complete
conductive path between electrodes is present; see right image of Figure 6. The modeling results
demonstrate that any low permittivity defects, cavities or pores which remain after the healing
process can lead to high electric field concentrations, which ultimately act to initiate breakdown.
Further modeling data is shown in Figure S8 to demonstrate the impact of partial healing
through the thickness, which may be the case during early stages of healing. This also indicates
that voids or pores act to create electric field concentrations. These observations highlight the
need to remove pores or any cavities after healing and is in good qualitative agreement with the
improvement of the degree of healing as the healing methodology develops from natural healing
(6%, "1, application of pressure (15%, ")), to using a large hypodermic needle (36%) and
finally a fine solid needle (over 47%) to remove any carbon deposits and form a clean new

surface for healing. The healing efficiency of materials subjected to electrical breakdown and
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mechanical damage will now be explored by integration of the material into an actuation device

in the final section.

Blue = Dielectric elastomer
Propagation of breakdown defect Red = Conductive phase (i.e. electrode, elastomer post-breakdown)

Complete breakdown

Electric field contour plots

. 36.9 467 742
Electnc field magnltude, kV/mm

Eapplied

Figure 6. Finite element model showing the propagation of breakdown through a healed film due to a
remnant surface defect, or an electrode defect. The surface defect leads to a field concentration in the
healed elastomer in Region 1 that results in the initiation of a breakdown defect at Region 2. As the
breakdown defect grows, the electric field is further concentrated in the dielectric elastomer phase,
resulting in the defect propagating through the structure (2 — 3) and finally complete breakdown.

2.7 Dielectric actuator performance after electrical and mechanical healing

Figure 7 (A-D) shows the dielectric actuator devices manufactured from MGSBS after dielectric
breakdown and mechanical healing under a 33% pre-strain after being clamped onto the rigid
frame. A pre-strain is commonly employed in dielectric actuators to extract preferential
actuation direction normal to that of the applied pre-strain direction ), and it also leads to a
reduced thickness and lower breakdown voltage. Figure 7(E) presents the corresponding radial
actuation response of the pristine and healed actuator in response to the applied driving voltage.
The pristine elastomer with a pre-strain exhibited dielectric breakdown as a voltage of 9 kV,
corresponding to an electric field of 17.6 kV mm™. The breakdown site exhibited a circular
shape with the diameter of ~ 1.5 mm, and this was much larger than the pin-hole (~90 um) in the
pre-strain free material in Figure 1; this is due to breakdown site being elastically deformed by

the applied pre-strain. This is an additional reason for the need for self-healing in dielectric
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actuators and energy harvesters, rather than self-clearing, since these highly strained defects can
act as initiation sites for further mechanical damage. It also highlights that in addition to infilling
damaged areas with the elastomer to avoid electric field concentrations, as demonstrated by the
modelling, there is also a need to recover mechanical strength to avoid the healed defects from

re-opening under the application of a strain during device operation.

After removal of the carbon grease electrode on the upper and lower sides of the elastomer, and
cleaning of the carbonized area within the pin-hole via the needle probe to achieve self-healing
(as in Figure 1), the same pre-strain was re-applied to the healed elastomer (Figure 7(B)). The
actuation response under a high drive voltage was then re-evaluated, which experienced break
down at a voltage of 6 kV, corresponding to an electric field of 11.8 kV mm™. This
corresponded to a healing of the initial breakdown strength of 67 %, and the breakdown site was
in the same region of the initial site, which is in good agreement with the modelling observation
that any residual defects act to initiate breakdown due to electric field concentrations. A thinner
healed MGSBS elastomer after electrical breakdown and healing is also illustrated in Figure 9,
with the similar recovery of the initial breakdown strength ~60%. Figure 7(E) also shows that
the strain-voltage response was also recovered with similar actuation strains being developed for

the same applied voltage in the range of 0 - 5 kV for both the pristine and healed actuator.

