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great promise in stretchable ionic devices, such as electri-
cally activated, soft, transparent actuators and loudspeakers[37] 
and ionic skins that can sense the location and pressure of 
touch.[30,31] Hydrogels containing deliquescent salts retain water 
in environments with low relative humidity,[38] and ionogels are 
nonvolatile even in vacuum.[39] Transparent, electrically acti-
vated artificial muscles[37] are stretchable ionic devices based on 
the layered structures of dielectric elastomers and stretchable 
ionic conductors. Each layer is subject to considerable mechan-
ical and electrical stresses, and the integration of self-healing 
capabilities promises to substantially improve reliability. While 
we have already seen successful demonstrations of artificial 
muscles with self-healing, nontransparent dielectric layers,[40] 
and while others have demonstrated self-healing gels[41–43] 
with one or two functional properties, the development of an 
ionic conductor that is simultaneously transparent, mechani-
cally stretchable, and features self-healing, remains a consider-
able challenge. The key difficulty in the design of a self-healing 
ionic conductor is the identification of bonds that are stable and 
reversible under electrochemical conditions. Conventionally, 
self-healing polymers make use of noncovalent bonds, such as 
hydrogen bonds,[7,8] metal–ligand coordination bonds,[44] and 
dynamic covalent bonds,[6,14] and are easily affected by electro-
chemical reactions that degrade the mechanical performance of 
these materials. Ionomers, a commercially available self-healing 
polymer,[45] require an external stimulus such as temperature to 
increase polymer chain mobility and activate self-healing.[46,47]

Herein, we introduce a transparent, highly stretchable 
ionic conductor with autonomous self-healing capability by 
harnessing ion–dipole interactions as the dynamic bonds for 
self-healing. This material tolerates extreme strains exceeding 
5000%, features an ionic conductivity of 10−4 S cm−1, and 
shows high transparency across the visible spectrum with an 
average transmittance of 92%. More importantly, the material 
can completely heal mechanical properties within 24 h at room 
temperature without any external stimulus. We illustrate the 
unique combination of attractive properties of the transparent, 
self-healing, highly stretchable ionic conductor when used to 
electrically activate transparent artificial muscles that autono-
mously heal after severe mechanical damage.

The basic idea in the design of this polymeric material is to 
use a polar, stretchable polymer combined with a mobile, high-
ionic-strength salt. Thus, the polymer chains are cross-linked 
by ion–dipole interactions between the polar groups on the 
polymer and the ionic salt. Ion–dipole interactions are forces 
between charged ions and polar molecules. The strength of the 
bond increases as ion charge or molecular polarity increases. 
Examples of ion–dipole interactions between ionic liquids 

Self-healing refers to the ability of a material to heal itself 
upon mechanical damage. Nature has perfected mechanisms 
of self-healing through evolution into a preeminent survival 
feature of biological systems.[1–3] Similarly, man-made mat
erials with self-healing capabilities are highly desirable for 
areas of application spanning from weather resistant surfaces 
to robust electronics.[4–16] The ability to rationally tune and 
add new functionality in materials can lead to transformative 
advances in emerging self-healing systems. Recent discoveries 
include self-healing conductors,[17,18] self-healing superhydro-
phobic surfaces,[9,19] and self-healing sensors.[20–22] Inspired 
by wound healing in nature, functional self-healing materials 
repair damage caused by wear and thus extend lifetime and 
lower cost of materials and devices. A wide range of devices can 
benefit from the integration of self-healing capabilities, such as 
high-performance electronic skin,[23] lithium ion batteries with 
greatly improved lifetime,[24] self-healing supercapacitors based 
on a self-healing polymer composite,[25] and self-healing heat 
sensors.[21]

Ionic conductors are a class of functional materials with key 
roles in energy storage,[26–28] solar energy conversion,[29] sen-
sors,[22,30,31] and electronic devices.[32–36] In particular, hydro-
gels containing electrolytes offer a unique combination of high 
stretchability, transparency, and biocompatibility. They show 
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and fluorinated polymers are present in various systems.[48–51] 
Importantly, ion–dipole interactions are highly stable even 
under electrochemical conditions, which has been proven with 
a number of gel electrolytes.[52–56] Moreover, the material intro-
duced here differs from traditional ion gels because it has a 
relatively low content of ionic liquid, a low level of leakage of 
ionic liquid out of the material, and unique mechanical proper-
ties (see Section “Comparison with typical ion gels” of the Sup-
porting Information).

