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Enhancement of the Electroluminescence and Strain Properties of
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ABSTRACT: We report on the enhancement of the light-emitting and mechanical performance of multifunctional dielectric
elastomeric actuators by combining liquid eutectic gallium indium metal with a stretchable and transparent hybrid electrode
composed of silver nanowires (AgNWs) and carbon nanotubes (CNTs). The device shows improved optical properties, electrical
conductivity, and stability for electroluminescent dielectric elastomer actuators compared with previous works. Combining single-
walled CNTs (SWCNTs) with AgNWs impeded the chemical reaction between the liquid metal and AgNWs, resulting in a more
stable operation of the device. The maximum luminance and maximum strain of the electroluminescent dielectric elastomer actuator
increased by 50% (from 300 to 450 cd m™2) and 44% (from 85 to 122%), respectively.

1. INTRODUCTION performance.'”'* Given that eGaln has benign properties such
as negligible vapor pressure at room temperature 25 °C
(~107* at 540 °C)," its suitable properties for stretchable
electrodes (low-melting point of 15.7 °C),"* high electrical
conduct1v1ty (34 x 10* S-.em™),"” and high self-healing
ability,'® our AgNW/CNT/liquid metal (ACLM) electrodes
are optimal in improving the performance of the ELDEAs.
This ACLM electrode enhances both the electroluminance
efficiency and stretchability performance of the ELDEA.
Additionally, the use of eGaln in our ACLM electrodes
resulted in an effective decrease in the required AC and DC
signal levels for a given strain and electroluminescence level. As
a result, it was confirmed that the maximum luminance and
maximum strain characteristics of the electroluminescent
dielectric elastomer actuator were increased by 50% (from
300 to 450 cd m™2) and 44% (from 85 to 122%), respectively,

Devices based on soft materials are gaining increased interest
owing to their expected applications in soft robotics and
wearable electronics, such as artificial muscles or flexible
luminescent devices.'™ Among these, multifunctional devices
based on soft materials are being developed to realize a
combination of the above functionalities in a single dev1ce,
exemplified by soft actuating speakers and lens actuators.”™ In
particular, we recently reported an electroluminescent
dielectric elastomeric actuator (ELDEA) with multiple
functlonahtles that exhibits both actuation and light-emitting
capabilities.'” Our results showed that when the alternating
current (AC) and direct current (DC) signal amplitudes were
increased, both the luminance and strain values could be
increased. However, at increased AC and DC signal

amplitudes, we observed a decrease in the luminance at large . . . . .
s . . 3 . compared to previous studies. This was possible by using
strains and a device failure at high frequencies. Therefore, . . S
eGaln as a light reflector to improve the characteristics of

improving the strain behavior and simultaneously lowering the ELDEA. It should be noted that this is the first report on the
required driving voltage for ELDEA operation is necessary.

Herein, we propose an effective strategy for improving the
mechanical and optical performance of ELDEAs based on the
use of a hybrid composite electrode that combines liquid metal
(eutectic gallium indium, eGaln) with a stretchable and
transparent silver nanowire (AgNW)/carbon nanotube (CNT)
hybrid electrode. In particular, stretchable electrodes com-
posed of AgNW/CNTs composite are reported to have high
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Figure 1. Schematic of the fabrication of the electroluminescent dielectric elastomer actuator (ELDEA) device and the AgNW/CNT/liquid metal
(ACML) electrodes. (a) ELDEA structure. (b) Schematic of the ACML hybrid electrode. The CNTs protect the AgNWs from reacting with eGaln.

(c) Breakdown voltage depending on the electrode structure.

application of eGaln specifically for enhancing ELDEA
luminescence and stretchability. Our findings can contribute
to providing new strategies for guiding optical signals and
enhancing the electroluminescence of light-emitting actuators.

