¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Real time high voltage capacitance for rapid

’ '.) Check for updates ‘
evaluation of dielectric elastomer actuatorst

Cite this: Soft Matter, 2022,

18,7123 Ang (Leo) Li,

* Siyoung Lee, Haleh Shahsa and Mihai Duduta

Dielectric elastomer actuators (DEAs) are soft electromechanical transducers that have enabled robotic,
haptic, and optical applications. Despite their advantages in high specific energy, large bandwidth, and
simple fabrication, their widespread adoption is limited by poor long-term performance. While the
mechanical work output has been studied extensively, the electrical energy input has rarely been
characterized. Here we report a method to continuously monitor high voltage capacitance during DEA
actuation to directly measure the electrical energy consumption. Our approach can track energy
conversion efficiency, but also show changes in the device's properties in real-time. This unprecedented
insight enables a novel way to study DEAs, evaluate degradation mechanisms, and correlate material
structure to device performance. Moreover, it provides a data acquisition platform for data-driven

Received 26th May 2022,
Accepted 22nd August 2022

optimization and prediction of long-term actuator performance. This work is a necessary step towards
developing ultra-resilient DEAs and enabling a wide range of applications, from wearable devices to soft
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1 Introduction

Artificial muscles mimic the actuation performance of natural
muscles,"* acting as compliant actuators for soft robots — a new
class of machines that can ensure safe interactions with humans,
and their environments. These robots have a broad range of
applications including search and rescue,®® rehabilitation,”
haptic feedback,"*™® surgical tools,"”*° and potentially neuromus-
cular prostheses® etc. Dielectric elastomer actuators (DEAs) are a
promising solution for artificial muscles, as direct electro-
mechanical transducers, with the structure of a compliant parallel
plate capacitor. The dielectric elastomer layer is deformed by
Maxwell stress originating from an electric field across the
compliant electrodes*** (Fig. 1(A)). DEAs can operate at large
bandwidths (> 500 Hz)>** and can achieve specific energy compar-
able to natural muscles (20 J kg™ ").>*

DEA performance relies on stretchable electrodes, which
need to be as soft as possible, as thin as possible, and stay
electrically conductive when stretched.>® Carbon nanotubes
(CNTs) are promising electrode materials for DEAs.>® The
electrodes formed by CNTs are ultra-thin and compliant, con-
ductive when stretched, and adaptable for multi-layering.>*>”
However, the electro-mechanical energy conversion mechanism
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and efficiency across the actuation period are still unclear.
Due to continuous degradation of electrodes during high
voltage actuation,® the energy conversion efficiency of DEAs
dynamically changes across time, which cannot be analytically
modeled. Most research to date has only investigated the
mechanical deformation of the device®®° to characterize the
mechanical work output. For electro-mechanical transducers,
tracking the evolution of electrical properties during actuation,
specifically high voltage capacitance, provides the missing part
needed to understand the fundamentals of energy conversion
during operation.

As evidenced in earlier work, electrical properties including
sheet resistance®"*> and capacitance®*** can be used to track
DEA degradation. However, the change of sheet resistance
cannot be linked to the energy conversion and offers little
insight into degradation. These high voltage capacitance tracking
methods either require complex post-processing of acquired
data,®® which limits the ability to monitor devices in real-time,
or are constrained to the AC actuation domain for feedback
control purposes,® which restricts the user to a subset of
actuation scenarios. Capacitance self-sensing of DEAs has been
investigated in previous work.*>*® However the method requires
the integration of not widely available self-sensing units and
complicated capacitance estimation algorithms. Our work aims
to provide a simple method to acquire real-time high voltage
capacitance for DEAs with CNT electrodes during actuation
(Fig. 1(B) to monitor the electromechanical energy conversion
efficiency. Building upon earlier work, the biggest advantages of
our method are simplicity and flexibility. (i) Simplicity means the
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Fig.1 Schematics and the conceptual graph showing the real-time
monitoring of DEA high voltage capacitance. (A) The DEAs are fabricated
by stamping CNT electrodes onto pre-stretched VHB films (top left). The
electrical model of DEAs consists of a capacitor and two resistive components,
equivalent series resistance (R,) and parallel resistance (Rp,) (bottom left). Upon
actuation, The compliant electrodes expand radially upon applied electrical
fields (top right), while all the electrical components are continuously varying in
the time domain (bottom right). (B) Conceptual operation of DEAs: as a
constant electric field is applied, the stretchable electrodes expand radially
(top middle device) and begin to degrade, as reflected in the capacitance
evolution (blue dashed line). The strain exhibited by the device (red solid line)
shows a plateau throughout its operation and only decays after the device has
severely degraded (top right device). (C) DEA evaluation based on high voltage
capacitance monitoring: a resilient device shows a high value of capacitance,
staying close to its peak for a long duration. A vulnerable device degrades
rapidly after reaching a peak in capacitance. Devices which show only minor
increases in capacitance when actuated are not usable as DEAs due to rapid
degradation.

