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Abstract

Networks of conductive nanoparticles have been used as electrodes for dielectric elastomer actuator multilayers
because of their excellent extensibility and low added stiffness. Nanoparticle network topography, however, has typi-
cally effected a tradeoff between conductivity and breakdown strength. This has limited actuators to a corresponding
tradeoff between either high operating frequencies and efficiencies or high stresses, strains, and energy densities. We
resolve this tradeoff by spatially patterning multiple nanoparticles to produce hybrid electrodes. Sparse networks of
high-aspect-ratio carbon nanotubes allow for self-clearing in the body of the electrode, yielding 54.7 V/pm breakdown
strength, 86.4% that of the neat elastomer. Dense networks of low-aspect-ratio carbon black at the external interfaces,
meanwhile, provide low contact resistance (44.09 kQmm). We also develop two tools essential for their practical de-
ployment: a scalable fabrication process and an automated pre-clearing algorithm. The fabrication method leverages
our batch spray and stamp paradigm in concert with vacuum filtration to scalably deposit nanoparticle electrodes
with minimal parameter tuning, enabling the production of a 100-layer actuator capable of 14% strain. The adaptive
pre-clearing algorithm discriminates between and responds to a range of defect-induced failures in newly fabricated
actuators, eliminating the need for human oversight and standardizing the break-in procedure.

1 Introduction

Dielectric elastomer actuators (DEAs) are a promising artificial muscle technology: they are strong enough to lift 50x
their own weight [1], fast enough to operate at tens of thousands of Hz [2], and soft enough to withstand shocks and
impacts that would destroy other actuators [3]. Their direct electromechanical transduction mode also allows easy
integration with electronics — when a voltage is applied to electrodes sandwiching a thin elastomer membrane, a Maxwell
stress compresses the membrane through its thickness and expands it in-plane.

While the energy density of a DEA membrane can match and even exceed that of natural muscle (0.4-40 J/kg) [1,4],
the total energy output of a single-layer device is limited. In order to produce an electric field high enough for actuation
(~10-100 V/pm) at the voltages that lab-scale amplifiers can supply (~1-10 kV), the membrane must be ~10-100 pm
thick. This low thickness limits the total device volume and thus its energy output. To scale up thickness - and thus
energy output - alternating layers of electrodes and elastomer membranes are often stacked to create a dielectric elastomer
actuator multilayer (DEAM) [5-7].

The electrodes in a DEAM must meet strict electromechanical requirements. The elastomers have a low elastic
modulus, typically tens to hundreds of kPa, to maximize actuator strain (typically 10-30% [8]). To avoid limiting this
strain, the electrode layer must add negligible mechanical impedance. The electrodes must also exhibit low electrical
impedance to avoid limiting operating frequency (i.e., considering the low-pass behavior of the equivalent electrical
circuit), and must remain conductive at the maximum operating strains. Finally, in order to maximize the applied
electrical field and thus mechanical work output, the electrodes must not excessively degrade the breakdown strength of
the device.

These requirements are typically met using networks of conductive nanoparticles (NPs) such as carbon black (CB)
or carbon nanotubes (CNTs) [4,8-11]. These NP networks provide lower stiffness and higher maximum stretches than
solid metal or polymer films, and present fewer practical implementation challenges than liquid metals, carbon grease,
and ionogels [8]; they are relatively easy to pattern, as they can be mixed into inks and deposited wet or can be stuck
onto elastomers in a dry stamping process, and they adhere to the elastomer surface rather than migrating along or into
it. The particles can be deposited in nanometer-thick layers in which particles and their aggregates can slide past each
other while maintaining contact, retaining conductivity even when stretched [8]. Percolative NP networks also achieve
low sheet resistances (< 100 kQ2/0J) at low areal concentrations of particles, allowing for minimal stiffening (< 10% of
elastomer stiffness) [12].

While NP networks meet the stated electromechanical requirements, it is difficult to design a single NP ink that
simultaneously maximizes all the performance variables of DEAMs and encapsulated DEAs. One particular challenge is



the tradeoff between breakdown strength and conductivity, quantities which are needed for high-stress and high-frequency
operation, respectively.

Dielectric breakdown occurs when the electric field applied across the elastomer dielectric exceeds the local breakdown
strength and the typically-insulating dielectric permits an arc of current. This current, often on the order of 1 mA
[1,13-16] can permanently damage and short-circuit the dielectric, causing a catastrophic failure of the whole actuator.
These highly-stochastic events are often nucleated by manufacturing defects such as air bubbles, thickness variations, and
nanoparticle protrusions into the elastomer layer [8,15]. These are infeasible to entirely prevent, so DEAM designers have
increasingly employed fault-tolerant electrodes based on “self-clearing” networks of NPs. These self-clearing networks
comprise high-aspect-ratio particles, typically CNTs, which can each tolerate relatively low currents (~20 pA) before
being destroyed [17]. When current spikes above this limit during a breakdown event, it destroys a patch of CNTs
surrounding the failure site, rendering the area non-conductive and preventing further current flow to the site (Fig. 4B).
This self-clearing effect prevents catastrophic global failure of the actuator. Compared to non-clearing NP networks
composed of low-aspect-ratio NPs (e.g., CB particles), self-clearing networks enable both higher and more consistent
effective breakdown strengths [13,18].

CNT-based electrodes are typically “pre-cleared” after fabrication to ensure reliable operation. A series of increasing
voltages is applied to the device; at each voltage, breakdown events occur, clearing away defects that would otherwise
be encountered during operation. Once the device has been cleared to the desired operational voltage, it can be safely
and reliably operated up to that voltage; pre-cleared DEAMs with CNT electrodes have been operated for millions of
actuation cycles [13,16]. This process is essential for maximizing the operating voltage of self-clearing electrodes [8,13],
but the methods by which it is performed have been manual, uncontrolled, and unable to adapt their settings to clear the
wide range of defects encountered. Most pre-clearing is performed by manually applying stepped DC signals and then
waiting until pre-clearing events have ceased with little to no real-time feedback or control of the process [1,16,19]. This
can cause excessive degradation; attempting too rapid of a voltage increase at can allow many clearing events to occur
simultaneously, resulting in excessive degradation [13]. Despite this, previous work has generally applied clearing voltages
in large steps of tens to hundreds of volts [1,15,16]. Previous pre-clearing procedures have also typically permitted large
clearing currents (> 100 pA) for relatively long durations (> 1 s) [1, 16, 18]. Previous work has shown, though, that
longer pre-clearing durations can lower breakdown strength [13]. One second is enough time for many breakdown events
to occur; as shown in Movie S1, breakdown events can occur on the timescale of ms. Additionally, existing pre-clearing
process do not account for the variability in clearing behavior resulting from heterogeneous defects. Each defect can fail
at a different voltage, with a different current, and with one of two failure modes: while most defects self-clear after a
short spike in current, some form durable short circuits that cannot be cleared, requiring the device to be discarded [4,15].
Finally, previous protocols required minutes to hours of human operation and/or oversight, a labor requirement that
precludes industrial-scale pre-clearing and thus commercial deployment of DEAs.

In addition to their pre-clearing requirements, self-clearing CNT networks suffer from increased contact resistance in
exchange for increased breakdown strength. In DEAMSs and encapsulated DEAs, the dielectric completely encapsulates
and electrically isolates the electrodes from external driving electronics. In order to create an external electrical interface
(EEI), a cross-sectional cut is made through the elastomer and electrode layers at the contacts of the DEAM and a
conductive ink is applied, as shown in Figs. S12 and S13. Sparsely-distributed CNTs with diameters on the order of
1 nm provide little exposed surface to connect to at this cross sectional interface, yielding high contact resistances that
can dominate total device resistance [16,20] and limit device operating frequency and efficiency. While more CNTs can
be added to improve contact resistance at the EEI, breakdown strength is negatively correlated with the areal density of
CNTs in the network — as more CNTs are added beyond the percolation threshold, more energy is required to destroy a
patch of the network, and clearing becomes less effective [1,13-15]. Similarly, low-aspect-ratio particles such as CB could
be used to provide more cross-sectional area at the EEI, but this would forfeit the ability to self-clear in the body of the
electrode. DEAM designers have evaded this issue by adding long contacts that span much of the device’s perimeter.
However, this adds complexity to subsequent assembly steps and requires designers to accommodate the limits of these
designs. In “roll actuators”, for example, a stack of high-aspect-ratio rectangular layers is rolled along its long axis to
produce a cylindrical actuator that expands longitudinally when actuated [15]. The entirety of each long edge of the
precursor rectangle is used as the contact region, and once rolled up, these are electrically and mechanically connected
to end caps. Accurately rolling, cutting, painting, and affixing the contacts such that they are both electrically well-
connected and mechanically well-affixed requires significant labor. Additionally, the entire length of the long contact must
be constrained to a rigid interface, restricting device displacement along the contact length and thus limiting actuation
modes [15].

A single nanoparticle ink patterned uniformly over the electrode is thus unable to achieve both high breakdown
strength and low resistance. Previous work has employed an additional sputter-coating step to deposit gold films onto
the contact region through which the cross-sectional cut is made [3,21]. While this enhanced the robustness of the
electrical interface, sputter coating adds significant complexity, cost, and time to the manufacturing process [22], and
these drawbacks scale with the number of layers in the DEAM (practically limiting them to few layers). The ability to
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Figure 1: Architecture of hybrid electrodes (A) Hybrid electrode stamps deposited onto filter paper. A central disk
allows for inspection of each batch’s sheet resistance. (B) A DEAM of 100 active layers made from the stamps in (A).
(C) Schematic of a single paddle electrode. (D) Scanning electron microscope (SEM) image of the active (CNT-only)
region of an electrode. (E) SEM image of the transition between buffer (CNT-only) and contact (CB+CNT) regions.
Zoom boxes are for size reference — they do not represent exact locations of images in (D) and (F). (F) SEM image of
the contact (CB4CNT) region. A crack in the center shows CNTs beneath the CB. All SEM images were taken after
stamping onto the elastomer. (G) Graphical representation of the cross section of CNT-only networks seen in (D). The
black line represents the interface between elastomer layers, and the gray circles represent the cross-sections of CNTs.
(H) Representation of the cross section of the transition region in (E). CB particles are represented by black disks. (J)
Depiction of the CB4CNT region cross-section. The greater contact area of the CB network provides lower contact
resistance.

spatially pattern multiple NP inks with a single process would offer a simpler, cheaper, and faster alternative.