2. EXPERIMENTAL SECTION

2.1. Fabrication of AgNW/SWCNT/eGaln Hybrid
Electrode. The fabrication of the AGNW/SWCNT electrode
was based on a prior study.'” Briefly, a 1 wt % AgNW (length
22 pm, diameter 23 nm) suspension in deionized water was
diluted to a target concentration (2 mg mL™") with DI to a S0
mL solution. SWCNTs (0.2 ng mL™") were diluted into
sodium dodecyl sulfate (SDS, 50 mL, 5 wt %) with DI water.
The prepared AgNWs and SWCNT solutions (S0 mL) were
vacuum-filtered through a polycarbonate filter (pore size of
0.08 pm, radius of 47 mm, Whatman). After vacuum filtration,
the AgNW/SWCNT hybrid electrodes were dried in air. For
the reflective electrode, eGaln (100 uL, >99.99% trace-metal
basis, Sigma-Aldrich) was dropped on the AgNW/SWCNT
hybrid electrodes.

2.2. Fabrication of DEA and ELDEA. For DEA
fabrication, a dielectric elastomer (VHB Tape 4910) was
pre-stretched radially three times so that its area increased 9
times compared to the original area and was fixed to a circular
acrylic frame (diameter, 60 mm). Then, we transferred the
premanufactured AQNW/CNT hybrid electrodes on both sides
of the elastomeric device. Next, we attached the released paper
mask of the electrode on the device and then dropped the
liquid metal (100 uL, eGaln, >99.99% trace-metal basis,
Sigma-Aldrich) on the mask. We then pasted the drop of liquid
metal along the mask. Finally, we removed the mask.

For the fabrication of the ELDEA, a dielectric elastomer
(0.5t VHB Tape 4905, 3M) was pre-stretched as in DEA
fabrication. Silicon elastomer (Ecoflex 00-50, Smooth-On) was
mixed with ZnS/Cu EL particles (size of 9 ym, Shanghai KPT
Company) and BaTiO; NPs for EL amplification. Next, the
composite Ecoflex/EL particle mix was spin-coated on the pre-
stretched VHB tape at 5500 rpm for 15 s. Finally, another pre-
stretched VHB tape was overlaid on the spin-coated VHB tape
structure. On one side, an AgNW/SWCNT electrode was
transferred. On the other side, an AgNW/SWCNT/eGaln
hybrid electrode was formed.

2.3. Contact Resistance between eGaln and AgNW/
SWCNT Electrode with Two- and Four-Point Probe
Experiment. Two- and four-point probe measurements were
performed to measure the composite AgNW/SWCNT
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resistance and the AgNW/SWCNT and eGaln contact
resistance (Figure S1). We used a sourcemeter (2636A,
Keithley, USA) for current sourcing and a digital multimeter
(344014, Agilent Technologies) for voltage readouts. The
two-point probe measurement gave us information on the
sample resistance including the contact resistance between the
probe and the sample (R, = R, + R) while the four-point
probe measurement gave us information on the tested sample
(Rt = Rye)- Here, R is the contact resistance and R, is the
AgNWs + SWCNT resistance.

2.4, ELDEA Actuation and Luminance Measurements.
The electroluminescence experiments were performed by
applying a combined AC and DC signal to the sample. A
combined AC + DC electrical signal was synthesized by using a
Tektronix AFG1022 function generator. This signal was
applied to a Trek 10/10B-FG high-voltage amplifier (gain G
= 606). The output of the high-voltage amplifier was a
combined AC and DC signal with DC and AC ranges of 0—8
kV and 1-5 kV,,, respectively. The luminance values were
measured using a TES-137 luminance meter, and changes in
the electrode area were observed using a USB camera (SC-
FD110B, Samsung, Korea).