The actuator was also subjected to mechanical damage by cutting and was then electroded with
flexible carbon grease electrode after healing. The damaged region was 25 mm in length and
traversed the whole electrode diameter of 15 mm, as shown in Figure 7(C). At an applied
voltage of 3.5 kV (6.9 kV mm™), electrical breakdown occurred at a site with a diameter of ~0.5
mm in the presence of a pre-strain and breakdown initiated in the mechanically damaged and
healing area. This corresponded to a degree of healing of 39 % of the initial breakdown strength
and the actuator strain — voltage behaviour was the same for both the pristine and mechanically
healed material from 0 to 3.5 kV. The electrical breakdown site in the healed region could be

observed clearly after removing the electrode and being stretched, shown in Figure 7(D).

As a further demonstration of the healing properties of the actuator, the mechanically healed and
electrically broken down device (Figure 7(D)) was self-healed again and re-evaluated as an
actuator. After healing the electrical breakdown site in the mechanically damaged elastomer, the
electrical strength recovery levels obtained were 86 % and 33 %, compared to the healed

mechanical breakdown strength and the pristine breakdown strength, respectively. Based on the
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modelling observations in Figure 6 and Figure S8, the electric field concentrates in regions of
low permittivity, e.g. air gaps, before concentrating in the elastomer as low permittivity sites
begin to breakdown, and was thus responsible for the electrical breakdown at the same site in the

healed material, resulting in electrical failure of the dielectric elastomer.

The majority of existing self-healing dielectric actuator research has focused on the elastomer
materials, improvement of the healing conditions, and the corresponding healing performance of
the elastomers after mechanical damage. The research to date is compared in Table 1,
demonstrating that much of the work to date has focussed on mechanical healing. Since an
applied high electric field is an inevitable condition to achieve dielectric actuation, it is an
important factor that leads to electrical breakdown. Further work could focus on a combination
of both infilling of the defect site with elastomer to remove electric field concentrations and
improving healed mechanical strength due to the high strain and repeated cycles experienced by

the actuator or self-healing devices.
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Figure 7. Actuator device with (A) pristine MGSBS elastomer after electrical breakdown with the thickness of 510
pm and (B) the correspondingly healed breakdown site before coating the flexible carbon grease on both sides for
the actuation strain test. Actuator device (C) with self-healed MGSBS elastomer after mechanical damage via
scalpel cutting and (D) the electrical breakdown site after application of a voltage of 9.25 kV (18.1 kV mm™). (E)
Radial actuation strain of the pristine elastomer and healed elastomer after electrical, mechanical, or mechanical &

electrical damage. All actuation measurements were conducted with a 33 % biaxial pre-strain on the elastomer.
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Table 1 Comparisons of different self-healing dielectric elastomers after electrical breakdown or mechanical damage at room

temperature
Dielectric elastomer Relative Tan 9, Breakdown Young’s Thickness, | Elongation | Mechanical | Electrical
permittivity, at strength, modulus, pm at break healing healing
at 1 kHz 1kHz kV mm”’ MPa
Silicone rubbers'* ~63 <0.02 | 56 ~0.4 100-200 387-982 % N X
Fe-2,6-pyridinedicarboxamide
(Fe-Hpdca-PDM) ['*! ~6.4 <0.025 | 18.8 ~0.54 1000 1700 % X
Nitrogen-coordinated - - - 2.7-112 ~ 1000 182-659 % X
boroxine-poly (propylene
glycol)/poly (acrylic acid) *4
Aniline tetramer functionalized | 64-4126 ~10 1.1-9.5 0.012-4 1000, 350- ~ X
supramolecular elastomer ! 2000 1500 %
Functionalized boron nitride 4 < 67.6 -232.6 | 1.5-135 1000 - v X
nanosheets-CONH, !'”! 0.025
Poly(2-hydroxypropyl - - - - 300 1000 % v X
methacrylate)/poly(ethyleneimi
ne) 2
Metal salts cross-linked 2.9-35 - - 0.9-1.2 ~35 80-400 % v X
PDMS™!
Disulfide-cross-linked - - - - 1000 ~97% v X
polyurethane 1**!
Urea-Formaldehyde - - - - - - - X \/
dicyclopentadiene “*!
MGSBS " & this work 11.4 ~0.005 | ~30 2.9 290 569 % 3 J

* calculated data estimated from the relative figure reported in the reference.

