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Bottlebrush Elastomers: A New Platform for Freestanding

Electroactuation

Mohammad Vatankhah-Varnoosfaderani, William F. M. Daniel, Alexandr P. Zhushma,
Qiaoxi Li, Benjamin J. Morgan, Krzysztof Matyjaszewski, Daniel P. Armstrong,
Richard . Spontak, Andrey V. Dobrynin,* and Sergei S. Sheiko*

Dielectric elastomers (DEs) are the leading technology for arti-
ficial muscles due to a favorable combination of large stroke,
fast response, and high energy density.'>) However, at large
actuations, DEs are prone to spontaneous rupture from electro-
mechanical instability. This shortcoming is currently circum-
vented by chemical or physical bracing,®8l which increases the
bulk of the total actuator assembly leading to significant cutbacks
in device efficiency and utility.!% Now, we present a molecular
design platform for the creation of freestanding actuators that
allow for large stroke (>300%) at low applied fields (<10 V pum™)
in unconstrained as-cast shapes. This approach is based on the
bottlebrush architecture, which features inherently strained
polymer networks that eliminate electromechanical instability
and the need for bracing. Through accurate and independent
control of the degree of polymerization (DP) of the side-chains
(nsc), the DP of the spacer between neighboring sidechains (n,),
and the DP of the backbone of bottlebrush network strands (),
we obtain effective actuation properties on par with commercial
actuators with the advantage of lighter weight, lower voltage
operation, and ease of fabrication, which open new opportuni-
ties in soft-matter robotics.[11-13]

The pursuit of high-performance artificial muscles has been
bolstered by the introduction of DEs that readily undergo siz-
able (>100%), rapid (>1 kHz), and reversible deformations in
response to an electric field."141° These unique attributes,
however, are impeded by premature electrical breakdown,?’!
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which can be visualized using the simplest actuator configura-
tion, a DE film sandwiched between two compliant electrodes
(Figure 1a). The transverse contraction A = h/hy and subse-
quent areal expansion A,=A"" are governed by the mechan-
ical properties of the film through a relationship between the
applied voltage @ and the resultant true stress Oyyu(A), given
by @~ A/| Gne(A)|. For conventional elastomers composed of
flexible strands and exhibiting a strain-independent elastic mod-
ulus (line 1 in Figure 1b), this relationship displays a maximum
in areal expansion at A/ =A"=1.59 (line 1 in Figure 1c),
which designates the onset of an electromechanical instability
(EMI). In voltage-controlled operations, the EMI generates a
snap-through compression in the film, which is typically fol-
lowed by electrical breakdown, as indicated by the dashed
arrow in Figure lc. As discussed previously,?!! prestretching
and then bracing a DE with either physical methods (by fas-
tening to a rigid framel!l or lamination) or chemical methods
(by introducing an interpenetrating polymer networkl” or
swelling in a solvent followed by mechanical prestraini?223))
promotes an increase in modulus during deformation (strain-
stiffening), which in turn prevents EMI. It should also be noted
that controlling actuation pressure modulation can also avoid
EMLY However, the above methods lead to increased device
weight and size (rigid frames), decreased DE flexibility (inter-
penetrating networks), solvent leakage on actuation (swelling),
and interfacial failure (lamination). The challenge is therefore
to develop a single-component material with inherent and rapid
onset of strain-stiffening such that it does not require any type
of preactuation manipulation or bracing. Moreover, designing
elastomers possessing both low modulus and high extensibility
enables large stroke and low-voltage operation required for
biomedical applications.['*2>-?"] Finally, we desire to tune both
stiffness and elasticity over a broad range without altering net-
work chemistry or incorporation of a second component, such
as an oligomer, solvent, crosslinker, or nanoscale filler.