In this work, we leverage and refine our previously-described batch-spray and stamp (BSS) electrode fabrication
paradigm [12] to pattern “hybrid” electrodes with multiple nanoparticle inks in distinct regions (Figure 1). We demon-
strate how hybrids composed of CB contacts and CNT active regions can achieve low contact resistances while maintaining
high breakdown strengths, resolving the common breakdown-conductivity tradeoff. Moreover, we present an adaptive
algorithm for the essential but ill-standardized process of “pre-clearing” DEAMs after their fabrication. This combina-
tion of a hybrid electrode design concept and the methods to fabricate and pre-clear them represents a suite of tools for
improving both the performance and practicability of DEAM concepts.

Our BSS electrode fabrication paradigm allows us to selectively pattern multiple NP inks with only minimal tuning
of manufacturing and material parameters. Rather than directly depositing NP inks onto the surface of each elastomer
layer, BSS processes first spray NP inks onto a separate carrier substrate to form the electrode and then dry-stamp it
onto the surface of each elastomer layer. Unlike wet deposition processes such as jetting and gravure printing which must
tune oft-conflicting material properties [11,23] to account for each ink’s interactions with the elastomer substrate, BSS
processes require only minimal tuning to deposit inks onto a single, separate carrier substrate. We further reduce tuning
requirements in this work by employing vacuum filtration to mechanically — rather than evaporatively — separate NPs
from their solvents across a porous carrier substrate, which avoids inhomogeneities such as “coffee ring” effects without
heavily tuning ink properties such as surface tension [8]. The decoupling of ink manufacturing properties from elastomer



Figure 2: Hybrid electrode batch spray process. (A) A sheet of filter paper is placed atop the porous aluminum
(Metapor BF100 AL, CMT Materials) vacuum plate. (B) A laser-cut PET mask defining the CB+CNT contact regions
is placed atop the filter paper. (C) An atomizing nozzle sprays CB ink through the mask while the vacuum is applied,
depositing a network of CB onto the surface of the filter paper in the contact regions. (D) The CB mask is removed and
discarded. (E) A mask defining the CNT regions (both electrode body and contact regions) is applied. (F) A CNT ink
is sprayed through an atomizing nozzle and filtrated on the surface of the filter paper. (G) The CNT mask is removed
and discarded. (H) The completed hybrid electrode stamp. After the stamp has dried, it is typically partitioned into
smaller areas for stamping multiple electrode layers.

substrate properties allows for more rapid development of a library of NP inks with varying performance characteristics,
and allows inks to be modularly deposited atop and in combination with one another. By applying a series of masks
and spraying through them, these inks can be deposited only where are they advantageous. Additionally, because the
electrodes are deposited on separate carrier substrates rather than directly on the surface of each elastomer layer, they
can be batch-produced in large sizes and quantities in advance of actuator assembly. The electrode can then be quickly
stamped onto each elastomer layer, increasing fabrication process throughput. The advantages of BSS processes are
further elaborated in [12].

We exploit the spatial patterning capability to resolve the breakdown-conductivity tradeoff in DEAMs and encapsu-
lated DEAs. CNTs patterned throughout the body of hybrid electrodes enable breakdown strengths of 54.7 V/um, 61%
higher than our previous batch-sprayed CB electrodes [12] and 86.4% of the neat elastomer’s breakdown strength (63.4
V/um) [12]. A network of CB and CNTs patterned at the contacts of these electrodes, meanwhile, produce a 32x drop
in contact resistance compared to CNTs alone, from 284.9 k€2 (1425 kQmm) to 8.817 k2 (44.09 kQdmm).

We also define and implement an adaptive pre-clearing algorithm that is capable of evaluating and responding to
the various failure modes produced by various defects throughout each device. The algorithm limits current magnitude
and duration (20 pA for less than 1 ms), applies only the minimum required clearing voltage for each defect, and uses
high-frequency (100 Hz) bursts of current to clear durable shorts that have previously been difficult or impossible to
clear. This algorithm also allowed us to completely automate the process, eliminating the need for human supervision
and opening a pathway to industrial-scale pre-clearing.

2 Fabrication process and device architecture

We fabricate DEAMs by first batch-spraying nanoparticle inks onto 220x220 mm sheets of filter paper (RS40419, Tisch
Scientific) to produce hybrid electrodes (Fig. 2). The inks are deposited in two steps: first, a CB ink is sprayed onto filter
paper through a mask to pattern the contact regions (Figs. 2A-D), and a vacuum plate underneath the filter separates
the solvent from the NPs. This process is repeated with a CNT ink sprayed through a second mask onto both the contacts
and body of the electrode (Figs. 2E-G). CB is deposited first to allow stamp-transfer of CNTs; CB otherwise blocks
CNT networks from adhering to the elastomer surface. The resulting stamp (electrodes on filter paper) is illustrated in
Fig. 2H and pictured in Fig. 1A. Once the stamps have been allowed to fully dry, they are often subdivided into smaller
stamps to yield multiple electrode layers from a single spray (Fig. 2J). Complete recipes and deposition processes are
detailed in the Supporting Information (Sections A.7.1-A.7.4).



Figure 3: DEAM assembly and connection process. (A) An elastomer layer is deposited onto an acrylic support
substrate — typically via spin-coating — and then cured. The thicknesses of the elastomer layers in the subfigures have
been exaggerated for clarity. (B) An electrode stamp is applied to the surface of the elastomer. (C) A roller is used to
apply pressure. (D) The carrier substrate (filter paper) is peeled back and discarded. (E) The electrode transfers to the
elastomer surface. (F) Another elastomer layer is deposited and cured atop the electrode. (G) Another stamp, this one
with contact regions that do not intersect those of the previous stamp, is applied. (H) A roller is used to apply pressure.
(J) The carrier substrate is peeled back and discarded. (K) The electrode transfers to the elastomer surface. (L) Steps
A-K are repeated until a stack with the desired number of layers has been achieved. (M) A final encapsulation layer is
deposited and cured atop the stack. (IN) A laser is used to cut out each DEAM from the surrounding elastomer, leaving
a thin border of dielectric to avoid short-circuits between layers. (P) A knife is used to cut through the contact region
and expose cross-sections of the electrode. (Q) Colloidal graphite is brushed onto the exposed cross-section to form the
external electrical interface to driving electronics, and copper tape or wire is connected to this interface.

The use of vacuum filtration requires less tuning of inks compared to the evaporation process used in [12] because
the mechanical separation method depends less strongly on ink and substrate properties such as surface energy. It is
also faster — a single spray of a 220x220 mm sheet can be completed in 5 minutes with filtration vs 30 minutes with
evaporation. Though vacuum filtration minimizes the tuning requirements of each ink, it has previously been considered
unsuitable for scaling and automation [8]. Previous work deposited on relatively small filters (90 mm diameter) by
pouring a discrete volume of ink onto the filter and then applying a vacuum underneath [15,16,24]. Our process,
however, applies a continuous spray of electrode ink while vacuum is applied. The continuity of this method makes it
easier to scale and automate (e.g. as a roll-to-roll process). Our use of a low-cost disposable filter substrate also reduces
cost by 92% compared to established vacuum filtration and stamp-transfer processes used in [15,16,24]. The full cost
accounting can be found in Section A.8.

The hybrid electrodes are then stamp-transferred onto an elastomer layer (Fig. 3B-E). Unlike in previous vacuum
filtration and stamp-transfer processes wherein a mask is applied to each elastomer layer to pattern the electrode, the
electrode pattern has already been fully defined on the stamp during the deposition stage of our process (Fig. 2). This
reduces the complexity of and time required for stamping each layer. After stamping, an additional elastomer layer is
deposited via spin deposition with a typical thickness of 30-80 pm (Fig. 3F). While this work exclusively uses spin-coated
silicone for simplicity of analysis, BSS processes such as that presented here can accommodate a wide range of elastomers
and elastomer deposition processes, as argued in [12]. The elastomer is degassed and cured, and this electrode stamping
and elastomer deposition sequence is repeated until a multilayer stack with the desired number of layers has been achieved
(Figs. 3G-M).

The stacks are cut out from the surrounding elastomer with a laser, leaving a thin insulating border surrounding the
electrode (Fig. 3N). This may also be performed with a vinyl cutter or hand-cut with a craft knife and stencil. A craft



knife is then used to slice into the contact region, exposing cross-sections of the electrode (Fig. 3P), and conductive paint
(PELCO Colloidal Graphite, Ted Pella) is applied to the cross-section to connect the electrode to external electronics
(Fig. 3Q). Each of these stacks is then pre-cleared according to the process described in Sec. 3 to eliminate defects and
ensure safe operation at high voltages. Each stack’s capacitance is measured, and those with capacitance below 80% of
the expected value are discarded.

These “mini stacks,” are typically on the order of ten layers thick. This is enough for thinner DEAMSs, but to achieve
more layers mini stacks are typically assembled into “meta stacks” on the order of hundreds of layers. Mini stacks can
be laminated together to create taller stacks as in [25], [26], and Fig. 1B. Alternatively, a single long stack may be rolled
up to create a many-layered cylinder, as in [15] and Fig S16.

Our hybrid electrodes utilize the differing network topographies produced by CNT and CB inks where they are most
advantageous. Fig. 1C diagrams a single “paddle” electrode of the same design pictured in Fig. 1A. CNTs are patterned
over the active region of the electrode, i.e., the region which experiences the applied electric field. The sparse and
fragile CNT networks that result, pictured in Fig. 1D, produce the desired self-clearing phenomenon that isolates short
circuits. A small, 1 mm buffer region with only CNTs extends past the active region to prevent stray CB particles from
precipitating breakdown in the active region. Unlike CNTs, CB forms larger and more durable agglomerates, as pictured
in Fig. 1F. These aggregated CB networks are patterned at the contacts of the electrode, so that when a cut is made,
ample cross-sectional area is exposed (Fig. 1J) for the conductive paint to connect to.