ele

3. RESULTS AND DISCUSSION

Figure la shows the device fabrication schematic. Our ELDEA
was fabricated by sandwiching an electroluminescent structure
between two electrodes. For the electroluminescent structure,
a very high bond (VHB) tape was stretched radially three times
and was attached to an acryl frame (outer diameter 60 mm).
An electroluminescent layer composed of ZnS/Cu electro-
luminescent particles embedded in the polymer matrix of
Ecoflex was spin-coated on the VHB tape. Then, another pre-
stretched VHB tape was laid on the EL layer to make a
sandwich structure. Finally, two stretchable and conductive
electrodes were formed on each face of the sandwiched
structure. These two electrodes differed in their compositions
and properties. The electrode on the electroluminescent face
was a transparent stretchable electrode composed of a hybrid
structure of AgNWs and SWCNT's fabricated using methods
reported before, whereby a network of AgNWs is reinforced
mechanically and electrically by the SWCNTs.'” The other
electrode, the reflective face, is the ACLM electrode, where the
aforementioned AgNW/SWCNT network is coated with
eGaln. The eGaln improves the physical and optical
performance of the electrode. For the optically luminescent
face, a transparent AgNW/SWCNT hybrid electrode was
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Figure 2. Structure of AgNW/CNT/liquid metal (ACLM) hybrid electrodes. (a) Scanning electron microscopy image of the cross section of an
ACLM electrode. The AgNW/SWCNT structure is exposed on the edge of the cross section. (b) Energy-dispersive X-ray (EDX) image of ACLM

electrodes.

transferred on the pre-stretched VHB tapes. In the case of the
reflective face, we performed the same procedure as the first
electrode, and then we spread 100 uL of eGaln layer to serve
as both a reflector and a stretchable electrode. When a
combined signal of AC and DC was applied to ELDEA, the
device showed both luminescent and stretchable behaviors.

Before AC+DC signals were applied to the electrodes, the
chemical stability of the ACLM electrode was studied. Several
publications have reported that eGaln can damage the AgNWs
by dissolving the Ag materials.'® Previous research showed that
graphene, which is an sp*-bond-based carbon material, can
prevent Ag dissolution.'””® In addition, a spray-coated
multilayer of SWCNTs on AgNWs or nanoparticles (NPs)
has been reported to provide an adequate physical and
chemical barrier, protecting AgNWs and NPs from the reaction
with eGaln.”'~** Figure 1c shows the effect of using ACLM
electrodes on luminance performance. Both had AgNW/
SWCNT electrodes as the top electrode. Here, the bottom
electrode was either just eGaln (no AgNW/CNTs) or the
ACLM electrode. For the case of the bottom electrode made of
only eGaln (Figure lc, black), the maximum applicable AC
signal amplitude and its corresponding luminance were
reduced by over 50% compared to the values measured with
the ACLM bottom electrode (Figure lc, red). The relatively
lower level of the maximum applicable AC amplitude can be
explained by the penetration of eGaln into the polymer matrix,
which results in electric breakdown of the device occurring at
lower voltages, as indicated by the red dotted circle in Figure
lc. The SWCNTs encapsulating the AgNWs protected the
AgNWs from a chemical reaction with eGaln in which Ga
dissolved Ag and made the AgNW/SWCNT/eGaln hybrid
electrode a stable, highly stretchable, and reflective surface for
ELDEAs (Figures 1b and 2a). The scanning electron
microscopy (SEM) image in Figure 2a confirms that the
SWCNT layer using the vacuum filtration coating was much
thinner than the previously reported spray coating method.
Also, in Figure 2, it can be further confirmed from the image
that the AgNWs were not dissolved by eGaln.