Such inherently prestrained, single-component elastomers
can be created by introducing multiple, covalently-linked side
chains along the network strands, yielding so-called bottlebrush
networks composed of extended strands and possessing low
Young’s moduli (line 3 in Figure 1b). An important considera-
tion in the molecular design of DEs is that the polymer chains
in bottlebrush elastomers are disentangled, which releases the
molecular constraint on high extensibility. This unique com-
bination of mechanical properties—inherent strain-stiffening,
low modulus, and high elasticity—affords controllable electroac-
tuation of thick, freestanding DE samples over a broad range
of strains at low voltages. Figure 2 shows two characteristic
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Figure 1. Electroactuation of prestrained elastomers. a) A dielectric elastomer sandwiched between two compliant electrodes undergoes uniaxial com-
pression A = h/hq and corresponding radial expansion upon application of an external electric field of potential ®. b) Variation of the true stress as a
function of the areal expansion A, = X! for three types of polymer networks: @ a conventional elastomer with coiled network strands that exhibit linear
elasticity, @ an equibiaxially prestrained conventional elastomer displays distinct strain-stiffening due to finite extensibility of the network strands, and
® an elastomer with molecularly-strained network strands due to steric repulsion between densely grafted side chains, where n,—the DP of the back-
bone in the bottlebrush strand, n,—the DP of the side chains, and ny—the DP of the backbone spacer between neighboring side chains. c) Nominal
electric field (voltage normalized by hg) as a function of areal expansion for the corresponding model elastomers described in (b). The broad red line
indicates the region of electric breakdown, which depends on multiple experimental factors including thickness, anisotropic dielectric permittivity, and
device construction.”®l Dashed lines indicate continued electroactuation beyond the EMI.

examples of such actuators: i) a deflecting diaphragm and
ii) an elongating tube. In the first case (Figure 2a), an as-cast
PDMS bottlebrush elastomer film (ny = 14, ny = 1, n, = 200,
and thickness hy = 0.44 mm) undergoes over 4x areal expan-
sion prior to electrical breakdown (Movie S1, Supporting Infor-
mation). In the second example (Figure 2b), a molded tube of
identical elastomer (wall thickness hy = 0.80 mm and tube
diameter Dy =11 mm) displays reversible elongation and dila-
tion at low voltages prior to uneven bulging at &' =59%
(Movie S2 and S3, Supporting Information). The diaphragm
actuator has achieved a freestanding areal electroactuation
(€, =300%) beyond those typically seen in prestrained silicone
materialsi'! and on par with commonly employed VHB acrylic
actuators.’l Furthermore, the actuating diaphragm can lift a ball
30x heavier than the actuator, displaying an excellent payload
to mass ratio (Movie S4, Supporting Information). The tube
sample also displays high and stable performance (€, =30%),
comparable to so-called spring-roll actuators, achieving 25%
stroke.?’ These results are particularly noteworthy as they were
achieved for freestanding, as-cast shapes subjected to neither
mechanical nor chemical modification unlike the current state-
of-the-art materials.

Elimination of polymer chain entanglements in bottle-
brush systems allows tuning bulk mechanical properties over
a remarkably broad range without changing chemical composi-
tion. By independently varying the side-chain length, grafting
density and crosslink density, we can synthesize DEs with

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Young’'s moduli ranging from 1 MPa down to =100 Pa and
elongations at break up to =10.B% In light of the unique proper-
ties achievable with bottlebrush elastomers, we first outline the
basic principles of architectural control over mechanical pro-
perties. For a broad class of unentangled polymer networks, it
has been demonstrated®! that the stress—strain relation can be
expressed in universal form as:

(A’ —/lﬁ[lﬂ(l—%jj (1)

where I;(A)=A>+2/A corresponds to the first invariant for
uniaxial network deformation at a constant volume. Thus,
the elasticity of a bottlebrush network is effectively described
by two molecular parameters—i) the structural shear mod-
ulus (G = pksT /n,) characterized by the number of mono-
meric units in the network strand n,=n,(n./n,+1), and
ii) the strand elongation ratio at rest (8=(R%)/R}.) defined
as the ratio of the mean square end-to-end distance of a
network strand in the as-prepared elastomer and the square
of the length of a fully extended strand. Here, p—the
monomer number density, kz—the Boltzmann constant,
and T—absolute temperature. It is important to recognize
that B controls the strain-stiffening behavior required for
stable electroactuation. Unlike linear-chain systems (ng. = 0),
for which G and 8 depend only on crosslink density as ~n;’,

Ome ()=
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where C; and C, are numerical prefactors
on the order of unity (0.3 and 3.1 obtained
for our systems in Figure 3b) that account
for specific network compositions. From
Equation (2) and (3), we can draw several
important conclusions relevant to the per-
formance of DE actuators. First, bottlebrush
networks are softer than their entangled
linear-chain  counterparts, which allows
for larger actuator stroke at lower voltages.
Second, the additional architecture parameter
@ = ng/ng (molar fraction of the bottlebrush
backbone) allows for simultaneous reduction
of the modulus (G ~ ¢) and enhancement of
strain-stiffening (8 ~ ¢7'/?), which provides
an unexplored molecular-level approach for
tuning DE elasticity. Third, independent syn-
thetic control of ny, ny., and n, permits varia-
tion of DE mechanical properties over much
broader and previously inaccessible ranges as
demonstrated below.