To make the self-healing ionic conductors, we chose poly
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP) as 
the polar polymer network. As shown in Scheme 1, the polymer 
contains two building units, VDF (which is crystalline and less 
polar) and HFP (which is amorphous and highly polar). Con-
ventional PVDF-co-HFP copolymers have VDF ratios larger 
than 85 mol% and are highly crystalline with a dipole moment 
of around 2.5 Debye. In comparison, our elastic PVDF-co-HFP 
(PVDF-co-HFP-5545) polymer contains a much higher HFP 
component of 45%, leading to a much lower crystallinity and 
a very high dipole moment of 5.507 Debye.[57] Upon addition 
of high-ionic-strength ionic liquids into the polymer, there will 
be two effects: first, the ionic liquid will plasticize the polymer 
chains to a much lower glass transition temperature below 
room temperature; second and more importantly, the polymer 
chains are cross-linked by highly reversible ion–dipole interac-
tions. The combination of these two effects gives the polymer 
the capability to self-heal autonomously at room temperature.

To gain further insight into the ion–dipole interactions, we 
carried out several density functional theory (DFT) calculations 
at the ωB97X-D/6-31G(d,p) level of theory. The ωB97X-D func-
tional was specifically chosen due to its accurate description 
of both dispersion forces and thermochemistry for both neu-
tral and ionic molecules.[58,59] Molar ratios of dipole (CF3) to 
ion (imidazolium) of 1:1 and 2:1 were chosen for DFT calcula-
tions since these values bracket common experimental values. 
We used oligomer (n = 2) of PVDF-co-HFP-5545 to explore the 
interactions between the polymer and the imidazolium cation. 

We performed a full geometry optimization of a single oli-
gomer of PVDF-co-HFP-5545 in the presence of one imidazo-
lium cation (Figure S1, Supporting Information) and obtained 
an attractive binding energy of 22.4 kcal mol−1. The ion–dipole 
interaction here is nearly twice the binding energy between 
oligomers, which is 11.3 kcal mol−1. We also carried out cal-
culations of one imidazolium cation proximal to two separate 
oligomers and obtained a significantly stronger binding energy 
of 31.1 kcal mol−1. These calculations further verified the 
enhanced intermolecular stability and the favorable ion–dipole 
interactions within the self-healing polymers.

In our experimental studies, we chose imidazolium salts as 
the ionic liquids because of their high ionic strength and good 
electrochemical stability. Owing to a strong ion–dipole interac-
tion (22.4 kcal mol−1), this type of ionic liquid is firmly held in 
a PVDF-co-HFP-5545 polymer matrix and the complex is highly 
stable over time. The strong interaction of the ionic liquid with 
the polymer prevents leakage out of the material, a process that 
is commonly observed in other types of ionic conductors[60] 
and that can negatively affect the lifetime of devices. Also, we 
found that counter ions play an important role in the proper-
ties of the ionic conductor (see Section “Selection of ionic liq-
uids” and Figures S2–S4 of the Supporting Information). With 
1-butyl-3-methylimidazolium chloride (BMICl), the two mate-
rials were not compatible, and we failed to obtain a well-mixed 
sample, likely due to the strong binding between chloride and 
imidazolium. With the 1-butyl-3-methyl imidazolium tetra-
fluoroborate (BMIBF4), the ionic conductor was translucent 
and phase separation structures could be observed in the com-
posite. We were able to get a transparent, stretchable material 
only with 1-ethyl-3-methylimidazolium trifluoromethanesul-
fonate (EMIOTf). Even with an ionic liquid amount of 43 wt% 
(1.53:1 molar ratio CF3 to imidazolium), the average transmit-
tance of a 0.01 mm thick polymer film was 92%. The absorption 
band at 400–500 nm is due to the absorption of the ionic liquid 
(Figure 1a and Figure S5 (Supporting Information)). As indi-
cated by the scanning electron microscope (SEM) (Figure 1b) 
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Scheme 1.  Design concept for a transparent, self-healing, highly stretchable ionic conductor using ion–dipole interaction as the dynamic motif.  
a) Demonstration of healing process and chemical structure of polymer and imidazolium cation. Counter anion trifluoromethanesulfonate was omitted 
for simplicity. b) DFT-optimized structure of imidazolium cation interacting with one or two PVDF-co-HFP-5545 monomers. All DFT calculations were 
carried at the ωB97X-D/6-31G(d,p) level of theory.
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and X-ray diffraction data (Figure S6, Supporting Information), 
a continuous homogenous phase indicated good miscibility of 
ionic liquid and polymer without any microphase segregation.