measurement setup directly measures capacitance from the
LCR meter in real-time at high voltages and does not require
algorithms or equations to process the data, thus enabling rapid
evaluation of a large number of devices. (ii) Flexibility means
the measurement setup can conduct real-time capacitance
measurements at various input voltage profiles (DC or AC) or
device geometries without any modifications, thus can be utilized
for testing various types of DEAs under different actuation scenar-
ios. Moreover, our method provides a richer understanding of DEA
electrical behavior and degradation process (Fig. 1(C)), enabling
new research avenues for device evaluation and prediction.
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2 Results

To capture the evolution of high voltage device properties of
DEAs, we carried out real-time capacitance monitoring during
actuation. The DEA to be evaluated, an LCR meter, and a high
voltage power supply were interfaced through a custom-
designed isolation box circuit that contains mainly a high
voltage decoupling ceramic capacitor and resistors with
straightforward data acquisition. The data sampling rate for
real-time capacitance measurement is 13 Hz. Details of the
design and calibration of this simple, plug-and-play measure-
ment setup are presented in SI Appendix, Fig. S6 and S7 (ESIT).
Throughout this work, high voltage refers to absolute voltages
applied at >1 kvV. All the devices presented start at a thickness
of 100 um, meaning the threshold of high voltage (1 kV)
corresponds to an electric field of 10 V pum™'. Real-time
capacitance data is collected simultaneously once the DEA is
actuated by the high voltage power source. A video camera
captures the concomitant area expansion, recorded as A/A, (4 is
the measured electrode area and 4, is the original electrode
area) and electrode degradation condition by taking videos of
DEA actuation from a top-down view. The procedure of measur-
ing area expansion is explained in SI Appendix, Fig. S7 (ESIt).

The DEAs to be tested were made by attaching circular CNT
electrodes on both sides of VHB4910 film after pre-stretching to
3 times its original diameter** on a circular frame (SI Appendix,
Fig. S1, ESIt). We modified DEA electrodes by tuning CNT ink
area concentration and mixing ratio of two types of inks with
different average CNT lengths (longer ink A and shorter ink B),
to modify the conductive network composition. Electrodes were
made with purely ink A, ink B, or a mixture of the two. We
modified the area concentration of CNT on the electrode by
keeping constant the area of the electrodes, and changing the
amount of the CNT ink.>* Mixing the two types of ink at
different mixing ratios tunes the average CNT length of the
conductive network on the electrodes. Fabrication procedures
of CNT electrodes are in SI Appendix, Fig. S2 (ESIf). As an
analytical framework, the electrical model of a single-layered
DEA is perceived as a capacitor with an equivalent series
resistance (R;) and an equivalent parallel resistance (R;)
(Fig. 1(A)).>® The capacitance governs the ability to store elec-
trical energy, (Rs) is the resistive component governing the
charge and discharge rate of the capacitor, and R, is the
component governing leakage current. All these electrical com-
ponents evolve in the time domain during high voltage DC
actuation (Fig. 1(A)). Since all the devices made in this work
have an identical electrode surface area of 7.07 cm?, for ease
of communication, the area concentration of CNT ink pL per
7.07 ecm?, is reported by the volume of ink used in pL (for
example, 65 pL per 7.07 cm?” is reported as 65 uL).