As seen in Fig. S17, the contact region comprises CNTs that are deposited atop the CB particles, draping over and
connecting CB aggregates. This orientation is flipped when the electrodes are stamped onto the elastomer substrate.
Fig. 1F shows how this results in CNTs being mostly obscured by the CB aggregates that now rest above them, but some
CNTs can be seen between cracks in the CB layer. This CB4+CNT architecture was used instead of CB alone to simplify
the design of the electrodes and enhance conductivity of the contacts. Rather than attempt to determine the minimum
overlap of CNT and CB regions to minimize any contact resistance at the transition pictured in Fig. 1E, we chose to
simply cover the entirety of the CB with CNTs. This layered composite also enhances conductivity. A sheet resistance
test specimen demonstrated that regions with CB alone had sheet resistances of 39.87 + 1.79 k2/0J and those with CNTs
alone measured 49.52 + 4.92 kQ/00. Assuming that these can be modeled as parallel resistances, we would expect the
total sheet resistance to be 22.09 k/00, but the measured resistance was 2.41 £+ 0.29 kQ/00, 9.16 x lower than expected
(n=3). This discrepancy is likely due to the increased connectivity that the added CNTs grant to the CB aggregates.
As seen in the center of Figure 1F, this CNT layer can bridge cracks and other breaks in the CB network. A similar
effect has been observed in silver nanowire-CNT composites [27]. The authors in [27] also noted that the deposition of
distinct strata was necessary to achieve this performance increase — a simple mixture of the inks was insufficient.

To demonstrate that our fabrication process produces actuators with similar performance to that of previously
described highly-tuned, well-proven processes, we replicated roll actuators from [24]. Remaking these actuators with
hybrid electrodes made via our process, we achieved blocked forces within 13.6% of the results in [24] and free displacement
within 1.5% (Sec. A.10.1). Supporting Movie 2 shows a roll actuator in operation.

3 Fully-defined, adaptive pre-clearing protocol enables safe and auto-
mated pre-clearing

After each mini-stack is fabricated, it is pre-cleared to its working voltage. This allows it to operate with little risk of a
breakdown event occurring.

A pre-clearing algorithm must be able to both respond quickly to current spikes and perform high-level logic functions
to analyze and adapt to heterogeneous failure events. We achieve this by splitting the algorithm across two timescales
and two computers, as detailed in Fig. S1.

A target computer handles high-frequency (10 kHz) tasks with a Simulink model that has been compiled into C code.
Before each episode, the host computer defines parameters of the desired pre-clearing voltage signal. During the episode,
the target generates this signal and sends it to the data acquisition (DAQ) system (National Instruments PCI 6259).
The target also monitors current draw via the DAQ— if current exceeds a set threshold, the voltage is immediately set to
zero and the episode is terminated. This shutoff procedure allows us to limit the amount of energy that flows through a
breakdown site. Fig. 4A illustrates how, within 1 ms of a current spike, the capacitor is fully discharged, and Fig. 4B
shows how this limits damage to a small (< 100 pm) distance from the breakdown site. Once an episode terminates,
either as a result of signal completion or earlier termination because of a current spike, the target sends all data from
the episode to the host computer.

The host computer performs the high-level logic that allows it to adapt to heterogeneous failures resulting from the
range of defects within and across devices. Upon the termination of an episode, the host evaluates whether and how the
device failed during the episode, and based on this it specifies a signal for the next episode. This logic is diagrammed in
Fig. S2, and can be expressed with only five binary decisions.
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Figure 4: Pre-clearing process. (A) A current spike above 20 1A that triggers termination of a pre-clearing episode.
The time between the spike and a full discharge is ~1 ms. (B) SEM image of a breakdown site after a clearing event. The
dark region around the pinhole has been cleared of CNTs, and is no longer conductive. (C) Two ramp and hold episodes.
The first is terminated by a current spike at a voltage of Vj,s;. The second ramp rises to 0.85V;,s: at 1000 V /s and then
slows to 100 V/s. The ramp-and hold (and thus the pre-clearing process) completes successfully after holding the target
voltage of 1400 V for three seconds. (D) Plot of the IV curves from episodes with major and minor failures. The major
failure produces a quadratic dependence of current on voltage. The minor failure, in contrast, produces a sudden spike
in current, seen at ~450V. (E) An AC burst successfully clearing a major defect. An initial clearing period evidenced
by current spikes and offsets is followed by a stable period. (F) An example section of a pre-clearing procedure. After
initial ramp-and-hold episodes, a major failure is detected. The program adapts to clear the failure by progressively
increasing the burst voltage from 500 to 780 V. A ramp-and-hold is employed after each burst to assess whether the
short has been cleared. Once it is clear, the program reverts to ramp-and-hold episodes. (G) Capacitance retention and
estimated output stress after each pre-clearing voltage for n=12 hybrid-electrode breakdown devices. Shaded regions
indicate £1 SD. The maximum predicted stress 0 = 51 kPa occurs at 47.0 V/um, before the breakdown strength 54.7
V/pm is reached. The high variation in C,. at 0 V is an artifact of initial conductive paths through the dielectric layer
before preclearing, possibly from stray NPs. All measurements in (A-G) were taken from single-layer, paddle-shaped
DEAs.

For the first episode, the pre-clearing algorithm attempts a “ramp and hold” strategy. The ramp and hold strategy
pictured in Fig. 4C applies a linear ramp of 1000 V/s to the DEA. Once the ramp reaches 85% of the last voltage
that was reached, the ramp slows to 100 V/s. The high initial slew rate makes the process time-effective, and the lower
subsequent rate prevents excessive damage as the voltage approaches the previous breakdown threshold. As previously
discussed, prior work has generally applied clearing voltages in relatively large steps of tens to hundreds of volts [1,15,16]
which can cause excessive degradation. The 100 V/s ramp is much more conservative; given the 10 kHz sampling rate of
the DAQ), steps of 10 mV are theoretically possible. Practically, however, the total measured noise is typically ~1 V| still
one to two orders of magnitude smaller than previous efforts. Once the voltage reaches its target level, it is held for three
seconds. If no current spike is detected, the process is considered complete and the device is successfully pre-cleared.

If a current spike above 20 pA is detected during the process, however, the current episode is immediately terminated
by the target computer and the voltage is set to zero. 20 pA was chosen as the threshold because it is the minimum
approximate current needed to destroy a single CNT [17], and it is sufficiently higher than the Trek 610E amplifier’s
current monitor noise floor of approximately 3 pA. Once the episode is terminated, the host computer’s program examines
the current-voltage (I-V) curve to determine what type of failure occurred. As pictured in Fig. 4D, there are two types:
a sudden spike in current, and a gradual increase in current as a function of voltage. The former indicates a “minor
defect”. A single minor defect does not measurably affect the device’s capacitance or resistance. A “major defect”,
however, causes a durable short-circuit through a dielectric layer. This short-circuit causes a quadratic increase in
current with applied voltage, so the program detects these shorts by attempting a quadratic curve fit of the I-V curve. If
the fit is good (R? > 0.85) and the curve is concave-up, the program identifies the current increase as an indicator of a
major defect, and a short detection flag is set. The superlinear increase in current with voltage suggests that the voltage
is changing the resistance of the short-circuit; this may be the result of increasing voltage allowing for current to cross



an increasing number and size of nanoscale gaps proximal to the breakdown site, increasing conductivity.

Ramps cannot be used to effectively clear these major defects; 20 pA is not enough current to clear them, but using
a higher current limit creates a positive feedback loop: more current further damages the dielectric, making it more
conductive and requiring more current to clear. These major defects may be spots of high CNT concentrations, as
excessive CNT concentration has been shown to prevent effective clearing [13,15,18]. To break this conductivity-current
positive feedback loop, a high-frequency (100 Hz) sinusoid is applied to the device for 10 seconds. Previous work has
demonstrated that limiting the pulse width of a clearing signal can enhance breakdown strength [13]. Our “AC burst”
signal similarly applies short bursts of high current to the device, limiting the amount of energy that can flow through
the defect in a single cycle. Figure 4E shows an AC burst used to clear a major defect in a single-active-layer device
with the geometry shown in Fig 1C. At the beginning of the episode, the peak current I,,,, is approximately 120 pA,
and the current signal is positively offset, reflecting current through the defect(s). As defects are cleared, I,,q. stabilizes
at 47 pA. This stable current can be estimated by the current required to charge an ideal capacitor

Iaz = Wf‘/;naafc (1)
where f and V4, are the frequency and peak-to-peak voltage of the applied signal, respectively, and C'is the capacitance
of the device. For the 780 V, 100 Hz signal applied to the 134 pF device tested, Inaz=33 pA. The 30% discrepancy
between I,,,, and fmm, possibly due to non-ideal behavior of the DEA, makes it an unreliable indicator of clearing
success or failure, but it is useful for estimating how high of a current limit to set during the AC burst process. AC
burst signals can still damage a device if not carefully limited, so the limit is set to approximately 200 pA more than the
current needed to charge the capacitor, —

The AC burst strategy is adaptive; if the episode completes without exceeding the current limit, V4, is increased by
~15% for the next AC burst, and if it does not then V4, is reduced by ~37%. This adaptability is necessary to automate
the pre-clearing procedure; there is wide variation in the voltage required to clear a major defect, and this algorithm
ensures that the minimum possible voltage is used, minimizing damage. The approximate nature of the increases and
reductions is due to a random prefactor. This prefactor, uniformly distributed from 0.975 to 1.025, ensures that the AC
burst pre-clearing process does not become trapped in a deterministic sequence of applied voltages that cannot clear the
defect, instead exploring the solution space for a suitable voltage. After the burst has completed, a three-second rest
period allows thermal energy near the defect to dissipate.

Each AC burst is followed by a ramp and hold episode, as shown in Fig 4F. This allows the program to assess
whether the short was successfully cleared and take appropriate action. If an over-current event occurs and a short is
still detected, an AC burst is again deployed. If a short is no longer detected, the short detection flag is unset, and V,,qz
is reset to its default value (500 V). This reset prevents the program from applying more than the minimum voltage to
the next short. AC bursts are also deployed to hasten the pre-clearing process. Occasionally, the pre-clearing process
becomes “stuck” around a certain voltage, with each ramp failing at the same voltage. If more than four ramps fail
within 25 V of each other, the algorithm uses the adaptive AC burst strategy to quickly clear the associated defects.

The entire pre-clearing process typically takes 1-10 min for devices with a capacitance of 100-1000 pF. Generally,
larger-capacitance devices take longer to clear, as the number of defects scales with total electrode area and device
volume.