Two series of bottlebrush elastomers with
poly(dimethylsiloxane) (PDMS) side chains
possessing n,. = 14 and 28 have been prepared
by photoinitiated radical polymerization of
monofunctional macromonomers in the pres-
ence of difunctional crosslinkers (Figure S2,
Supporting Information). All molecular char-
acteristics are summarized in Table 1. Unlike
previously reported synthetic strategies,[?
the method developed here allows one-step
preparation of different macroscopic shapes
at gel fractions of 91 + 4%. Figure 3a displays
stress—strain curves measured upon uniaxial
extension of PDMS bottlebrush elastomers
with ng = 14 (solid lines) and n, = 28 (long
dashed lines). All curves display the charac-
teristic strain-stiffening behavior due to finite
extensibility of the intrinsically extended bot-
tlebrush strands. As anticipated, the networks

Figure 2. Freestanding DE actuators. a) Deflection of a circular diaphragm (hy = 0.44 mm) with smaller n, fmd l'arger ngc display more
and b) uniaxial extension and lateral dilation of a tube (hy =0.80 mm and Dy =11 mm) are pronounced nonlinearity due to greater exten-
evident upon electroactuation with increasing voltage @ (Movie S1-4, Supporting Informa-  sion of the network strands (8 ~ \/n, n;"). The
tion). The numbers in (a) indicate field-induced areal expansion A, = A/Ay = ho/h under iso-  stress—strain curves in Figure 3a are fitted
choric conditions. The maximum strains achieved'in the diaphragm and tube actuators were using Equation (1) with the two parameters
£,=(A,—1)100% =300+£50% and 25+5%, respectively. Both samples employ.the same PD.MS introduced earlier: G and B (short dashed lines
bottlebrush elastomer (Table 1: ng. = 14, n, =1, n,=200). Larger tube elongations are possible . Fi 3a). Table 1 lists th 4G and
as seen in Movie S3 in the Supporting Information, which shows electroactuation (g, =32 + 5%) in Figure 3a). Table 1 lists the regresse an
of a softer tube (n, = 400). Bvalues, as well as the apparent modulus (G)
and elongation at break (A, ) measured at
bottlebrush elastomers allow for orthogonal control of mod-  small and high strains, respectively. In Figure 3b, the values of

ulus and extensibility through variation of the backbone G and f3 are plotted as a function of n;' (an effective measure
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fraction ngy/ny as Equation (2) and (3):° of crosslink density) and demonstrate excellent agreement with

the scaling relationships provided by Equation (2) and (3). Such

- pksT Mg agreement highlights the consistency of both the bottlebrush
G=C ~—En; (2)

My
Ny (nSc /1y +1) P architecture and the synthetic methods used to control it.
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Figure 3. Electroactuation of bottlebrush elastomers. a) True stress is presented as a function of uniaxial extension upon tensile deformation of bot-
tlebrush elastomers with different crosslink densities (n;") and side-chain DPs (n,.). The color-matched solid and long dashed lines correspond to the
sample series with ny. = 14 and 28, (corresponding n, values are indicated in plain and bold, respectively.) b) The shear modulus (G) and elongation
ratio (B) extracted from fitting the stress—strain curves in (a) with Equation (1) (short dashed lines) are plotted as a function of n;'. In accord with
theoretical predictions, both properties increase linearly with increasing crosslink density. From the corresponding slopes and the known values of
nsc=14,n,=1,and p=7.7 nm~ for PDMS, we obtain the numerical prefactors C; =0.3 and C, = 3.1 in Equation (2) and (3). ¢) Electroactuation of two
bottlebrush elastomers with the same network strand DP (n, = 200) and two different side-chain DPs: 14 and 28. The experimental data points display
favorable agreement with theoretical predictions (solid lines). The 10% offset in actuation is due to the biasing pressure P=5x 10 atm (Equation (4)).
d) The experimental elongation at break (A;a,ex) Of the bottlebrush elastomers with ny. =14 is linearly dependent on the initial strand elongation \/'F

(Equation (3)). Measurement error was calculated by taking the standard error of the mean from three measurements of uniaxial stress strain curves.