3. Conclusions

A thermoplastic methyl thioglycolate modified styrene-butadiene-styrene (MGSBS) dielectric
elastomer has been successfully used to provide the first demonstration of self-healing of both
electrical breakdown and mechanical damage in dielectric actuators. It is shown that after
dielectric breakdown, the dielectric strength can be recovered by up to 67% of initial strength,
and after mechanical damage, 39% of the initial dielectric strength can be recovered. In addition,
the displacement-voltage response of the actuator is not significantly changed after healing. The
material is also shown to be able to heal a combination of mechanical and electrical failure. To
maximize the degree of healing, the pin-hole defects were cleaned by being punctured with a
needle of similar dimensions. This finding is in good agreement with modelling that
demonstrates that low permittivity regions that have not fully healed can act as electric field
concentrators to initiate breakdown. Future work could establish optimum elastomer and
electrode chemistry and device geometry to achieve clean vaporization during breakdown and

improve on this process. In this regard there is significant literature in the self-cleaning of
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(47] [48] 149 1391 "Thig material

polymer capacitors that can act to inform future research directions
provides a route to create robust and damage tolerant dielectric elastomers for soft robotic and

other applications related to future actuators and energy harvesting systems.
4. Experimental

4.1 Sample preparation

The synthesis of the polymer was reported in our previous work ') The styrene-butadiene-
styrene block copolymer (SBS, Vector 8508A, Dexco) was dissolved in Tetrahydrofuran (THF,
GPR Reactapur, 99.9%, VWR, UK). Then 2-dimethoxy-2-phenylacetophenone (DMPA, Sigma-
Aldrich) and methyl thioglycolate (MG, Sigma-Aldrich) was added to the solution, followed by
irradiating with UV light @ 365 nm by an OmniCure Series 2000 200 W UV lamp. After
purification by precipitation in hexane (Sigma-Aldrich) and dried in a vacuum oven at 60 °C
overnight, the MG modified SBS with 98.5% graft molar ratio was achieved and denoted as
MGSBS.

4.2 Electrical breakdown and mechanical damage processes

To subject the MGSBS elastomer to electrical breakdown ")

, an external DC voltage was
applied using a high voltage power supply (module 15A24 from PPM™). In order to introduce
mechanical damage, a scalpel was employed to mechanically cut through the thickness of the

elastomer.

4.3 Self-healing

A binocular microscope with Leica camera (Plan APO 1.0x) was used to observe and locate the
breakdown area in the elastomer subjected to electrical breakdown. A micropositioner (KRN-
09S, J micro Technology, Inc) with a needle probe (ProbePoint™ W20, J micro Technology, Inc)
(Figure S3) was employed to punch the breakdown pin-hole in the elastomer, where a PDMS
layer was used as a base to ensure the probe could travel through the full thickness of the
elastomer (Figure S2). A video of the probe penetrating into the breakdown site is presented in
Video 1, followed by application of a pressure with two fingers for ~ 5 min. For healing of
elastomers subjected to mechanical damage, the new surfaces were placed together on a petri
dish and covered by a ~ 0.5 kg load for ~ 5 min. Both sides of the elastomers that were subjected
to electrical breakdown and mechanical damage were then coated with silver paint as the

electrodes for the following electrical measurements.
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4.4 Electrical performance

The polarisation-electric field responses of the pristine MGSBS polymer, electrical breakdown
and mechanical damage polymers after healing were tested using a Radiant RT66B-HVi
Ferroelectric Test system with the hysteresis period of 10 ms. The AC conductivity, phase angle,
and capacitance were carried out from 1 to 10° Hz using an impedance analyzer (Solartron 1260,

Hampshire, UK) at room temperature.

4.5 Dielectric elastomer actuation (DEA)

For evaluation of dielectric actuation performance, all polymers were coated with carbon black
grease (MG Chemicals) to form a circular electrode region of diameter 15 mm from the centre.
A pre-strain of 33% in the polymer was realised in planar directions by being clamped onto a
rigid frame. DC Voltages were increased from 0-10 kV to drive the actuation, with the material
performance recorded by a camera to estimate the voltage-induced planar deformation. The DC
voltages were also applied to evaluate the electrical breakdown strengths of the pristine and
healed elastomers from electrical breakdown and/or mechanical damage, followed by the
calculations of corresponding strength recovery compared to the initial breakdown strength of

the pristine material.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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