Pre-clearing is a balance between increasing device output and limiting degradation. Increasing the target clearing
voltage allows for a higher working field E,; during operation, but as more defects clear with increasing clearing field,
the accumulated damage reduces the effective area of the electrodes. This degradation can be described with capacitance
retention (C,.), the ratio of current to initial device capacitance [13]. After each target voltage is applied, the capacitance
can be measured with an LCR meter (Agilent E4980A). As Fig. 4G illustrates, C,. is generally stable until reaching
a threshold at which it suddenly declines as clearing events become more numerous and severe. In order to maximize
output stress, C,..E? has been proposed as the objective function to maximize [13]. We similarly choose to maximize
output stress, but add additional terms to estimate the device’s output stress o as

o= CfeCreeE2 (2)

where € is the elastomer’s permittivity, ' is the applied field, and C'. is the ratio of measured capacitance after fabrication
to the expected capacitance %, where A is the area of each electrode and H is the thickness of the dielectric between
them. Cy. accounts for fabrication errors such as the incomplete coverage of the electrode seen in Fig 1D.

The external interfaces at the CB+CNT contacts are robust to electrical cycling during pre-clearing. As seen in Fig
4E, each of the 100-Hz bursts last for up to 10 seconds, or 1000 cycles. Pre-clearing a single-layer paddle-shaped DEA
to the working field typically requires approximately 1-10 AC bursts and 100-1000 ramp-and-hold episodes, representing
1,000-10,000 and 100-1,000 actuation cycles, respectively. As seen in Fig S3, as pre-clearing progresses, the average
resistance of devices does not notably change; the mean resistance of devices after pre-clearing to the working field of
47.0 V/u(1500 V) is within 1.5% of the mean after eliminating initial short-circuits in the as-manufactured devices.
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Figure 5: Resistive performance of hybrid electrodes. (A) Circuit model of the DEA. The total resistance R is the
sum of contact resistance R, and the resistance through the body of the electrode R.. (B) Comparison of resistance as a
function of frequency for n=12 hybrid and 12 CNT-only devices. (C) Comparison of voltage across the capacitor between
CNT-only and hybrid electrodes as a function of frequency. (D) Dissipation factor as a function of frequency for DEAs
with hybrid vs CNT-only electrodes. Lines in B-D represent the mean, and shaded error bounds represent +1 SD;,,. (E)
Measured Young’s modulus as a function of cycle number for neat silicone and silicone with CNT electrodes. (F) The
ratio of measured resistance R to initial measured resistance Ry of a CNT electrode sample as it is stretched between
5% and 25% strain.

4 Reduced contact resistance increases bandwidth and efficiency

We model the resistance of an electrode R as the sum of its contact resistance R. and the resistance from the body of
the electrode R, (Fig. 5A). Given the CNTSs’ sheet resistance of 49.52 kQ2/0J; electrode designs with an aspect ratio on
the order of unity have an R, on the order of 100 k(2. This resistance, however, is typically dominated by CNTs’ contact
resistance. As shown in Fig S5A; R, is 284.9 4+ 151.3 k2 (mean £ 95% CI) for a 5 mm-long contact. Adding CB (Fig
S5B) reduces this resistance R. by 32x to 8.817 £ 3.649 k2, making R. the dominant resistance and lowering R to
approximately the value of R,.

Fig 5B shows this effect for n=12 single-DEA-layer, paddle-shaped test devices with CNT only vs CB+CNT contacts.
Each device was originally manufactured as a hybrid-electrode device and pre-cleared to 250 V (7.84 V/um) to eliminate
initial short-circuits, and then capacitance and resistance measurements were taken on an LCR meter. This yielded a
mean resistance of 76.8 k€2 at 1000 Hz. After taking measurements with CB+CNT contacts, the contacts were remade
by slicing through the CNT-only portion of the tab and discarding the CB+CNT composite contacts, as diagrammed in
Fig S14. When the connections were remade in the CNT-only region, the mean resistance increased to 1930 k). This
indicates that R, strongly dominates R for CNT-only electrodes. CNT-only contacts are not only more resistive, but
also far more variable. This is possibly due to the sparse topography of CNT networks relative to CB networks shown
in Figs 1D-F leading to large variations in local cross-sections (Figs 1G-J) and sensitivity to cut conditions. The range
of resistances within 1 SD;,, of the mean (calculation described in Sec A.6) increases from [64.2, 92.0] kQ for CB4+CNT
contacts to [981, 3800] k2 for CNT-only contacts. This variability, also exhibited in contact resistance measurements
in Fig S5A, makes electrical analysis of CNT-only electrodes challenging. Estimating the difference between contact
resistances as the difference in total resistances between CNT- and composite-contact devices yields AR, = 1853 k2,
while the difference between contact resistances measured with dedicated tests was AR, = 276.1 k2. This difficulty
is compounded by the potential impact of other factors such as elastomer compliance, the effect of pre-clearing, and
environmental variability.

This lower contact resistance increases the electrical cutoff frequency of devices from 0.586 to 15.1 kHz (Fig 5C),



enabling high-frequency applications such as audio drivers which must actuate at tens of kHz. We define the cutoff
frequency f. as the frequency at which the voltage across the dielectric drops to -3 dB (~70%) of the applied voltage.
This can be calculated as

1
fe=5pc (3)
assuming that the circuit can be modeled as depicted in Fig. 5A: a resistance, R, in series with a capacitance, C. Fig.
S4 demonstrates how this simple model sufficiently captures the circuit’s behavior.

The decreased resistance also enhances efficiency. Fig 5D illustrates its effect on the dissipation factor D, which
represents the ratio of real to reactive power in the DEA. At 1000 Hz, more power is lost to resistance than is oscillating
reactively in a CNT-only device (Dont = 1.49), whereas less than a tenth is lost in a hybrid device (Dpypria = 0.067).
This 22x efficiency boost allows for smaller associated batteries and power electronics, enabling applications in compact
consumer electronics and untethered micro-scale vehicles [16].

The reduction in resistance is highly dependent on electrode geometry, however. While the paddle-shaped devices
saw a 22X reduction in contact resistance by adding CB to the contacts, a roll actuator of the design presented in [15,24]
saw only a 3% reduction from 39.2 to 38.2 k2. While these results are complicated by changes in manufacturing and pre-
clearing process, this small difference is likely due in large part to differences in electrode contact length; the roll actuator
electrodes were designed to minimize the influence of contact resistance by running the contacts along the entirety of the
actuator’s 50 mm length. In contrast, the paddle-shaped electrodes are designed with a small 5 mm contact length. This
contact width must be kept small: for a stacked actuator, the contact regions are along the direction of actuation rather
than at fixed attachment points at the end of a roll, thus low contact widths limit additional mechanical impedance.
Therefore, the total resistance of paddle-shaped electrodes is far more sensitive to changes in contact resistance than
is that of the roll actuators. Hybrid electrodes with composite CB4+CNT contacts thus provide the greatest benefit to
devices that require smaller contacts in order to either reduce mechanical impedance or increase design freedom; instead
of creating a wide contact co-located with the edge of the active region of the device, a designer could create a short
contact that is located more conveniently on another part of the actuator or an integrated assembly that is mechanically
isolated from active regions experiencing high strains.

To study the effects of cyclic strain on the electromechanical behavior of the electrodes, a single electrode layer was
transferred onto a silicone film and then encapsulated, yielding a specimen 60 pum thick, 50 mm long, and 10 mm wide.
The specimen was mounted onto a polystyrene frame with silicone adhesive to aid in removal of the specimen from the
acrylic platter used for spin-coating. The specimen was then installed in a uniaxial tensile testing machine (Instron
68TM-10) which applied 100 cycles of strain from 5% to 25% while recording load and displacement. The resistance of
the electrode was simultaneously measured using a digital multimeter (Keysight 34465A). The mechanical and electrical
data was then aligned manually during post-processing.

We have previously shown that batch-sprayed and stamped CB electrodes [12] contribute negligible stiffness, and
we similarly show that the CNT networks similarly add negligible stiffness to the active region of the hybrid electrodes
(Yetectrode = (1.062 £ 0.049) XY peatsiticone, mean + standard deviation, n = 4). The stress-strain curves and evolution
of Young’s modulus for representative samples are shown in Fig. 5E (additional samples included in Section A.5.1).

When subjected to cyclic extension from 5% to 25% strain (similar to strains expected during operation), we observed
that the resistance of the electrodes has a close-to-linear response to applied strain and that the resistance of the electrode
decreases relative to its initial resistance, similar to behavior shown by Kim, et al. [28] which we surmise to be due to
alignment of the CNTs in the direction of stretching [29] (Fig. 5F and S7). When subjected to cyclic strain over a range
of 100%, the resistance increased relative to its initial value (Fig. S8).

5 CNT-only active regions maintain breakdown strength and actuator
output

The electrodes of a DEA can strongly affect its breakdown strength and behavior. They introduce defects into the device
that lower its strength compared to that of the neat material. CB electrodes, for example, have been shown to lower
breakdown strength by 16-36% compared to neat silicone [22,30].

Breakdown has typically been defined in literature as a sudden, steep, and irreversible increase in leakage current
across the dielectric [31]. This “hard breakdown” can thus be characterized as binary: failed or not failed, and the field
at which the failure occurs is denoted as a specimen’s breakdown field. These fields are fit to a Weibull distribution [32],
and the breakdown strength of the batch is taken to be the field at which there is a 1 — e™! chance of failure. As
discussed earlier, however, CNT-based electrodes do not fail quickly and catastrophically. Rather, they fail in a series of
self-clearing events that incrementally degrade their capacitances and thus actuation outputs. To provide a comparison
to other breakdown statistics, we thus define the failure of an individual device as the electric field at which capacitance
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Figure 6: Breakdown strength and its effect on device output. (A) Measurement of a single device’s breakdown
field. The device is pre-cleared to a series of increasing electric fields using the adaptive pre-clearing algorithm described
in this work. FEach point is the capacitance retention C... of the device which is measured after each field has been
applied. Breakdown is taken to be the nominal applied field at which C,.. drops below the threshold of e~t. (B) Weibull
plot of breakdown strengths of CB electrodes from [12], hybrid electrodes, and neat P7670 with no electrodes [12].
Each point represents one device’s breakdown field. The points are fit to Weibull distributions, which estimate the
probability of failure for a given applied field. For the neat elastomer (n=25) and CB-electrode devices (n=11), voltage
was slowly ramped up, and each device’s breakdown field was taken as the nominal field at which catastrophic failure of
the dielectric occurred, as indicated by a sharp and irreversible surge in current. This method is detailed in [12]. For
the hybrid electrodes (n=12), each device’s breakdown field was determined by the method demonstrated in (A). The
dielectric in each device is a 32 pm thick layer of Elastosil P7670. § is the slope of the curve in Weibull-space, and
indicates consistency. (C) An unactuated 100-layer DEAM in the free displacement condition. (D) Maximum (14%)
compression of the DEAM upon applying a 1 Hz, 3100 V,,, sinusoid.

retention C,.., the ratio of current to original capacitance, drops to e~! (Fig 6A). Our definition of device breakdown
strength can thus be approximately understood as the applied field at which % of devices lose at least % of their output.