By tuning the weight ratio of polymer and ionic liquid 
(EMIOTf), a series of polymer materials with distinct mechan-
ical properties were obtained. As shown in Figure 1c, when 
increasing the content of ionic liquid up to 48 wt%, (1.23:1 
molar ratio CF3 to imidazolium), the material had a higher 
stretchability, lower Young’s modulus, and lower maximum 
tensile stress. However, a further increase of the content of 
ionic liquid to 58 wt% EMIOTf decreased the stretchability of 
the material (Figure S7, Supporting Information). The 43 wt% 
EMIOTf polymer material exhibited a Young’s modulus of 
0.1 MPa, which is comparable to conventional soft rubbers. 

All material compositions showed good stretchability, in which 
48 wt% EMIOTf showed the highest stretchability with strains 
exceeding 5000% (Figure 1d). The polymers exhibited fully 
reversible behavior for strains below 50% and returned back to 
their original length immediately (Figure 1e). At higher strains, 
the polymers were not fully reversible. However, even being 
stretched to ten times its original length, the polymer could 
gradually return back to two times its original length within 
2 h (Figure 1f). It is also noteworthy that the polymer possessed 
a larger modulus at higher loading rates (Figure S8, Sup-
porting Information) and also exhibited creep behavior under 
constant engineering stress (Figure S9, Supporting Informa-
tion); both observations are typical for supramolecular rubbery 
materials.[61,7]
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Figure 1.  Physical and mechanical properties of the PVDF-co-HFP-5545/EMIOTf materials. a) Transmittance spectrum of 43 wt% EMIOTf with a film 
thickness of 0.01 mm. Inset: Photo of the film on a glass petri dish. b) SEM image of 43 wt% EMIOTf. Scale bar, 10 µm. c) Tensile strain tests of the 
polymer materials with different amounts of ionic liquid. Maximum strain exceeded 5000% for the sample with 48 wt% EMIOTf. d) Photos illustrating 
the extreme stretchability of 48 wt% EMIOTf. Left: Pristine 48 wt% EMIOTf sample with a length of 5 mm. Right: 48 wt% EMIOTf stretched to 30 times 
its initial length. e) Stress–strain cycling tests of 43 wt% EMIOTf. 43 wt% EMIOTf showed elastic behavior up to 50% strain. f) A tensile set test of 
pristine 43 wt% EMIOTf. After being stretched to ten times its original length, 43 wt% EMIOTf returned back to two times its original length in 2 h.
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Apart from the high stretchability and high transparency, 
the polymer material also exhibited high ionic conductivity. 
Figure  2a shows that the ionic conductivities of 37, 43, and 
48 wt% EMIOTf at 25 °C were 2.56 × 10−5, 5.66 × 10−5, and 
7.06 × 10−5 S cm−1, respectively. Figure 2b shows that the 
dependence of ionic conductivity on temperature from 25 to 
70 °C obeyed the Vogel–Tammann–Fulcher relation, which 
describes the transport of ions in a viscous polymer matrix.[62]

Our highly stretchable ionic conductors showed outstanding 
self-healing capabilities. After cutting a sample into two com-
pletely separate pieces with a razor blade and gently bringing 
the cut pieces back into contact, the two damaged faces spon-
taneously self-healed over time under ambient conditions 