The mechanical deformation of ELDEA under a DC signal is
due to Maxwell stress between the two electrodes under a
static electric field.”* The electric field in the dielectric is about
23 V um™ based on the total thickness of the VBH layer and
the EL layer of 216 ym and the applied voltage of S kV. This
electric field value is comparable to that of other reports where
the electric field in the dielectric material was calculated to be
in the range of 3—10 V um~1.7%7* To achieve a uniform
electric field distribution, intimate electrical contact between
the AgNW/CNT film and eGaln is important. To observe the
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electrical contact between eGaln and the AgNW/SWCNT
film, we measured the contact resistance between the eGaln
and the AgNW/SWCNT by using two- and four-point probe
resistance measurements (Figure S1).”® Here, a linear channel
pattern (22 mm length, 3 mm width) of the AgNW/CNT
composite was formed on a solid SiO, insulating surface.
Afterward, the AQNW/CNT channel was electrically contacted
with four eGaln electrodes with 3 mm spacings. The obtained
two-point probe resistance was 32.4 Q, and the four-point
resistance was 32.2 Q. Using the relation between the two
probe resistance (R + 2R.) and the four-probe resistance, the
contact resistance (R.) between AgNW/CNT and eGaln was
extracted to be approximately 0.1 €. This value is lower than
other reported values of 0.253 Q in the case of Ag/Graphene/
eGaln™ and 20 Q for AgNP/SWCNT/eGaln interfaces.”" The
sheet resistance of the AgNW/CNT layer was approximately
20 Q sq' before eGaln was applied, and it dropped to
approximately 9 mQ sq~" in the case of our ACLM electrodes
after the application of eGaln (Figure S2). This result shows
that our ACLM structure has good electrical contact between
the constituting materials and the ACLM serves as a good
conductor as a whole. One important property of our ACLM
electrode is that the AgNWs in the ACLM electrode are very
stable over time in contrast to the previous report.'* Figure 2a
shows the scanning electron microscope (SEM) image of the
cross section of an ACLM electrode 7 days after the
application of eGaln. It shows that the AgNWs in the
ACLM electrode remained intact and maintained their initial
form under the contact of eGaln. In the SEM image, SWCNTSs
were observed around the AgNWs in a network arrangement
(Figure S3). We propose that these SWCNTSs encapsulating
AgNWs serve as a thin protection layer against eGaln. Based
on the energy-dispersive X-ray (EDX) image in Figure 2b, we
can clearly confirm this effect. For EDX mapping, we dropped
eGaln on the filtered AgNW/SWCNT electrode. After 1
month, eGaln was blown aside using N, gas to expose the
AgNW/SWCNT surface (Base sample). In Figure 2b, the Ga
layer and the In layer can be seen in the part where eGaln is
located in the Base sample. In the Ag layer, since AgNW is
evenly distributed on the sample surface, the Ag L signal can be
observed over the area. EDX mapping graph shows that Ga
and In are unequally distributed in Ga L and In L, while Ag is
uniformly distributed in Ag L. First, if AgNW is dissolved in
Ga, the distribution of AGNW mapping and the distribution of
Ga should be the same. In other words, when blowing with N,
eGaln and AgNW must be removed together. However, the
two distributions were different, indicating that AgNWs were
not dissolved by eGaln. The localized Ag L signals appearing
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Figure 3. Characteristics of ACLM hybrid electrodes. (a) Stretchability performance in accordance with external DC voltage graph for three types
of bottom electrodes: (black) eGaln only, (red) AgNW/SWCNT/eGaln, (blue) SWCNT/eGaln. (b) Maximum strain versus external DC voltage
for ACLM electrodes with different CNT concentrations. The black bars denote the maximum strains of AQNW/SWCNT electrodes without
eGaln. The red bars denote the maximum strains of the ACLM electrodes with eGaln.