Figure 6B shows how hybrid electrodes utilizing self-clearing CNT's in active regions achieve superior breakdown
strength to CB-only electrodes from our previous work (54.7 vs 33.5 V/um) [12]. This is 86.4% of their upper limit,
the breakdown strength of neat P7670 (63.4 V/um). In addition, they achieve higher consistency (Bnybria = 20.21)
than either our previous CB electrodes (Scp = 8.84) or the neat elastomer (Bneqr = 9.39) [12]. This high strength and
consistency, along with the non-catastrophic self-clearing mechanisms of CNT networks, allows for the scaling of high
performance to larger DEAMs.

As previously described, the batch spray process makes it easy to scale the number and size of DEA layers. This
allows for the enhanced stresses and strains to be scaled to produce large forces and displacements. We demonstrate this
with an artificial muscle 1.5 cm in diameter, 1 cm thick, with 100 active layers (Figure 6E). In free displacement and with
an applied field of 45 V/um, this device achieves 1.5 mm of displacement (14% strain) through its thickness, as shown in
Figure 6F and in Supporting Movie 3. To evaluate blocked force output, we pre-compressed the stack by approximately
1.5 mm and measured the amount of force relaxed during actuation at 45 V/um. The device produced 6.9 N of force
(39 kPa), 260x its own weight. This compares favorably with previous devices with similar elastomers that achieved 5%
strain and 35 kPa stress at a similar applied field (48 V/um) [33]. It is also within 14% of the expected value of 8.0 N
calculated by Equation (2) for this device. The ratio of the measured capacitance as-fabricated to expected capacitance
values of the stack was C'y. = 0.86, which may be due to such factors as incomplete coverage of CNTs and misalignment
during the stacking process. This accounting is enumerated in Section A.9.2.

6 Discussion and conclusion

In this work, we demonstrate that spatially-patterned hybrid electrodes can improve the performance of existing DEAMs.
Hybrid electrodes can achieve low contact resistances without sacrificing high breakdown strength, and vice versa. We
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also present practical methods of fabricating and pre-clearing these hybrid electrodes that enable their development and
deployment at scale.

We have demonstrated the ability to modularly pattern distinct properties across an electrode by patterning distinct
nanoparticle inks. This modularity allows designers to take advantage of nanoparticles’ unique advantages and avoid
their disadvantages, reducing the difficulty of development while increasing performance.

We leverage this novel capability to resolve a previously fundamental tradeoff between breakdown strength and
contact resistance in DEAMSs made with nanoparticle electrodes. We demonstrate that CB placed at the contacts can
reduce contact resistance by 32x while self-clearing CNTs patterned in active regions of the electrode can maintain high
breakdown strengths (54.7 V/um) that approach the strength of neat elastomer (63.4 V/um). The high breakdown
strength results in muscle-like stresses of 39 kPa and muscle-like strains of 14%. Its consistency (8 = 20.21) also allows
us maintain this in a centimeter-scale artificial muscle with 100 DEA layers. The low contact resistance makes DEAMs
26x faster and 22x more efficient than those with CNT-only electrodes, making higher-frequency and untethered use
cases of more viable for DEAMs. The lower contact resistance also reduces the need for long contacts such as those used
in roll actuators, expanding the range of actuator designs and possible applications.

The CNT ink formulation and deposition parameters have not been extensively tuned; future work may do so in order
to achieve higher performance. CNT concentration has previously been shown to have a strong effect on breakdown
strength [13,16], so further optimization may yield breakdown strengths closer to the limit set by the neat material.
Similarly, optimization of spray deposition parameters such as vacuum strength and spray pattern may yield superior
homogeneity and thus higher conductivity and/or breakdown strength in CNT regions. The breakdown strength of
Elastosil P7670 (63.4 V/um), however, limits the achievable breakdown strength of the DEAMs manufactured with it.
Recent work has demonstrated elastomers with breakdown strengths as high as 330 V/um that do not require mechanical
prestretch [4]. Because our electrode fabrication process is agnostic to the elastomer used, such high-performance
dielectrics could be substituted to dramatically increase the stresses and strains produced by DEAMs. Tuning fabrication
parameters such as mask thickness and alignment methods may also allow for smaller features and reduced buffer zones,
enabling millimeter- and micron-scale devices.

While in this work we use CB and CNT-based inks, future inks and the capabilities that stem from them would be
relatively easy to implement. The batch-spray and stamp process depends only minimally on ink and substrate material
properties, allowing for quick development and deployment of novel inks. These inks could provide additional function-
alities such as optical switching for on-the-fly rewiring [34,35], high transparency or opacity for optical modification [9],
low sheet resistance for power distribution [27], or electroluminescence for status monitoring and communication [36].

The electrode fabrication method not only reduces development time and improves device performance; it is also
cheap and easily scalable. The materials costs are low — a 220x 220 mm sheet of patterned electrodes requires only $6.87,
mostly from the cost of the filter paper (Section A.8). Future work may investigate filter paper reuse and spray toolpath
tuning to further reduce material costs. The batch-spray and stamp-transfer paradigm allows for virtually unlimited
electrode area, and both electrode deposition and transfer operations could be implemented at high throughput in a
roll-to-roll process. This scalability makes manufacturing of many-layered artificial muscles and large-area rolls possible,
allowing high stresses and strains to be converted into large forces and displacements. Larger actuators could be used to
drive mechanisms for higher load tasks such as electroadhesion, electrostatic clutching, mechanical counterpressure, and
stiffness variation [37-41]. The throughput of the manufacturing process, however, is currently limited by the elastomer
deposition step. Each active layer requires the elastomer to be spin-coated, degassed, cured, and cooled. This process
currently requires approximately 30 minutes per layer. Similarly to how BSS processes batch-produce electrodes and
then quickly stamp them, throughput could be improved by batch-producing dry films and quickly laminating them
together, as proposed in [4,42].

We also developed an algorithm for safely pre-clearing CNT- and hybrid-electrode DEAMs and implemented it on a
high-speed, automated system. We show how an AC waveform applied to the DEA can clear away major defects, while a
DC ramp waveform is useful for clearing minor defects. Moreover, we develop a simple discriminant for detecting major
defects based on a quadratic dependence of current on voltage. We implement these techniques on a target computer which
can run at 10 kHz, allowing for fast detection and response to current spikes. With this added safety and adaptability,
no human supervision is required and clearing can be completed quickly (~1-10 minutes) and automatically, potentially
enabling industrial-scale production of DEAMs and the acceleration of DEAM research.

Many of the values used for pre-clearing, however, were chosen heuristically. Future work should more systematically
investigate the sensitivity of device performance parameters to various pre-clearing parameters such as current limits
and the frequency of AC bursts. This may lead not just to further gains in performance but an increased understanding
of the phenomena underlying pre-clearing. In the longer term, these phenomena should be explored in depth — a more
causal understanding of how defects lead to failure may guide the development of superior manufacturing and pre-clearing
techniques that mitigate the effects of these defects.
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A Supporting information

A.1 Pre-clearing logic and hardware

The pre-clearing algorithm is split across host and target computers, and the command and feedback signals are routed
through a DAQ and high voltage amplifier, as noted in Fig. S1. The host computer’s logic, executed after each episode,
is fully enumerated in Fig. S2.

~1 Hz 10 kHz

Target computer DAQ
- Signal parameters—p- (compiled Voltage command——p- (NI PCI 6259)

- ¢———FEpisode data—— Simulink) -a—Monitor voltage + curren

Host computer
(Matlab)

J J

Voltage command

Monitor voltage + current

Amplifier
(Trek 610E)

High voltage——p DEA

J

Figure S1: Signal diagram of the hardware on which the pre-clearing algorithm is deployed. Communications between
the host, target, and DAQ are digital, while signals sent between the DAQ, amplifier, and DEA are analog.
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signal indicates that no over-current events have occurred during the episode associated with it.

A.2 Pre-clearing effect on device resistance

During pre-clearing, devices experience thousands of actuation cycles as a result of AC bursts and ramp-and-hold episodes
used to clear defects. Throughout this process, however, there is not a noticeable increase in device resistance, which
encompasses both the resistance of the contacts and the electrode body. Fig. S3 shows that after preclearing to 7.8
V/um (250 V) to eliminate initial short-circuits in the as-manufactured devices, the mean resistance of single-layer
encapsulated paddle DEAs was 269k2. Continuing the pre-clearing process up to the target of 47.0 V/um (1500 V)
resulted in a mean resistance of 265k€2. This indicates that, despite the thousands of actuation cycles, there was little

damage incurred in either the body or contacts of the electrode.
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Figure S3: Total series capacitance C and resistance R as a function of preclearing voltage reached for n=10 DEAs.
Shaded bounds represent +15D and +15D,,, from the mean of C and R,, respectively.
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A.3 DEA circuit modeling

We model our DEA as a simple series RC circuit, which acts as a low-pass filter. Other circuit models have incorporated
a resistor in parallel with C' to model the leakage current through the dielectric (typically on the order of nA) [43], but
such a large resistance is difficult to measure and as Figure S4 demonstrates, our model behaves similarly to a real DEA
without this inclusion. Below f., the measured capacitance of the DEA deviates from that of the equivalent series RC
circuit’s by less than 2%, and resistance deviates by less than 3%. Above the cutoff frequency, the measured resistances
diverge, but the actuator will not be effective at frequencies above f. and will thus not be operated in that regime.