2.1 Monitoring high voltage capacitance in real time

Real-time capacitance monitoring reveals that the device
capacitance and area strain evolve differently when charged at
high voltage. While the area strain increases and plateaus, the
capacitance hits a peak and decays rapidly. To illustrate this
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trend, DEAs fabricated with 150 pL of ink A were actuated by
continuous DC voltages with various magnitudes for 30 minutes
(5, 5.5, and 6 kV). The real-time change in high voltage capaci-
tance (recorded as C/C,, where C is the measured real-time
value and C, is the initial capacitance value) (Fig. 2(A)) and area
expansion ratio (4/A,, where A is the measured real-time elec-
trode area and 4, is the initial area) (Fig. 2(B).) were continuously
monitored. By applying a higher voltage, the devices reached a
higher area expansion (Fig. 2(B)), accompanied by a more
dramatic capacitance increase to a higher peak value. Compared
to area strain data (comparing Fig. 2(A) and (B)) which shows
a monotonous increase, the capacitance starts declining after
a short actuation period. The maximum possible increase in
capacitance is determined by finite element simulation (FES)
using COMSOL, assuming the electrodes are perfectly compliant
and conductive (Fig. 2(A)). As can be seen, given above assump-
tions, the simulated capacitance is constant and does not

t = 5min
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undergoes time domain evolution, also the magnitude is much
higher than the maximum value reached by the experimental
data of devices made of real CNT ink electrodes. The misalign-
ment of FES simulated data and the experimental data reveals
that the CNT network deformation and degradation under
high voltage actuation causes the evolution of capacitance
measurement and prevents capacitance from reaching its
maximum theoretical value. The detailed FES process and
relevant assumptions are shown in SI Appendix, Fig. S9 (ESIf).
To have a benchmark for the performance of DEAs made with
CNT electrodes, we also conducted experiments to monitor the
high voltage capacitance evolution and real-time areal expansion
on devices made with carbon grease electrodes (SI Appendix,
Fig. S17, ESIf). We discovered that under the same testing
conditions, carbon grease electrodes breakdown much earlier,
reaching a much lower peak capacitance and areal strain values.
The experiments indicate much better strain capacity and
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Fig. 2 High voltage real-time capacitance monitoring. (A) Capacitance evolution (presented in C/Cy) as the ratio to the initial capacitance Co of DEAs
fabricated under the same conditions. These devices are actuated with DC voltage of different magnitude. Testing ends when the dielectric breakdown
occurs (at 5.5 kV and 6 kV) or after 30 minutes (at 5 kV). Finite element simulation (FES) result of theoretical capacitance at 5 kV is also plotted (data
labeled as "FES at 5 kV"), detailed FES process and relevant assumptions are shown in S| Appendix, Fig. S9 (ESIt). (B) Electrode area expansion ratio, A/Ag as
a function of time. The measurement was conducted simultaneously as the same devices being tested in Fig. 2(A). (C) Camera observation of the CNT
electrode degradation process for devices with different electrode CNT area concentrations of ink A under continuous 6 kV DC actuation. Under the
same actuation voltage, electrode defects appear earlier and more severely for devices with lower CNT area concentration. The current burst causing
breakdown is also captured (bottom right image). (D) and (E), The real-time capacitance changing ratio and electrode area expansion ratio are measured
for identical devices made with different electrode CNT area concentrations of ink A. Devices with higher CNT area concentrations correspond to higher
peak capacitance values (D), indicating higher strain capacity and slower decay (E). (F) Demonstration of a resilient DEA, with electrodes of 200 pL ink A.
The vertical axis indicates strain measurements, both capacitive and area strain are plotted as a function of time. (G) For the resilient DEA tested, the
specific electrical energy (e_electrical), specific strain energy (e_strain), and energy conversion efficiency (5) is plotted as a function of time.
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breakdown resilience of the CNT electrodes over carbon grease
electrodes. The observed rapid evolution of DEA capacitance
versus the area strain indicates that real-time high voltage
capacitance may be a better in situ indicator of device state-of-
health.