without any external stimulus. We define the mechanical 
healing efficiency as the proportion of toughness restored rela-
tive to the original toughness (area under the stress–strain 
curve) because this takes into account the restoration of both 
stress and strain. The healing speeds were monitored by testing 
mechanical properties at different lengths of healing time 
(Table 1). Take the 43 wt% EMIOTf as an example: the polymer 
material fully restored all mechanical properties including the 
Young’s modulus, yield strength, and ultimate tensile strain 
within 24 h (Figure 2c). Notably, after healing for only 5 min, 
the polymer material could already be stretched to two times 
its original length. As demonstrated in Figure 2d, the material 
tolerated a strain of 500% after healing at room temperature 
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Figure 2.  Ionic conductivity and self-healing properties of PVDF-co-HFP-5545/EMIOTf materials. a) Impedance plot of 37, 43, and 48 wt% EMIOTf 
at 25 °C. The samples were 2 cm2 in area with a thickness of 0.2 mm. b) Temperature dependence of the ionic conductivities of 37, 43, and 48 wt% 
EMIOTf in the temperature range from 25 to 70 °C. c) Typical stress–strain curves of pristine and healed samples for different healing times at room 
temperature for 43 wt% EMIOTf. d) Photos of a healed 43 wt% EMIOTf sample in the undeformed state and stretched to five times its original length. 
e) Optical microscope images of a cut 43 wt% EMIOTf sample after different healing times at room temperature. The damaged sample fully healed 
after 24 h. Scale bar, 500 µm. f) Typical stress–strain curves for 43 wt% EMIOTf: (i) a pristine sample, (ii) a sample that was allowed to heal for 12 h 
directly after being cut, and (iii) a sample that was cut first, aged in ambient air for 12 h, and then allowed to heal for 12 h at room temperature.
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for 6 h. For all samples, the polymer materials maintained their 
Young’s modulus of 0.1 MPa and followed the same tensile 
stress curves. The healing capabilities were visualized using 
an optical microscope. The scar at the damaged interface was 
fully healed after 24 h at room temperature (Figure 2e). When 
the healing process was accelerated by raising the temperature 
to 50 °C, it took 6 h for the samples to fully heal (Table 1 and 
Figure S10 (Supporting Information)). Additionally, a strip of 
43 wt% EMIOTf exhibited a nearly instantaneous return to its 
original resistance after being cut and after the separated pieces 
were brought back into contact with each other (Figure S11, 
Supporting Information). We also confirmed that the highly 
stretchable ionic conductor itself is highly stable over time. 
When left at room temperature for one month, the polymer 
kept its shape and mechanical properties. We did not notice any 
leaking of the ionic liquid. We further observed that the loca-
tion that experienced mechanical damage showed aging effects. 
When we put the freshly cut surfaces together, the polymer 
could heal 73% within 12 h. However, when the cut surfaces 
were exposed to ambient air for 12 h, the healing efficiency 
dropped to 53% (Figure 2f). Nevertheless, when holding the 
temperature at 50 °C for 12 h, we observed full recovery of the 
mechanical properties of this sample (Figure S12, Supporting 
Information). The drop in healing efficiency of aged samples 
is due to the polymer chains at the freshly cut surface reorien-
tating and forming self-complementary bonds over time. When 
we brought the surfaces that were cut and aged for 72 h, back 
into contact, they did not self-heal.

We further investigated the healing mechanism and the role 
of the ion–dipole interactions using Fourier transform infrared 
spectroscopy (FTIR). For pure PVDF-co-HFP-5545 polymer, the 
bands located at 1396 and 1178 cm−1 were assigned to the wag-
ging of CH2 and antisymmetric stretching of CF2, respectively 
(Figure 3a).[63] Characteristic vibrational bands of PVDF-co-HFP 
at 833 and 883 cm−1 correspond to the amorphous phase of 
the polymer. We did not observe vibrational bands related to 
the crystalline phase of PVDF-co-HFP, indicating the amor-
phous nature of the fluoride polymer. In contrast, the common 
PVDF-co-HFP with 10% HFP (PVDF-co-HFP-9010) is a crystal-
line polymer (Figure S13, Supporting Information). The differ-
ence in crystallinity of the PVDF-co-HFP-5545 polymer is due 
to the increased content of HFP. Upon addition of EMIOTf, the 
bands located at 1396 and 1178 cm−1 gradually shifted to higher 
wavenumbers, which clearly indicates the interactions between 
the polymer and the imidazolium-based ionic liquid (Figure 3b). 