1.1

09

0.8

0.7 1

0.6 |

0.5

NS -
TN ———— N
] A
i \
P~ .?:,\\ \
i "\~ \
i \"-\\'\I . ] Y
! \‘I"II , \
i Illl:jll \' \
—C, RC circuit i } g
— — C, DEA i \ \
__f ! | \
[» I '|I|| \
—R, RC circuit ! 1
— — R, DEA ! 1
i ! i 1 i
10° 104 10°
f, Hz

11.1
11.05

10.95
] Dg C
10.85

10.8

10.75

Figure S4: Comparison of resistance and capacitance measurements made with an LCR meter on a DEA and its equivalent
RC circuit. Plotted values C,, and R,, are normalized by their reference values R and C measured at 1000 Hz. For the
RC circuit, R = 270.5 kQ2 and C = 137.7 pF and for the DEA R = 270.2 k2 and C = 137.6 pF. The cutoff frequency f,
is calculated according to Eqn. (3) from DEA reference values.
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A.4 Contact resistance measurement

Contact resistance was measured by producing 5 mm wide test strip electrodes at various lengths. Hybrid and CNT-only
electrodes were sprayed using the same process described previously, with the location of different test strip lengths
distributed randomly throughout the spray area. These electrodes were stamped onto ~ 100 pum thick P7670 that had
been spin-coated and cured onto aluminized Mylar tacked onto laser-cut acrylic disks. The aluminized Mylar was etched
with a CO; laser cutter, leaving conductive regions at the ends of the test electrodes to serve as probe pads. After
stamping, the electrodes were encapsulated with another spin-coated layer of elastomer. An X-Acto blade was then used
to slice through opposite ends of the test strips to produce strips of lengths from 10 to 75 mm. After the excess silicone
was removed, Pelco colloidal graphite was used to create the electrical connection between the exposed electrode and the
probe pad. After the conductive paint had dried, a digital multimeter (Fluke 179) was used to measure the resistance
of each strip. The resistance taken for a single test strip was the average of ten samples, as reported by the multimeter.
Resistance was plotted as a function of length as shown in Fig. S5, and a linear fit was applied to the data. The contact
resistance was taken to be the y-intercept of the trend line, and its confidence bound is taken to be that of the intercept.
The fit of composite samples shown in Fig S5A had an R? = .774, and the 95% CI of the intercept (R..) is [5.168, 12.47].
The fit of CNT-only samples is much worse (R? = .0708), indicating little correlation of resistance with length. This is
likely due to wide variability in CNT contact resistance. The 95% CI of the intercept (R.) is [133.5, 436.2].

A ---- Linear fit: Res = 0.4802*Len + 8.817 kQ2 7 B ---- Linear fit: Res = 3.538"Len + 284.9 kQ
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Figure S5: Total resistance vs length of 5 mm wide test strips of A) CB+CNT composite samples and B) CNT-
onlysamples. The contact resistance is taken as the intercept of the linear fit, and 95% confidence interval bounds are
plotted.
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A.5 Cyclic testing

A.5.1 Cyclic stress-strain testing

Fig. S6 shows additional representative datasets characterizing the stress-strain behavior over 100 cycles for specimens of
silicone-only and silicone-encapsulated electrodes. Each of the two layers of silicone in both samples were spin-coated for
60s at 1500rpm on an acrylic platter then allowed to cure, before stamping (if necessary) and the next layer of silicone
deposition. The presence of CNTs results in a 6% stiffer specimen compared to the silicone-only samples.
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Figure S6: Stress as a function of strain over 100 cycles for all tested silicone-only and CNT+silicone samples.
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A.5.2 Cyclic resistance tests

Fig. S7 and S8 show additional representative datasets characterizing the resistance-strain behavior over 100 cycles of
strain to 20% and 100% for silicone-encapsulated electrodes. The samples were fabricated as discussed previously. All
specimens subjected to strain cycles from 5% to 25% showed a decrease in resistance with more cycles applied (Fig. S7).
For larger strains, from 5% to 105%, the behavior was less consistent, with specimens exhibiting increasing, decreasing,
and no change in their resistance to strain curve (Fig. S8). With these two sets of results, we can see that the resistance
evolves beneficially (higher cutoff frequency, less resistive losses) when a device is subjected to strains up to 20%. When
subjected to larger strains, the electrodes can increase in resistance deleteriously, but, importantly, the electrodes retain

their nominal resistance values within an order of magnitude.
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Figure S7: Resistance over 100 cycles of 5-25% strain for all tested samples
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Figure S8: Resistance over 100 cycles of 5-105% strain for all tested samples

A.6 Calculation of log-space error bounds

For results displayed in log-space (Fig. 5B-D), the data were fit to log-normal distributions. While most resistance
values clustered around the median, a few were much higher, likely due to manufacturing defects and inhomogeneities.
Since dissipation factor and cutoff frequency are products of resistance, they display a similar distribution. Log-normal
distributions better fit these asymmetric data than normal distributions do. Error bounds for the data were thus
calculated by fitting to log-normal distributions in log-space, calculating the mean and standard deviation (SDj,g), and
then transforming these values back into linear space.
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A.7 Fabrication process

An overview of the fabrication process is presented in Fig S9, and the mini-stack assembly process is detailed in Fig

Batch-manufacture [I):yi?'?;iﬁlzttzrr?wzr Slice contacts and
electrodes ——»| alectrodes until e create exFernaI S
- connections
"mini-stacks" complete
Connect to driving Stack mini-stacks into Pre-clear each
electronics ' meta-stack ' mini-stack ~

Figure S9: Overview of the DEAM fabrication process

Deposit (via spin coat,
etc) elastomer Degas precursor Cure elastomer
precursor onto platter

Stamp electrode(s)
onto elastomer surface

Repeat until desired number of layers reached

Figure S10: Mini-stack assembly process
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A.7.1 Electrode deposition process

Place CB mask onto
filter paper > Spray CB L »| Remove CB mask |—
Place CNT mask onto
Remove CNT mask |[e«—] Spray CNT -] filter paper -

'

Dry electroded filter

Cut paper into smaller
| 5| sheets of electrodes if

paper desired

Figure S11: Summary of electrode deposition process

The CB and CNT inks are first prepared according to the processes described in Section A.7.2. Then, the inks are
deposited onto the 220mm x 220mm filter paper (PTFE Membrane Stock, 45 pm pore size, Tisch). A vacuum is applied
via a vacuum plate machined from porous aluminum (Metapor BF100 AL, CMT Materials). The CB ink is deposited
first, and the CNT ink second. Masks, filter paper sheets, and the vacuum plate underneath are aligned with pins and
corresponding holes during electrode deposition; this alignment pin system is also used for aligning the carrier substrate
while stamping the electrodes onto the elastomer. For each ink, the following process is used, differing where noted:

1.

L

ot

10.

Set nozzle height. The distance between the spray nozzle and the filter paper is 10cm.
Place filter paper on vacuum plate with four 1.5mm alignment pins, one in each corner, to fix the position.
Spray mixture of equal parts IPA and water onto the filter paper, ensuring the entire surface is completely wetted.

Place laser-cut mask (0.005” Dura-Lar Ultra-Clear Film, Grafix) over the damp filter paper, using the same four
alignment pins.

CNT only: turn on the atomizer (SONOZAP 130kHz Atomizer, Sonaer), set to 75% power.
Turn on air supply.

(a) For CB, set to 2 psi.

(b) For CNT, set the CNT air supply to 2.5 psi, and the pro-wetting (IPA) air supply to 8 psi. The IPA pro-wetting
is used to keep the filter paper wetted and enhances the uniformity of deposited CNTs.

Turn on the pump(s).

(a) For CB, set the peristaltic pump (Braintree Scientific) to 6mL/min, and do not turn on the IPA syringe pump.
(b) For CNT, set the syringe pump (Braintree Scientific) to 2.5mL/min, and the IPA syringe pump to 3.5 mL/min.

Turn on the vacuum.
Shut the gantry door.

Once the ink dispensing has equilibrated, begin the corresponding G-code for spraying CB or CNT. Here, the ink
was deposited on the entire 220x220 mm mask area with a raster pattern sweeping over the surface of the filter
paper at a feed rate of 2000 mm /min.
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11. When spraying has finished, turn off all pumps, turn off vacuum, remove and discard the mask, and place the filter
paper in the oven at 50°C for 5 minutes or allow to dry at room temperature for ~1 hour.
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A.7.2 Electrode ink recipe

The following recipe is used to prepare CB and CNT inks immediately before spraying (to avoid particle sedimentation).
The recipes for the stock inks used can be found in Sections A.7.3 and A.7.4.
CNT ink

1. By volume, mix one part stock CNT ink with two parts IPA (approximately 15 mL of this spray ink mixture is
needed for each sheet of electrodes) in scintillation vial(s).

2. Bath sonicate (CO-Z Ultrasonic Cleaner) for 30 minutes.
3. Load ink into a syringe, and place syringe into syringe pump.

The IPA cosolvent in the CNT spray ink allows it to wet the hydrophobic filter paper.
CB ink

1. Re-sonicate the stock CB ink for 10 minutes at 75% power, 100% duty cycle with a tip sonicator (QSonica Q500,
1/2” tip). Use an ice bath to prevent overheating.

2. Before particles can settle out of solution (~30 min), extract required amount of stock ink into a disposable cup
and dilute by volume with TPA at 1:9 ratio. Approximately 50 mL of CB spray ink is needed for each electrode
sheet.

3. Place a stir bar in mixture and place cup onto magnetic stir plate in spray gantry. Insert feed tube for peristaltic
pump.
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A.7.3 CNT stock ink recipe

The following recipe is used to prepare the stock CNT ink used for spraying:

1.

2.

Add 100 g of de-ionized (DI) water to 100 mg of CNT powder (P3 SWCNT, Carbon Solutions) in a glass bottle.

Tip-sonicate (QSonica Q500, 1/2” tip) the solution for 30 minutes at 75% power with 30 sec on, 10 sec off duty
cycle (40 minutes elapsed). Use an ice bath to prevent overheating.

Centrifuge (Biofuge Primo, Sorvall) the mixture at 8100 RPM for 60 min in 50 mL Falcon tubes.
Extract the supernatant, leaving the bottom 5 mL.