To test the hypothesis of high voltage capacitance as an
indicator of device state-of-health, we compared devices made
with CNT electrodes of different average lengths, or different
area concentrations. These artificial muscles were actuated by
continuous DC voltages with a magnitude of 6 kV for 30 minutes,
and the real-time high voltage capacitance, area strain, and
electrode surface degradation were monitored via video camera.
At the same actuation duration, the electrodes with lower CNT
area concentrations show surface defects earlier and with larger
defect areas than the ones with higher CNT area concentrations
(Fig. 2(C) (detailed electrode comparison with ink B included is
in SI Appendix, Fig. S10, ESIT). During actuation, devices with
lower electrode CNT area concentration undergo a much earlier
and steeper capacitance drop compared to the ones with higher
concentration (Fig. 2(D)), while the ones with higher electrode
CNT area concentration can reach larger area expansion ratio in
real-time (Fig. 2(E)). We tested DEAs with a wide range of CNT
electrodes made of various CNT area concentrations of purely
ink A or B (SI Appendix, Fig. S11, and S13, ESIf), and different
mixing ratios of ink A and B (SI Appendix, Fig. S12, ESIt). The
capacitance response across different voltages for these CNT
electrode compositions were also recorded (SI Appendix,
Fig. S14, ESIT). The results indicated that electrodes containing
relatively high CNT area concentration and longer average CNT
length (200 pL ink A) tend to maintain better resilience during
actuation. By comparing Fig. 2(C)-(E), and data collected in SI
Appendix, Fig. S11-S13 (ESIt), we confirmed the hypothesis that
the alignment of the camera observation of CNT electrode degra-
dation and the capacitance measurements indicates that capaci-
tance evolution is a real-time indicator of device degradation.

2.2 Evaluating performance from capacitance behavior

Using our method, we can acheive our initial goal and measure the
real-time electrical energy consumption and electromechanical
energy conversion efficiency of DEAs across the entire actuation
period. The test device was a relatively stable DEA made with CNT
electrodes of 200 pL ink A, actuated continuously at 5 kv for more
than three hours. The electrical specific energy (ejectricar)y and
strain-specific energy (esuain), presented in Fig. 2(G), can easily be
calculated from the capacitance evolution (C/C,) and area strain
(4 — Ag)/A) (Fig. 2(F)). The electrical specific energy consumed at a
given actuation time step is the integration of instantaneous
electrical energy over the actuation period. The electrical-
mechanical energy conversion efficiency # = €ejectrical/€strain 1S plotted
against time Fig. 2(G). The peak efficiency of 7% is achieved at the
early actuation stage. The energy conversion model is explained in
SI Appendix, Fig. S15 (ESIt) and the calculation procedures of
electrical and strain-specific energy are in SI Appendix, Fig. S16
(ESIT). In this experiment, we demonstrated a resilient DEA
that can withstand continuous high voltage actuation at 5 kV (peak
electrical field >100 V pm '), meanwhile having a stable area
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strain of >100%, with peak electrical specific energy of 110 J kg™*
and peak strain specific energy of >90 J kg™ " considering only the
mass of active elastomer region covered by electrodes. When taking
in account the mass of the frame and inactive elastomer, the peak
specific electrical energy is 2.45 J kg™ and strain specific energy is
>2.19 ] kg . Previous work®° lays a foundation on the electro-
mechanical energy conversion of DEAs but mainly focuses on the
initial actuation states. Here, being able to continuously monitor
the high voltage capacitance enables further understanding of the
energy transfer process over the entire DEA lifetime. With our
method, we also discovered that the device degradation rate
depends on actuation frequency. DEAs made with identical elec-
trode CNT area concentrations are tested under periodic DC square
voltages with the same magnitude but different frequencies. The
real-time capacitance is plotted in (Fig. 3(A)). As can be seen from
the capacitance evolution, both high frequency (0.25 Hz) and low
frequency (0.025 Hz) accelerate the device degradation, while the
optimized actuation frequency under which the device can reach
a higher peak capacitance with slower decays is around 0.1 Hz. A
0.05 Hz square wave signal with the same magnitude of 5.5 kV is
used to actuate DEAs with different amounts of ink A (Fig. 3(B)) or
different average CNT length (achieved by changing the mixing
ratio of ink A and B), (Fig. 3(C)). As can be seen from both figures,
the CNT electrode compositions that contribute to more resilient
DC stability generally also show better resilience when a periodic
signal is applied. This surprising result shows that the method may
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Fig. 3 Capacitance monitoring during periodic actuation with DC high
voltage square wave. (A) identical devices with CNT area concentration of
150 pL ink A being actuated at inputs with different frequencies (0.025,
0.05, 0.1, and 0.25 Hz) of the same magnitude of 5.5 kV. Actuation
frequencies impact the device degradation process, the optimal frequen-
cies need to be selected for each specific application. (B) devices made
with electrodes of different area concentrations of ink A, being actuated
under the same input (magnitude of 5.5 kV, 0.05 Hz). The data indicates
better capacitance stability during actuation, thus better device resilience
at relatively high CNT area concentrations. (C) devices made with electro-
des of different mixing ratios of ink A and B, but the same total area
concentration of 200 pL. These devices are all actuated under the same
input (magnitude of 5.5 kV, 0.05 Hz). The devices with longer average CNT
lengths electrodes can reach a higher peak capacitance and maintain it for
longer, indicating higher actuation stability.
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enable other researchers to optimize devices for specific actuation
frequencies required by different applications.