only on the exposed AgNW region are further supported by
the localized EDX signals on the AgNW region (Figure S4).
The use of the ACML electrode further improved the
stretchability and luminance performance of ELDEAs. Figure
3a shows the improvement in the stretchability performance as
a function of the DC voltage. First, we transferred the optically
transparent AQNW/SWCNT electrode to the top side of the
DEA samples. We then transferred various types of electrodes
to the bottom side. Three different types of bottom electrodes
were prepared: eGaln only, SWCNT/eGaln hybrid structure,
and ACLM electrode. AgNW/eGaln electrodes were not
considered because AgNWs were dissolved in eGaln without
the SWCNT protection layer.”” In the case of the eGaln-only
bottom electrode, the DEA samples failed easily at a relatively
lower DC voltage of 3 kV (Figure 3a, black). This is
presumably due to the small thickness (S0 um) of the
prestrained VHB tape and the increased probability of eGaln
penetration into the polymer film. Owing to the liquid
property of eGaln, it can penetrate the polymer matrix
resulting in high electric fields, ultimately leading to failure.
In the case of the SWCNT/eGaln electrode, we transferred
the SWCNT film to the DEA, and then, we deposited eGaln
on the SWCNT layer. The existence of the SWCNT on the
polymer increased the maximum applicable DC voltage level.
The SWCNT/eGaln electrode yielded the lowest stretchability
performance of 71% out of the three cases (Figure 3a, blue). A
larger breakdown voltage of ~6 kV shows that the SWCNTSs
prevent the penetration of the eGaln into the polymer matrix,
resulting in the increased maximum strain. However, the
SWCNTs constrained the mechanical stretching deformation
of the underlying polymer, resulting in smaller strain values
compared with ACLM electrodes. The ACLM electrode
showed maximum strain of 163% (Figure 3a, red), which is
larger than that of the other two cases. This is because the
CNTs in the ACLM structure prevent the chemical reaction of
AgNWs with eGaln, while enabling the high mechanical
stretchability of the electrode. This indicates that the
concentration of SWCNT as well as eGaln plays an important
role in terms of mechanical performance. However, in the case
of SWCNT concentration, it has the opposite effect on the
mechanical and optical performance. This is because the
incorporation of CNTs distributed the electrical stresses within
the elastomer and increased the effective electric field density
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applied to the elastomer, resulting in an improved maximum
breakdown field and strain.

The light-emitting performance of the ELDEA was largely
affected by the transmittance of the AgNW/SWCNT and the
reflectance from eGaln at the ACLM electrode. Since the
transmittance of the AQNW/SWCNT electrode decreases with
the thickness of SWCNT we incorporate, we needed to
optimize the SWCNT concentration for optimum optical and
mechanical performance.'”” In the case of the ACLM
electrodes, eGaln showed good mechanical and electrical
contact between the AgNW/SWCNT layer and eGaln. The
increase in the SWCNT concentration distributes the thermal
and electrical stresses of the AgNW/SWCNT layer.”' In
addition, the increase in the SWCNT concentration can help
to maintain the mechanical coupling between the AgNWs.*”
As can be observed by the black bars in Figure 3b, the higher
the concentration of SWCNTSs on the ACLM electrodes, the
greater the maximum stretchability performance. However, an
increase in the SWCNT concentration causes a decrease in
transparency in the AGQNW/SWCNT and eGaln, which can
also reduce the reflection efliciency. This is because electrodes
exist on the top side and bottom side, but eGaln is applied
only on the bottom side, and therefore light emission occurs
only on the top side. Here, we observed the optical
transmittance of the stretchable electrodes. The transmittance
of AgNW/SWCNT electrodes with different concentrations of
SWCNTSs was measured using a UV—vis spectrophotometer
(Cary 8454, Agilent Technologies). The transmittance
decreased from 100 to 88, 84, and 59% at CNT concentrations
of 5, 15, and 35 ng mm™? respectively, at a 532 nm
wavelength. In our devices, 5 ng mm™> SWCNT concentration
was used for the electrode to have both high transparency and
stretchability (Figure SS). We can observe that the ACLM
electrode with a low SWCNT concentration (5 ng mm™2)
attains approximately half of the strain compared to the ACLM
electrode with an increased SWCNT amount (35 ng mm™2).
In ELDEA, when the SWCNT concentration increases, the
transmittance of the electrodes decreases. Therefore, we chose
the minimum SWCNT concentration (5 ng mm™) to
maximize optical transparency and still obtain high strain
values, as indicated in our previous publication.'” The
SWCNT concentration for the hybrid reflective ACLM
electrode mentioned above led to enhancements in both the
luminance and stretchability performances. We observed the
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Figure 4. Luminance and stretchability performance of ACLM-ELDEA devices. (a) Luminance versus AC voltage signal graph. The red curve is
ACML-ELDEA device luminance graph. The black curve is AGNW/SWCNT ELDEA device luminance graph. (b) Strain versus DC voltage signal
graph. The black line depicts the use of the AgNW/SWCNT hybrid electrodes without eGaln. The red line depicts the use of the ACLM hybrid
electrodes with eGaln. (c) Luminance as a function of AC voltage of samples with different SWCNT concentrations. The blue, green, and red data
correspond to SWCNT concentrations of 35, 15, and 5 ng mm 2, respectively. (d) Luminance versus Strain graph at 1 kV,, AC and 1 kHz. The
DC voltage was increased from 0 up to 8 kV. No luminance drop was observed for samples using ACLM electrodes.