Determine the relative concentration of the ink compared to a 17% transmittance sample. Place 0.5 mL of the ink
in a scintillation vial and successively dilute with DI water, measuring transmittance starting at 8x dilution and
continuing gathering measurements every 2-4x until a transmittance of over 17% is reached. Use linear regression
to find the current dilution ratio, D;,;, for 17% transmittance.

Dilute the ink to 16x relative concentration. Add DI water with volume = (% — 1) X Vipit, where Vi, s is the
original volume of ink with D;,;;x concentration.

The determination of relative concentration accounts for variation in the measurement of DI water and CNT powder,
sonication, and centrifugation steps.

A.7.4 CB stock ink recipe

The following recipe is used to prepare the stock CB ink used for spraying:

1.
2.

Add 80 g IPA to 800 mg CB (Printex XEB2, Orion Engineered Carbons)

Tip-sonicate (QSonica Q500, 1/2” tip) for 30 minutes at 75% power, 100% duty cycle. Use an ice bath to prevent
overheating.
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A.7.5 External connections

Figures S12 and S13 show the process of connecting the electrodes to external electronics. First, a vertical cut is made
through the layers. This exposes the cross-section of the nanoparticles. Next, a colloidal graphite paint is applied to the
cross-section and extended to nearby copper leads.

Figure S12: A cut is made into the multilayer, exposing the nanoparticle cross-sections. The excess multilayer is peeled
away and discarded.

Figure S13: A colloidal graphite paint is applied to the exposed cross-section and nearby copper leads. This creates the
electrical connection between DEAM electrodes and the external power supply.
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contact
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Figure S14: Diagram of the paddle electrodes used to test the effect of CB+CNT vs CNT-only regions at the contacts
on total device resistance. LCR data was first taken from connections made by slicing at the first cut line, within the
CB+CNT region. The cut and connection was remade along a second line within the CNT-only region.

A.8 Cost estimate

Tables S1 and S2 summarize the differences in material cost to produce an actuator with hybrid electrodes via the
presented batch spray and stamp process ($22.22) vs that to produce a CNT-only actuator with the mask-and-stamp
process utilized in [24] ($273.87). The reference point used is an artificial muscle of the same design as presented in this
work (100 15-mm-diameter active layers, each 85 pm thick).

The main driver of cost for both actuators is the filter substrate. While the Advantec filters can theoretically be
reused, their performance quickly degrades with reuse, and thus in [24] each filter was used to produce only a single
electrode layer. For cost purposes they are thus treated as disposable, and account for 86% ($236.54) of the total cost.
This calculation also assumes that 20 10 x 10 mm electrode layers can pack into an 80 mm diameter usable area of the
filters, a relatively ideal assumption because of practical handling limitations. The Tisch filter paper, however, is an
order of magnitude cheaper, costing $12.56 for the same area. Additionally, our CNT ink based on P3 CNTs (Carbon
Solutions) is far more cost effective than the Invisicon 1210 ink from Nano-C, lowering the CNT cost from $30.00 to
$3.36.

Costs could be further reduced by increasing the areal density of stamp electrodes in a given sheet. Currently, only
48 paddle electrodes are patterned onto each sheet for ease of handling, but a simple rectangular pattern of the paddle
electrodes with 20 mm spacing would allow for 121 electrodes on a single sheet. Such an increase would proportionally
decrease the major drivers of cost: PET for masks, filter paper for electrode stamps, and CNTs for the ink.

Component Purchase Price ($) | Purchase quantity | Unit gcl,:iitlo?" (I;%I;) layers) Eccﬁ:afj: ($)

Wacker P7670 2250 50000 g 72 3.24

IPA 34 5000 mL 100 0.68

CNT ink 2000 200 mg 3.00 30.00

Advantec filters 295.68 25 each | 20 236.54

Silicone release film (mask) | 350 3.17E407 mm? | 2.00E+05 2.21

VHB film (mask backing) 100 1.67E+07 mm? | 2.00E+05 1.20
TOTAL | 273.87

Table S1: Accounting of the costs of the mask-and-stamp process described in [24].
Component Purchase Price ($) | Purchase quantity | Unit Quantity per Cost per
actuator (100 layers) | actuator ($)

Wacker P7670 2250 50000 g 36 1.62

IPA 34 5000 mL 180 1.22

CB 20 1000 g 0.15 0.003

CNT 280 1000 mg 12 3.36

Tisch PTFE paper | 54.60 0.9 m? 0.207 12.56

PET 14.40 25 each sheet | 6 3.46
TOTAL | 22.22

Table S2: Accounting of the costs for the batch spray and stamping of hybrid electrodes presented in this work.
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A.9 Artificial muscle
A.9.1 Artificial muscle DEAM fabrication

We followed the batch-spraying and stamping process seen in [12] to create 10 10-layer DEAs which were then combined
into a 100 layer DEAM that measured 10.6 mm thick. Each layer was of the same 15 mm diameter paddle-shaped design
shown in Fig. 1. To make these 10-layer mini stacks, we spin-coated Elastosil P7670 onto a PET substrate loosely
adhered to an acrylic base plate for rigidity during spin coating. The first and last layers were spin-coated at 1500 RPM,
and the active layers were spun at 560 RPM for a thickness of 85 pm. FEach stack had 11 electrodes for a total of 10
active layers. We placed a protective sheet of PET on top of the platter and then used a laser cutter (Universal Lasers
VLS6.60) to release cut each mini stack, leaving a 0.5mm non-conductive buffer around the edge of each mini stack to
prevent exposing the electrodes to the air, which we have observed as a cause of premature breakdown. With the mini
stacks cut out but still attached to the platter, we removed the excess silicone. As described in Section A.7.5, we used
a knife to make a cut to expose the carbon black connections, then connected each stack to external electrical leads
using conductive ink. After pre-clearing each mini stack to 45 V/um according to the process previously described in the
main text, we measured the capacitance and discarded those that dropped under 80% of the expected capacitance from
Cegzpected = n%7 where n is the number of active layers, A is the active area of each layer, € is the permittivity of the
dielectric material, and H is the distance between layers. With the remaining mini stacks, we removed the handle layer
of PET from the base sheet of acrylic, removed the protective PET cover sheet, coated the exposed surface in a thin
glue layer, then laid each into a laser-cut mold to align subsequent mini stacks. These intermediate meta stacks were
then placed in an oven at 60° for 15 minutes, at which point the PET substrate was removed and another mini stack
was added, repeating the process until all 10 mini stacks were combined into one meta stack. The glue layer was made
by depositing a small pool of Elastosil onto a sheet of PET, then squeegeeing the pool into a thin film. Each resulting
glue layer was on the order of 5 um thick. To avoid possible breakdown through air bubbles trapped in the glue layer,
each mini stack was aligned so there was no field between subsequent stacks. With the completed stack, we then made a
cut through all layers of CB to expose a single face to connect to. We then painted the exposed CB face with conductive
ink, connected the ink to an external electrical lead, and encapsulated the dried ink with a layer of silicone to prevent
flaking.

A.9.2 Artificial muscle characterization

To measure free displacement for the stack actuator, we suspended the device by the leads, applied a 3100V sinusoid at
1 and 5 Hz, recorded movie at 30 fps, and measured the through-thickness strain using a custom MATLAB script. The
expected strains are predicted with the voltage-stretch relation given in [44]: V = HA72,/c(\)/e, where V is the voltage
across the electrodes, H is the active layer thickness, A is the in-plane stretch, and o and € are in-plane stress and strain,
respectively. The Maxwell stress calculation assumes an ideal electrode with complete coverage, but as seen in Fig. 1D,
CNTs do not cover the entire area of the electrode [8,9,45]. We thus introduce Cp as a metric to account for capacitance
loss through fractional coverage as well as from layer misalignment and pre-clearing ablation post fabrication such that
Cpe = CreCre. We define this quantity as the ratio of the measured capacitance (4.6 nF) to the expected capacitance
predicted by Cezpected = n% = 5.3 nF, where n is the number of layers, the area A = 1.77x107* m?, ¢ = 2.61x10~ !
Fm~! and layer height H = 85um, thus Cp, = g:gzg = 0.86. The stress is given by o(\) = i ()\2 — )\_4) X C'p_el7 where
1 is the shear modulus of the elastomer. To account for the added stiffness caused by the added 14% inactive area cut
around the perimeter of the electrodes and 25% inactive height from encapsulation and glue layers, a factor of 1.43 is
applied to the measured shear modulus of Elastosil P7670 (53 kPa). This model predicts approximately 29% vertical
(through thickness) strain at 3100V for 85 pm layers with a breakdown field of 47V /um, above our measured average
value of 19% strain over active thickness (15% strain over total thickness) at 3100V, found using the measurement process
used in [12]. To perform a test to determine the frequency response of this stack, an amplifier capable of producing a
current of I = wfCV is needed, where f is the operating frequency in Hz, C is the capacitance of the stack (measured
to be 4.6nF), and V is the operating voltage, 3100V in our case. Because our amplifier is only capable of generating a
current of 2 mA, the maximum frequency is approximately 44 Hz. Thus, we did not perform a full frequency sweep with
this device.