High voltage capacitance monitoring provides significantly
more information than low voltage measurements. Without the
isolation box described in our methods, measuring capacitance
can only be done by directly linking the DEA to the LCR meter,
and conducting tests at <10 V. Low voltage capacitance
measurement (SI Appendix, Fig. S3A, ESIt) indicates that a
smaller number of longer CNTs (ink A) are required to form a
percolative network compare to the shorter ones (ink B)
because ink A reaches maximum capacitance at much lower
CNT area concentration than ink B. Also, longer CNTs are
dominating the network formation process, since the data set
of mixing ink A and B at a 1:1 ratio is close to the ink A data set
(SI Appendix, Fig. S3A, ESIT). However, by comparing to high
voltage capacitance monitoring data (SI Appendix, Fig. S11-S13,
ESIt), we discovered that although the low voltage capacitance
values are relatively constant beyond saturation concentration,
adding more CNTs to electrode contributes to increasing high
voltage resilience of electrodes, until reaching very high concen-
tration (>200 pL). Moreover, blending even a small percentage
(25%) of shorter CNTs (ink B) to the electrode would result in
much more rapid degradation of the device under high voltage
actuation, which cannot be captured by low voltage measurements.
Scanning electron microscopy (SEM) images (SI Appendix, Fig. S4
and S5, ESIT) confirm the link between electrode area coverage and
low voltage measurements.

3 Discussion

We proposed and demonstrated a simple method to track
electrical energy input during the actuation of dielectric elas-
tomer artificial muscles. Beyond our initial goal, we discovered
that the key property measured, high voltage capacitance, can
provide valuable data in real-time, and a new understanding of
device performance. Most surprisingly, we found that tracking
mechanical properties alone provides limited insight into
actuator degradation. In this work, we demonstrated that the
degradation of the CNT conductive network is aligned with the
trend of high voltage capacitance evolution (Fig. 2(C)-(E)) and
then used this discovery to optimize a resilient electrode
composition (Fig. 2(F) and (G)). During electromechanical
energy conversion, the electrical properties of DEAs evolve
faster than their mechanical properties. Specifically, capaci-
tance mesured at high voltage shows degradation and decay,
where area strain suggests a performance plateau (SI Appendix,
Movie S1, ESIt). This unique insight may be the key to under-
standing the causes of device degradation and breakdown, in
particular the degradation of the stretchable conductor net-
work, and the energy conversion efficiency of DEAs.