electroluminescence with the use of our ACLM-ELDEA. We
compared two samples with different bottom electrodes: one
with the AgNW/SWCNT bottom electrode and the other with
the ACLM bottom electrode. As shown in Figure 4a, by
utilizing the ACLM bottom electrode, we were able to increase
the maximum luminance of the ELDEA by 50%. The 50% loss
can be attributed to the isotropic light emission from the
electroluminescent ZnS:Cu particles, internal and interfacial
reflection/absorption, and light scattering on the ACLM
surface.”® It should be noted that the use of ACLM electrodes
lowered the required voltage levels to attain a given
electroluminescence intensity compared with the case of
AgNW/SWCNT electrodes. The maximum luminance of
ELDEA with the AGNW/SWCNT electrode was 300 c¢d m™>
at 5 kV,, (AC) and 4 kV (DC) (Figure 4a, black). The same
luminance value of 300 cd m™ can be achieved at voltages of 4
kV,, (AC) and 4 kV (DC) using ACLM electrodes (Figure 4a,
red). This shows that the eGaln surface can serve as a
stretchable reflector that increases the electroluminescence
intensity toward the frontal direction. Furthermore, as shown
in Figure 4b, the maximum attainable strain also increased by
44%, as expected from the results in Figure 2. The eGaln is a
liquid metal that allows the distribution of thermal and
electrical stresses over conventional composite electrodes.
Therefore, the ACLM-ELDEA had 122% maximum strain (red
line), compared to the 85% composite strain at the previous
ELDEA (black line).'® Also, the use of the ACLM electrodes
lowered the applied voltage level to attain the same level of
strain compared with those devices that used the AgNW/
SWCNT electrodes only. The maximum strain of using an
AgNW/SWCNT electrode (Figure 4b, black) was 85%,
achieved at a DC voltage of 8 kV. That maximum strain
value of 85% can be obtained at 7.2 kV as indicated by the red
line (reflective hybrid electrode). Electroluminance as a
function of the AC voltage of ACLM-ELDEA samples with
different bottom-side SWCNT concentrations was studied. We
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tested three SWCNT concentrations (S, 15, and 35 ng mm™2),
and the results are shown in Figure 4c. The maximum
luminance was 63 cd m™ for 35 ng mm™> SWCNT
concentration (Figure 4c, blue), compared to 450 cd m™> for
S ng mm~> SWCNT concentration (Figure 4c, red). This
confirms that luminance is reduced by an increased SWCNT
concentration. Interestingly, the use of the ACLM reflective
electrodes increased the luminance stability at high strains
(Figure 4d). When we increase the DC signal voltage applied
to the ELDEA device, we expected thickness reduction of the
electroluminescent layer (electric field increase) together with
a decrease in the areal concentration of electroluminescent
particles (reduction of EL luminance). According to our
previous work on ELDEAs with the use of AgNW/SWCNT
electrodes on both sides, the luminance dropped steeply at
strain values larger than 49.1% (gray area in Figure 4d)." This
steep drop in luminance using AQNW/SWCNT electrodes can
be attributed to (a) a decrease in the areal density of the
electroluminescent particles and (b) the decreased ability to
apply a uniform electric field inside the film. In this case, upon
stretching, the distances among the AgNWs increased, and the
area density of the AgNWs decreased accordingly. This
resulted in a weaker average electric field in the film. However,
for ACLM-ELDEAs, the devices show increased luminance
stability, even at high DC voltage levels. This can be attributed
to several factors. First, the luminance drop at high DC voltage
levels was compensated by the increase of the luminance using
an eGaln reflection. Indeed, Figure 4d shows that the slope for
strains in the range from 0 to 49.1% is larger than the slope for
strain values larger than 49.1%. This means that when the DC
voltage increases, the volume that the EL particles occupy
decreases and a drop in luminance is induced. In our case, this
drop was compensated for by using an ACLM electrode.
Second, eGaln helped in maintaining the high conductivity of
ALCM electrodes even at high DC values. The lack of the
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Figure 5. Various forms of reflectors attached on ELDEA. (a) Schematic of ELDEA and reflector assembly. Reflector mirror, eGaln mirror, silver
plate, and eGaln painted. (b) Variation of reflector luminance for different noncontact and contact settings. In the noncontact section, the
reflection area is separated from the AQNW/SWCNT electrode by 0.4 and 3 mm. On the other hand, in the contact section, the reflection area is
attached to the AgNW/SWCNT electrode. (c) Strain variation for various contact reflectors. The control sample (noncontact) uses AgNW/