After measuring free displacement with minimal boundary constraints, we measured the blocked force with rigid
connections on either end to minimize displacement. We used Tech-Bond (Tech-Bond Solutions) to attach the terminating
faces of the actuator to 1/16” thick pieces of acrylic with embedded jewelry hooks to make these external connections. The
caps were then attached via “S” hooks to a load cell on the top (Transducer Techniques MDB 2.5) and a micrometer stage
on the bottom to control pre-tension. With approximately 5% pre-strain in tension, we measured a maximum actuation
force of 4.5N at a field of 43 V/um before visible delamination occurred between mini stacks. This delamination occurs at
approximately 63% of the expected value of 7.2 N given by Feypected = CpeeE2A. We suspect cure inhibition prevented
strong lamination between mini stacks, as we were not able to repair the stack in such a way as to prevent further
delamination, but the source of this cure inhibition is still undetermined. Because the stack maintained the measured
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Figure S15: Setup for measuring artificial muscle blocked force (A) Experimental setup showing the load cell
mounted rigidly at the top. A linear stage is mounted to the right which raises and lowers the bottom stage. B and C
show an artificial muscle DEAM loaded into the setup in the uncompressed (relaxed) and compressed state, respectively.

capacitance value after delamination occurred, we chose to continue testing in compression so the actuation direction
would match the pre-tension direction and there would be no risk of delamination. In the compression configuration, we
sandwiched the stack between two acrylic plates connected to the load cell and micrometer stage. While this configuration
does not represent a practical implementation for a stack actuator, it allowed us to quantify the force generated without
concern for delamination. With 1.5mm (14%) pre-strain in compression and a field of 45V /um, we achieved 6.9 N of
force, 87% of the Feppectea of 8.0N at the corresponding field. During the manufacturing process, we observed minor
misalignments between some stamped layers, likely due to stretched alignment pin holes on the filter paper. More careful
observation and control of these alignment holes can help bring the force closer to the expected value, as well as increase
Che, but it is unlikely that 100% of the expected force can be achieved due to incomplete CNT coverage.
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A.10 Roll actuator

A.10.1 Roll actuator performance comparison
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Figure S16: Performance comparison of hybrid and CNT-only roll actuators (A) Comparison of blocked force
output vs frequency for a hybrid roll actuator, shown in inset, and an equivalent CNT-only roll actuator from previous
work [24] when a 1000 V,,, signal was applied. (B) Free displacement of hybrid-electrode roll actuators vs CNT-only as
a function of frequency.

A roll actuator made with hybrid electrodes achieves similar output to that from previous roll actuators made with a
well-established process for stamping CNT electrodes [15,24]. A hybrid-electrode roll actuator that has the same design
parameters as those in the previous work was fabricated (Figure 6C). After pre-clearing up to 1750V, the equivalent R
and C of the actuator were 25 k2 and 1.50 nF, respectively. Based on the model we developed in [24], we expected
the performance (i.e., blocked force and free displacement) of the hybrid electrode actuator to be within 10% variation
from the previous devices. We experimentally measured the actuator’s blocked force and free displacement as a function
of operation frequency, then compared the results with those of the rolls from the previous work. The blocked force
was characterized with a force sensor (Nano-17 Titanium, ATI Industrial Automation). We fixed the force sensor on a
single-axis translation stage and placed the actuator under the sensor. To ensure that the actuator’s motion was blocked
during the test, we lowered the height of the sensor until it applied a preload of 0.005N. The actuator was operated at
1000V during the test across various frequencies, and the result is shown in Figure 6C. Compared to the previous work,
the blocked force ranges from 8.2% less at 400 Hz to 13.6% less at 300 Hz. Since the actuator’s electrical time constant
is much shorter than the period of our applied signal, the blocked force should be independent of the frequency, but
incomplete constraints on lateral motion (bulging in the center) may permit some frequency dependence of the device’s
mechanical behavior even in a blocked force configuration. We used a laser vibrometer (Polytec PSV-500) to characterize
the actuator free displacement (Figure 6D and Supporting Movie 2). The resonance frequency of the hybrid-electrode
actuator was shifted down to 400Hz compared to the previous actuators due to an increase in the height and weight of
the rolls (Sec. A.10.3). However, the free displacement of the new actuator was within 1.5% of the displacement of the
actuators from previous work.

A.10.2 Roll actuator fabrication

We adopted the layering and rolling fabrication method from previous works [15,24] for the roll actuator. First, a DEA
multilayer sheet is constructed. Each DEA sheet consists of six layers of CNT (Invisicon 1210, Nano-C) soft electrodes
sandwiched by seven layers of dielectric elastomers (Elastosil P7670, Wacker chemie AG)242). The top and bottom
encapsulation elastomer layers are spin-coated at 2500 rpm, and the functional dielectric elastomer layers are spin-coated
at 1500rpm. The initial elastomer layer is thermally cured in an oven at 60°C for 30 minutes to avoid delamination from
the acrylic substrate during fabrication. The rest of the elastomer layers are each cured for 15 minutes. The patterned
hybrid electrodes are prepared by the spray deposition method described in the main text. The electrodes are then
patterned onto the elastomer sheets with alignment pins and a roller.

After the multilayer sheet is prepared, we release cut the DEA into 11.5 mm by 54 mm samples using a programmable
cutter (Silhouette America). We then roll the samples into cylinders that are 11.5 mm tall and approximately 7 mm in
diameter. Lastly, two carbon fiber plates are capped to both ends of the cylinder as electrodes using carbon conductive
adhesive (Engineered Materials Systems, Inc.), and wires are connected to the carbon fiber caps using silver conductive
adhesive (Engineered Materials Systems, Inc).
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Our hybrid electrode roll actuators are taller (11.5mm) than the previous ones (9mm) with the same active height due
to an addition of the carbon black electrode. To avoid potential early breakdown induced by the carbon black electrode,
a buffer zone of 1mm is needed between the carbon black electrode and the overlapped CNT electrode (the DEA active
area). This buffer area is applied to both ends of the cylinder roll, which induces a height increase of 2 mm.

A.10.3 Roll actuator design changes and resonance shift

The design of a hybrid-electrode-DEA’s active region remains the same as that of a previous DEA. However, a hybrid-
electrode-roll-actuator (11.5 mm) is taller than previous roll DEAs of similar design (9 mm) due to the addition of carbon
black into the electrode. To avoid early breakdown of the DEAs, a 1 mm tall buffer zone between the active region and
the carbon black electrode region is necessary on both ends of a DEA roll. In addition, during the release cut process,
it is necessary to cut into the carbon black region to expose the hybrid electrode for wiring connections. These changes
increase the height and mass of the roll actuators, leading to a shift in the resonant frequency.

When characterizing the actuator’s free displacement as a function of frequency, we observed the resonance of the
hybrid-electrode-rolled-actuators was lower than that of previous roll DEAs with similar active areas. This result was
mainly because of the geometry and mass change of the new hybrid-electrode-DEAs, which was caused by the design
requirements explained above. A hybrid-electrode DEA is 11.5 mm tall and weighs 155 mg, while a previous DEA is
9mm tall and weighs 110 mg. A roll actuator’s resonant frequency, w, is a function of its stiffness, k, and mass, m

(w=4/ %) The stiffness of the actuator was estimated based on the rolled actuators’ length, L, cross-sectional area, A,

and the modulus of the constituent elastomer, E (k = %) Therefore, the resonant frequency of a rolled actuator can
be determined by:
EA
= 4
W=7 (4)

We defined the resonance, modulus, cross-sectional area, length, and effective mass of the hybrid-electrode-DEAs to
be w;, E;, A;, L;, and m;, respectively, where ¢ denotes the hybrid (1) or previous (2) design. Based on our design
parameters, the modulus and cross-sectional area of the two actuators are the same, but Ly = 1.28L;. We simplified a
rolled DEA to be a spring-mass system and assumed the spring has a uniform linear density. The effective mass of a
DEA can then be estimated to be one-third of its total mass [46]. Together with the measurement mass of the rolled
DEAs, we determined my = 1.4m;. Finally, based on Equation 4, we have ws = 0.74 w;. The measured resonance of
the previous roll DEAs was approximately 600 Hz. Based on our model, the resonance peak for hybrid-electrode-DEAs
is estimated to be 444 Hz, which is very close (10% higher) to our experimental result (400 Hz).

A.10.4 Roll actuator blocked force estimation

The electrical properties of the roll are described with a RC circuit, consisting of a capacitor and a resistor in series. The
drive voltage to a DEA, V,(t), is given by:

1 1
Ve(t) = 504‘/2-” cos(wt + ¢) + §Vm (5)
and the current through the circuit is:
1
ic(t) = . inowC' - sin(wt + ¢) (6)
where V;,, is the amplitude of the signal, w is the angular frequency, and ¢ is the phase shift. The amplitude coefficient
a = ——L— and the phase shift ¢ = tan~!(-RCw).
(1+(RCw)?)
When a voltage input is applied, the Maxwell stress generated across the electrodes is:
1
P= §epE2

:%66 <‘;—>2 (7)

where P is the Maxwell stress, E is the electric field, V is the voltage across the electrodes, €. is the dielectric constant of
the elastomer, and d is the dielectric elastomer thickness. Based on our previous work [24], the blocked force of a DEA
is estimated as follows:

Fa(t) = %ee (Ve(t)>2 s (8)
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where S is the cross-sectional area of the actuator. Substituting V.(¢) into Equation (5), we estimate the driving force
to be:

_16e
T 842

1 1
VA |za? +1+ 5042 cos(2wt + 2(¢p) + 2 cos(wt + @) | S 9)
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A.11 SEM images of electrodes

We imaged our electrodes with a scanning electron microscope (Zeiss Gemini 360 FE-SEM) using the in-lens detector at
0.5kV accelerating voltage. The hybrid CNT/CB electrodes were sprayed onto the filter paper (PTFE Membrane Stock,
45 pm pore size, Tisch) and allowed to dry in a low-humidity box. A portion of the sprayed filter paper was then cut and
adhered to the stub with carbon tape. The CNT/CB electrode was electrically grounded by painting colloidal graphite
(Ted Pella) from the electrode to the stub. As seen in the image, the CNT particles conform well on and around the
carbon black particles, making good electrical contact between the two types of conductive particles.

Figure S17: SEM image showing the draping of CNT particles on larger CB agglomerates after spraying onto filter paper.
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A.12 Movie descriptions

Movie S1. High-speed video of pre-clearing events. Recorded at 30,000 fps with a Phantom V2512, the video is played
back at 1/1000x speed. A voltage of 1500 V is applied during a pre-clearing process in which the current shutoff is not
employed. Multiple flashes, each indicating a preclearing event, can be seen. After the clearing events conclude, a dark
spot can be seen, indicating damage. To enhance visibility, the sample used for this video does not have an encapsulating
layer atop the electrode closest to the camera.

Movie S2. Free displacement of a 6-layer hybrid-electrode rolled actuator driven at 1000V and 400Hz. Filmed at
20,000fps with a high-speed camera, Phantom V1612, the video is played back at 1/500x speed. A displacement of
0.9mm can be observed.

Movie S3. Free displacement of 100-layer actuator with diameter 1.5cm, and thickness lcm. Filmed at 30 fps with a

Nikon D7500 DSLR and played back at 1x speed. A voltage of 3100 V is applied at 1 Hz, and a through-thickness strain
of 15% can be observed.
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