The conventional targets for DEA performance may need to be
reconsidered, in particular, optimizing devices to reach the high-
est possible breakdown field. Previous work>* has discovered that
lower electrode CNT area concentration contributes to a higher
dielectric breakdown limit, suggesting devices should be made

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Breakdown and high voltage capacitance stability. (A) and (B)
instantaneous dielectric breakdown fields were recorded (left axis) for
devices with electrodes of different CNT area concentrations of ink A
(Fig. 4(A)), and for devices with different ink A: ink B mixing ratios (Fig. 4(B)).
Equivalent series resistance (R) for these devices are also recorded (right
axis). (C) and (D) The time taken to reach capacitance inflection point T; for
devices with different CNT area concentrations of ink A (Fig. 4(C)), and for
devices with different ink A: ink B mixing ratios (Fig. 4(D)) are recorded
(left axis), the peak capacitance ratio C,/Co (where C, is the peak
capacitance and Cy is the initial capacitance) and the remaining capaci-
tance ratio C,/Cq (where C, is the remaining capacitance) across these
concentrations are also recorded (right axis).

with as few CNTs as possible to avoid dielectric breakdown.
Following this approach, we recorded the initial equivalent series
resistance for the circuit (R;) and breakdown electrical field
(Fig. 4(A).) of DEAs made with various CNT area concentrations
of ink A. Same experiments are also conducted for devices with
different mixing ratios of ink A and B (Fig. 4(B)). We observed
larger values of Ry are correlated with higher breakdown fields,
while electrodes with longer average CNT length showed break-
down at lower electrical fields. However, when testing these
devices at high voltage, we found that high dielectric breakdown
and actuator resilience are not correlated. The metrics we focused
on are the remaining capacitance after 30 minutes at 5 kV, the
time taken to reach the capacitance inflection point (7}), and the
maximum capacitance reached (recorded as C/C). By comparing
the performance across these new metrics Fig. 4(C) and (D) to
the breakdown fields (Fig. 4(A) and 4(B)), a trade-off became
apparent - namely, that lower CNT concentrations and shorter
CNT lengths slightly increase the breakdown field of the device.
However, when devices are operating below the dielectric break-
down limit, as in most practical applications, higher CNT area
concentration, and longer average CNT lengths enable more resi-
lient devices, which can withstand high electrical stresses for longer.

4 Conclusions

The new method presented here to track capacitance in real
time while undergoing high voltage actuation is a powerful
data acquisition platform for data-driven optimization and
performance prediction of DEAs. For example, by testing
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devices under 5 kV DC actuation voltage, different capacitance
degradation trends can be distinguished within the first
10 minutes (SI Appendix, Fig. S10-S12, ESI}) for devices with
various CNT electrode compositions. The proposed method is
also flexible since it only requires voltage connections to the
sample devices. Thus the proposed method may potentially be
further generalized to analyze other dielectric artificial muscles,
such as piezoelectric actuators,*° ionic polymer-metal compo-
site (IPMC) actuators,”’ Hydraulically Amplified Self-healing
Electrostatic (HASEL) actuators,*” and liquid amplified zipping
actuators (LAZA).** We envision this simple method becoming
a standard measurement for DEAs across scales, materials, and
fabrication methods. With the capacity of collecting large DEA
actuation data set with time efficiency, future work can inves-
tigate performance and cycle life predictions for individual
DEAs in a data-driven research manner. The resources and
time required to add this capability are minimal, while the data
is extremely powerful at enabling the optimization of devices.
We foresee that this method can accelerate the research in
developing resilient, high-performance, and energy-efficient
electrical artificial muscles.