With the presence of ion–dipole interactions, the strength of 
the CF bond is expected to weaken because of the interactions 
between imidazolium salt and the CF dipole on the poly-
mers. This is verified by the shifts of the CF2 antisymmetric 
stretching band from 1178 to 1209 cm−1. The plasticizing effect 
can also be observed from FTIR. As shown in Figure 3c, the 
CH2 wagging band shifted from 1396 to 1400 cm−1, indicating 
a weakened interaction between the H atom and the F atom 
between the polymer chains. Differential scanning calorimetry 
(DSC) results provided more direct evidence on the plasticizing 
effect. As shown in Figure 3d, the glass transition temperature 
of the material was lowered from −26.2 to −55.9 °C upon the 
addition of 43 wt% EMIOTf. The ion–dipole interaction and the 
plasticizing effect both contribute to the self-healing property of 
the materials. As a control experiment, we used the PVDF-co-
HFP-9010 with 90 mol% of VDF to make the ionic conductor. 
As shown in Figure 3e,f, with the same weight percentage of 
ionic liquid, the material based on PVDF-co-HFP-9010 exhib-
ited a Young’s modulus 100 times higher than that of PVDF-co-
HFP 5545. Also, the PVDF-co-HFP-9010 remained crystalline 
in the presence of the ionic liquid (Figure S14, Supporting 
Information). Moreover, regardless of how much ionic liquid 
was added, the polymer material did not demonstrate any self-
healing capability, due to low polarity and lack of ion–dipole 
interactions (Figure S15, Supporting Information). These 
results indicate that the ion–dipole interactions play an impor-
tant role for the self-healing capabilities.

We next demonstrated the benefits of self-healing ionic con-
ductors as components of soft machines, a class of devices[64–67] 
that is receiving increasing interest from both academia and 
industry. Therefore, we analyzed the performance of two types 
of stretchable, transparent, ionic conductors when used to elec-
trically activate dielectric elastomer actuators (DEAs).[37,68,69] 
We compared actuation of DEAs before and after inflicting 
mechanical damage and when the actuators were activated with 
(i) an ionogel[38] and (ii) the transparent, self-healing, stretch-
able ionic conductor introduced in this paper. Figure 4a shows 
a schematic of a circular DEA, based on a layer of dielectric elas-
tomer sandwiched between two stretchable conductors. When 
high voltage is applied, the oppositely charged conductors exert 
electrostatic stress on the dielectric elastomer, causing it to 
compress in thickness and expand in area. In our experiments, 
we used a dielectric elastomer (VHB 4910, 3M) prestretched 
biaxially by a factor of 3 and attached to a rigid frame.

Figure 4b (top-left) shows a DEA using ionogel as the stretch-
able conductor in a pristine condition with voltage off. We actu-
ated the pristine DEA by applying 5 kV across the dielectric 
(0.11 mm thick after prestretching) and allowed the viscoelastic 
expansion of the active area of the device to stabilize for 10 s 
(Figure 4b, top-right). To simulate severe mechanical damage, 
we then used scissors to cut one circular ionogel layer in half 
(Figure 4b, bottom-left). The cut pieces of ionogel were brought 
back to their original locations on the actuator with the cut sur-
faces in contact with each other. The ionogel layer was allowed 
to rest for 24 h but remained damaged (Figure 4b, bottom-
center). When the DEA with the damaged layer of ionogel was 
actuated with 5 kV, the cut pieces further separated, leading 
to nonuniformity and a lower amount of actuation (119.5% 
area strain) compared to the pristine state (135.4% area strain) 
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Table 1.  Healing efficiency (defined in terms of the recovered fracture 
toughness) of PVDF-co-HFP-5545 with 43 wt% EMIOTf at different tem-
peratures. The average value and standard deviation were determined 
from nine individual samples. The samples were taken from three 
different batches, with each batch providing three samples.

Healing time [h] At room temperature At 50 °C

1 30.38 ± 1.98% 54.68 ± 3.36%

3 38.91 ± 0.21% 78.57 ± 3.17%

6 55.47 ± 4.73% 100.34 ± 3.83%

12 75.98 ± 1.64% 100.01 ± 3.37%

24 95.35 ± 0.62% 101.70 ± 5.75%
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(Figure 4b, bottom-right). Additionally, we observed delamina-
tion of the ionogel pieces from the dielectric. Video S1 (Sup-
porting Information) visualizes the performance of the DEA 
with ionogel conductors, depicted in Figure 4b, and shows the 
damaged ionogel delaminating from the DEA.