SWCNT bottom electrode.

drop-region phenomenon is important for the proper
operation of flexible devices.

We compared the reflective performance of the ACLM
reflector with respect to other reflective surfaces, such as a
commercial mirror, Ag-coated silicon wafer, and eGaln-coated
wafer (Figure Sa). The experiment was performed in
noncontact mode using samples with AgNW/SWCNT
electrodes on both sides by placing the reflective planes
below the bottom electrode. The luminance increase was
minimal for the commercial mirror at a 3 mm separation from
the bottom electrode. Next was the eGaln-coated Si wafer as
the reflector. The percentile luminance increase was 18 and
26%, respectively, for distances of 3 and 0.4 mm between the
bottom electrode and reflector surface (Figure Sb, non-
contact). Next, contact-mode experiments were performed
for two cases (Figure Sb, contact). For the first case, a silver
plate was made in direct contact with the bottom electrode.
This resulted in a 33% increase in luminance. However, when
the ACLM bottom electrode was used, the luminance increase
showed a maximum value of 40%. (Figure Sb).

A silver plate is a good reflector, but it has negligible
stretchability. Indeed, the contact of a silver plate with the
bottom electrode resulted in an actual decrease in strain by 4%
(Figure Sc, center). In contrast, the application of eGaln to the
AgNW/SWCNT bottom electrode (ACLM electrode) re-
sulted in a maximum strain increase of 39.1% (Figure Sc,
right). This is due to the low viscosity (about 2 times that of
water) of eGaln,** which results in a negligible effect on the
stretchability of the device. This shows that eGaln with its low
viscosity does not decrease the stretchability performance of
ELDEA. In fact, it improves the electrode performance and
increases the ELDEA strain.

4. CONCLUSIONS

In conclusion, we reported on the strategy of enhancing
electroluminescence and actuating abilities by combining
liquid eutectic gallium indium metal with a stretchable and
transparent hybrid electrode composed of AgNWs and
SWCNTs. We demonstrated that the maximum luminance
and maximum strain of the electroluminescent dielectric
elastomer actuator increased by 50% (from 300 to 450 cd
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m™2) and by 44% (from 85 to 122%), respectively. The device
showed improved optical properties, electrical conductivity,
and stability for electroluminescent dielectric elastomer
actuators compared with previous works. Our strategy can be
easily applied to frameless DEAs in the future. We expect that
this strategy will impact soft skin and muscle development for
use in soft robotics. Actuators that can take colors or emit light
can also be used in diverse fields such as home appliances that
can change color according to consumer needs. Another field
would be rescue or deep sea missions where actuators can also
provide light to the ambient.
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