5 Materials and methods
5.1 Fabrication of CNT electrodes

In this work, two types of CNT inks with different average CNT
lengths are used to fabricate electrodes, where ink A with longer
CNTs refers to Invisicon CNT3500 and ink B with shorter CNTs
refers to Invisicon CNT 3600 (both supplied by Nano-C).
According to the manufacturer, ink A has an average CNT
length of 1 um, while ink B has an average length of 0.4-0.5 um.
To prepare the CNT ink for electrode fabrication, two types
of inks are first transferred to testing tubes using a pipette
directly from the bottle with the desired mixing ratio. The ink
mixture is then diluted with an excessive isopropanol-DI water
mixture (3:1 volume ratio). The mixture is then sonicated for
5 minutes, and a Digital Ultrasonic Cleaner provided by DIGI-
TAL PRO is used for sonication. Insufficiently sonicated inks
would result in ununiform CNT aggregations (Fig. S2D, ESI{) on
the fabricated electrodes, which causes early dielectric breakdown
during actuation. The CNT electrodes were fabricated by filtering
the prepared CNT ink mixture through polytetrafluoroethylene
(PTFE) filters, as described by earlier works.'#***” The complete
electrode fabrication procedure is shown in (Fig. S2, ESIT).

5.2 Fabrication of DEA devices

The circle-shaped VHB4910 elastomer film is pre-stretched to
3x of its original diameter onto a rigid circular pre-stretching
film. Electrode masks made out of Drytac non-adhesive sheets
are cut into the desired electrode shape and aligned on both
sides of the elastomer. CNT electrodes are then transferred
from the PTFE filter onto the elastomer by stamping. Then take
off the mask and filter. Electrical connections are made using
thin stranded copper wires, and then the connections are
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secured with conductive carbon tapes. Detailed fabrication
procedure is shown in (Fig. S1, ESIT).

5.3 Low voltage capacitance and equivalent resistance
measurements

Electrical property measurements are carried out using BK894
bench-top precision LCR meter. Corresponding modes are selected
for capacitance (C, mode), equivalent series resistance (R; mode)
and equivalent parallel resistance (R, mode) measurements.

5.4 CNT electrode sheet resistance measurements

Sheet resistance measurements for CNTs on both PTFEs and
VHB films are carried out using the Delcom 20J3 benchtop
sensor (Minneapolis, MN, 55413). The electrode is first secured
on a flat surface and then place directly in between the two
measurement probes, waiting 1 minute for the measurement
value to settle down. The measurements indicate an increase in
surface resistance when the CNT is transferred from PTFE
filters to the VHB film (Fig. S3D and E, ESIf).

5.5 High voltage capacitance monitoring setup

Our measurement setup is built by using a custom-designed
isolation box circuit to connect the high voltage power source
(Gamma High Voltage Research ES100), LCR meter, and the
DEA being measured. In this way, the real-time capacitance,
equivalent parallel or series resistance and be directly mea-
sured in real-time as the DEA is being actuated. The data
acquisition relies on a LabVIEW program interfacing the LCR
meter and a computer (connected to the LCR meter via USB).
The diagram of the entire measurement setup and the circuit
diagram of the isolation box is shown in Fig. S6 (ESIt). The
circuit calibration procedure is explained in Fig. S7 (ESI¥).

5.6 Electrode area expansion measurement

A video camera is monitoring the changing process of CNT
electrodes during the entire actuation period from a top-down
view. The raw video is then taken for post-processing: first
compress in length (compress to <5 minutes long), frame rate
(to 8 frames per second), and pixel resolution (to 640 x 480
resolution); and then convert the compressed video into Grey-
scale frames. The area expansion measurements are conducted
using the software Image]. The pixel-to-distance calibration for
each video is first carried out. Then for each frame of interest,
the electrode area is measured by extracting contours from the
electrode on the frame and measuring its area. The acquired
area measurements can then be converted to area strain or area
expansion ratio relative to the initial value (4/A,). The above
measurement sequence is illustrated in Fig. S8 (ESIT).

5.7 Dielectric breakdown characterization

First, the devices are actuated at continuously increasing high
voltages until the breakdown is observed. The breakdown
voltage v, is recorded. The entire process of the electrode
change is monitored by video cameras from a top-down view.
The electrode area Ay, right before the occurance of breakdown
is recorded. The total volume of the active region of elastomers
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can be calculated based on the device dimension, denoted as
Vbea, Which is kept constant throughout the entire actuation
period prior to breakdown. Thus, the distance between top and
buttom electrodes d}, prior to breakdown is dj, = Vpga/Ap
The breakdown field, E;, can then be calculated as Ej, = vp/d,
(Vum™.
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