We repeated the same experimental steps for a DEA using 
the transparent, self-healing, highly stretchable ionic conductor. 
Figure 4c (top-left) shows the actuator in the pristine condi-
tion with voltage off. We again actuated the pristine device 
by applying 5 kV (Figure 4c, top-right). The actuation perfor-
mance was comparable to that of the pristine actuator using the 
ionogel. We then used scissors to cut one layer of self-healing 
ionic conductor in half and placed the cut surfaces in contact 

with each other (Figure 4c, bottom-left). After 24 h, the cut 
healed with minimal scarring (Figure 4c, bottom-center). After 
healing, the DEA was actuated with 5 kV and performed as 
well as in its pristine state, with uniform actuation, a similar 
level of area expansion (pristine: 122.6% area strain; healed: 
123.5% area strain) and without noticeable separation of the 
scarred region (Figure 4c, bottom-right). Video S2 (Supporting 
Information) visualizes the performance of the DEA with self-
healing ionic conductors depicted in Figure 4c. Additionally, 
when we used the self-healing ionic conductor to activate DEAs, 
we did not observe the dielectric strength of the dielectric layer 
to be a function of storage time after assembly of the actuator. 
Therefore, the use of this ionic conductor, which features a low 
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Figure 3.  a) FTIR spectrum of PVDF-co-HFP-5545 and EMIOTf. 1450–1350 and 1230–1120 cm−1 were chosen for detail analysis owing to the weak 
signals from EMIOTf at these ranges. FTIR spectrum of PVDF-co-HFP-5545, EMIOTf, 37 wt% EMIOTf, 43 wt% EMIOTf, and 48 wt% EMIOTf at range 
from b) 1230–1120 cm−1 and c) 1450–1350 cm−1. d) DSC traces of the PVDF-co-HFP-5545 and 43 wt% EMIOTf. e) Tensile strain tests of common 
PVDF-co-HFP-9010 with 43 wt% EMIOTf and PVDF-co-HFP-5545 with 43 wt% EMIOTf. The Young’s modulus of common PVDF-co-HFP-9010 with 
43 wt% EMIOTf is 9.54 MPa, which is 100 times higher than that of 43 wt% EMIOTf. f) Photos of common PVDF-co-HFP-9010 with 43 wt% EMIOTf 
(left) and PVDF-co-HFP-5545 with 43 wt% EMIOTf (right).



C
o

m
m

u
n

ic
a
tio

n

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (7 of 9)  1605099Adv. Mater. 2017, 1605099

www.advancedsciencenews.com www.advmat.de

level of leakage of the ionic liquid, may significantly improve 
the lifetime of DEAs compared to DEAs that are activated with 
other types of ionic conductors.

In this work, we have demonstrated the first stretchable, 
transparent, self-healing ionic conductor using ion–dipole 
interactions. We anticipate that the promising approach of 
harnessing ion–dipole interactions will be a powerful tool in 
the creation of next-generation, self-healing materials. This 
new design of self-healing polymer opens avenues to create 
a family of other materials that are ionically conductive and 
have self-healing capabilities, enabling the synthesis of new 
materials with properties that can be optimized for a range 
of applications. Herein, we have demonstrated the benefits of 
using self-healing ionic conductors in soft devices, illustrated 

by creating soft actuators that fully recover 
from severe mechanical damage. We expect a 
large number of further applications in other 
areas, such as soft robotics, stretchable sen-
sors, and energy storage.

Experimental Section
Materials: The ionic liquids BMICl, BMIBF4, 1-ethyl- 

3-methyl imidazolium tetrafluoroborate, and 
EMIOTf (obtained from Sigma-Aldrich) were used 
as received without further purification. PVDF-
co-HFP-5545 was purchased from 3M Co (3M 
Dyneon Fluoroelastomer FE). PVDF-co-HFP-9010 
was obtained from KYNAR (Arkema Group Kynar 
FLEX 2801 PVDF).

Preparation of Samples: The general method 
for preparing various compositions, unless 
otherwise noted, was: 1.0 g PVDF-co-HFP-5545 and 
corresponding amounts of the ionic liquid were 
dissolved in 4.5 mL anhydrous acetone and stirred 
at room temperature for at least 4 h to give a well-
dispersed solution. The solution was then poured 
into a petri dish. After evaporating the solvent at 
room temperature, the material was dried in a 
vacuum oven at 70 °C overnight to remove solvent 
residue, and then compression-molded at 70 °C 
into 1.0 mm thick sheets using glass slides.

The 1.0 mm thick sheets were used for testing 
mechanical properties and self-healing efficiency, 
as well as to record microscope images and for 
demonstration of self-healing.

Films for characterization of transmittance and 
ionic conductivity were prepared by pouring the 
solution onto a glass slide (50 mm × 75 mm) and 
by evaporation of the solvent at room temperature. 
Films for use as electrodes in dielectric elastomer 
actuators were prepared by pouring the solution 
onto a polyethylene film (50 × 75 mm) and by 
evaporation of the solvent at room temperature.

Preparation of Samples—Preparation of PVDF-
co-HFP-9010 43 wt% EMIOTf Samples: 1.0 g PVDF-
co-HFP-9010 and 538 µL (754 mg) EMIOTf were 
dissolved in 8 mL anhydrous acetone and stirred 
at room temperature for at least 6 h to give a 
well-dispersed solution. Samples for mechanical 
testing were obtained by pouring the solution into a 
50 mL beaker and allowing the solvent to evaporate 
at room temperature. Films for transmittance 
characterization were obtained by pouring the  

solution into a petri dish and evaporating the solvent at room 
temperature. The ionogel used in experiments on dielectric elastomer 
actuators was prepared according to literature.[38]

Characterization of Materials: Experiments to test mechanical 
properties were performed using an Instron 5942. Unless otherwise 
noted, tensile experiments were performed at room temperature (25 °C) 
at a strain rate of 5 mm min−1 for both stretching and relaxing rate. 
Each mechanical test was repeated with nine individual samples of 
each weight fraction by preparing three different batches and each batch 
providing three samples. Healing experiments were performed at either 
room temperature or 50 °C, by gently bringing the cut pieces back into 
contact. The conductivity of the material was measured using a BioLogic 
VMP3 with samples with an area of 2.0 cm2 and a thickness of 0.2 mm.

DSC measurements from −50 to 150 °C with a heating speed of 
5 °C min−1 were performed using a TA Instruments Q2000. Optical 
micrographs were recorded with a cross-polarized optical microscope 

Figure 4.  Comparison of the performance of two different types of stretchable, transparent, 
ionic conductors when used to electrically activate dielectric elastomer actuators (DEAs).  
a) Schematic of a DEA in the rest (voltage off) and actuated (voltage on) states. b) DEA with 
ionogel as stretchable conductor. Top: Pristine actuator in rest and actuated state. Bottom: A 
cut layer of ionic conductor did not heal over 24 h and activation of the actuator caused the cut 
to further open, ultimately destroying the actuator. c) DEA with the transparent, self-healing, 
highly stretchable ionic conductor as the stretchable conductor. Top: Pristine actuator with 
performance comparable to the actuator in (b). Bottom: A cut layer of ionic conductor healed 
over 24 h and the actuator with fully restored performance.
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(Leica DM2700M). FTIR data were recorded on a Nicolet 6700 FTIR. 
Transmission data were recorded on an Ocean Optics HR2000CG-
UV-NIR spectrometer. SEM images were recorded on a FEI Nova 
NanoSEM 450.

Fabrication and Testing of Dielectric Elastomer Actuators: The ionic 
conductors were cut into circular shapes with a diameter of 17 mm 
with a laser cutter (Epilog Legend 36 EXT). The stretchable ionic 
conductors were then placed on a VHB 4910 (3M) dielectric layer 
which was prestretched by a factor of 3 and attached to a rigid acrylic 
ring. Electrically conductive carbon grease (MG Chemicals) was used 
to establish a connection between ionic conductors and external wires 
supplying high voltage. The voltage signal to power the actuators was 
initially generated by a Keysight Technologies 33500B signal generator 
and monitored with a Tektronix TBS1064 oscilloscope, and then 
amplified with a TREK Model 50/12 high-voltage power amplifier. To 
maintain constant relative humidity of the ambient air, all actuation 
tests with the self-healing material were performed in a custom made 
desiccator (Figure S16, Supporting Information), because we observed 
changes in the transparency of the self-healing ionic conductor as a 
function of humidity.

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