Taking a closer look at Figure 3a, it can be seen that all mate-  measured using the conventional diaphragm set-up pictured in
rials display relatively low moduli (1-10 kPa), relativley large  Figure 2a and described in detail elsewhere.! Bottlebrush elas-
extensions (up to 3.5), and enhanced strain stiffening response.  tomers make use of weak electric fields to achieve large actua-
These properties have direct implications for electroactuation,  tions, but with the price of relatively low tensile strength. This

Table 1. Structural parameters and mechanical properties of bottlebrush samples.

Sample ne no 10399 G9 [kPa] B Gy [kPa] Amac® Amagex”
Series 1 14 400 1.2 1.140.1 0.08 £0.01 1.2+0.1 3.74£0.2 3.5+0.3
14 200 2.5 2.8+0.1 0.1140.01 3.3+0.1 3.0+£0.2 29402
14 100 5.0 6.2+0.2 0.17 £0.01 8.1+0.1 2.4+0.1 21402
14 67 7.4 10.0 + 0.4 0.23 £0.01 15.0+0.2 21401 1.940.2
14 50 9.9 13.5+0.5 0.28 £0.02 22.0+0.3 1.940.1 1.5+0.1
Series 2 28 200 2.5 11401 0.23 £0.01 1.5+0.2 21401 2.4%0.1
28 100 5.0 1.8+0.1 0.25 +0.02 2.7+0.2 2.0+0.1 22401
28 67 7.4 2.0£0.1 0.30+0.02 3.4%0.2 1.8+0.1 1.9+0.1

ADegree of polymerization (DP) of the side chain (Figure 1b); P)Targeted DP of the backbone between crosslinks calculated from the mole fraction of the difunctional
crosslinker as n, =1/(2¢,) . Although the actual n, values may be larger due to incomplete conversion of the crosslinker moieties, precise control of the crosslink den-
sity as linearly proportional to ny! is accomplished (Figure 3b); “Mole fraction of crosslinker used in the synthesis; 9Structural shear modulus; ®Elongation of network
strands in as-prepared bottlebrush elastomers determined by fitting the stress—strain curves in Figure 3a with Equation (1); lApparent shear modulus measured as the
slope Gy =do /dA at small deformations (A —1); ®Maximum uniaxial extension calculated as \/F; MExperimentally measured elongation at break. All measurement
error was calculated by taking the standard error of the mean from three measurements of uniaxial stress—strain curves.
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is in agreement with one of the “golden rules” for elastomeric
materials, for which the engineering strength is inversely pro-
portional to extensibility O = GAma ~1/Amn. As shown in
Figure 3a, depending on the crosslink density, the mechanical
stress required to achieve large deformations of bottlebrush
elastomers may be two-three orders in magnitude lower than
the stress in conventional elastomeric materials. This discour-
ages the use of soft actuators for counteracting large sustained
loads at low strain. However, these materials are perfectly
suited for generating large actuations in low stress environ-
ments, using comparatively weak electric fields.

Figure 3c displays two characteristic examples of electroac-
tuation for bottlebrush elastomers with and without EMI (see
Figure S3 for more examples, Supporting Information). In
the first case, a PDMS bottlebrush elastomer with a short side
chain (ny = 14) and long strand (n, = 200) exhibits EMI, which
is evidenced by a drastic snap-through at a constant nominal
electric field ®/h, =7.6 V um™. Note that the elastomer survives
continued electroactuation from A™ =1.6 to A, =3.8 and
eventually undergoes dielectric breakdown at A’° =4.0 and a
true field of 33+5V um™ (Figure S4, Supporting Information).
Between A, = 3.8 and A’° =4.0, electroactuation is stabilized
by the finite extensibility of the network strands. The second
example considered here (without EMI) corresponds to an elas-
tomer with longer side chains (ny. = 28) and exhibits steady
voltage-controlled electroactuation over the entire extension
range until dielectric breakdown occurs at A" =3.2. In both
instances, the experimental data points are consistent with the-
oretical predictions (solid lines in Figure 3c and Equation (S4)
in the Supporting Information) given as:

PR 1

O] -12 2
P _A true l - T
ho (880) \/ < ( ) 4]10 JA =1

where £,=8.85x10""Fm™ is the dielectric permittivity of
vacuum, €=2.94£0.02 refers to the relative dielectric permit-
tivity of the elastomer (Figure S5, Supporting Information),
P =5 X 107* atm represents the blowing pressure to bias the
actuation direction, and R = 5 mm is the radius of the DE
membrane. In addition to governing the strain-stiffening
behavior, the parameter 8 predicts the maximum extensibility
of an ideal network as A = Ruw/{(RA) = \/ﬁ_ As evidenced
in Figure 3d and Table 1, the experimentally measured elon-
gation at break (Ap.ce) correlates reasonably well with the
predicted A, Note that, in our experiments (Figure 3a), the
Amaxex Values, ranging from 1.9 to 3.5, mostly exceed the break-
down elongation A™ =,[A*> =2 (Figure 3c).

In summary, we have developed a bottom-up synthetic
strategy of single-component DEs that enable moldable and free-
standing electroactuators by incorporating bottlebrush strands
in polymer networks. The effective actuation performance
(normalized by mass of the total actuator assembly) of these
materials are on par with skeletal muscle,3*] prestrained DEs,
and commercial piezoelectric, hydraulic, and shape memory
manipulators.59203435] Specifically, bottlebrush DEs generate
large strains > 300% and effective work densities =10 k] m™>
at electromechanical efficiencies of =50% (Equation (S7), (S8),
and (S9)) under relatively mild field conditions (<10 V pm™).
The molecular design approach developed here is independent

“)
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of chemistry and accesses a new range of freestanding actuation
properties from materials with traditionally modest electroactu-
ation performance (e.g., PDMS). The excellent baseline perfor-
mance and myriad of chain-end functionalities afforded by the
brush architecture open the use of bottlebrush elastomers as a
highly versatile platform for the creation of novel copolymers
and composites that undergo extreme changes in modulus,
elasticity, and density, and ultrasoft moldable elastomers from

physical networks for use in many soft-matter fields including

medicine, robotics, and dielectric actuators.[16-18]

Experimental Section

Materials  and ~ Synthesis:  Monomethacryloxypropyl-terminated
poly(dimethylsiloxane) (MCR-M11, with an average molar mass of
1000 g mol™"), monoaminopropyl-terminated poly(dimethylsiloxane)
(MCR-A12 with an average molecular mass of 2000 g mol™) and
o, -methacryloxypropyl-terminated  poly(dimethylsiloxane) (DMS-R18
and DMS-R22) with different average molar masses (5000 and
10000 g mol™, respectively) were purchased from Gelest. All
macromonomers were purified by passing through a basic alumina
column to remove the inhibitor. Methacryloyl chloride (purity >97%),
phenylbis(2,4,6-trimethyl-benzoyl) phosphine oxide, triethylamine, copper
chloride, Tris[2-(dimethylamino)ethyllamine (MegTREN), ethyl 2-bromo-
2-methyl propionate, dimethyl formaldehyde, tetrahydrofuran (THF),
p-xylene were purchased from Aldrich and used as received. All other
reagents and solvents were purchased from Aldrich and used without
further purification.

Elastomer Film and Tube Preparation: All elastomers were prepared
by a one-step polymerization of monomethacryloxypropyl-terminated
poly(dimethylsiloxane) (MCR-M11, 1000 g mol~', M12 2000 g mol™)
with different molar ratios of crosslinker (DMS-R18 and DMS-R22 for
making elastomers with M11 and M12, respectively), as listed in Table 1
of the main text. The initial reaction mixture contained 57 wt% of the
monomers (M11 or M12), 32 mg of phenylbis(2,4,6-trimethyl-benzoyl)
phosphine oxide as photoinitiator, and 9 g of p-xylene as a solvent. The
mixtures of monomer (M11 or M12), crosslinker, and photoinitiator in
p-xylene were degassed by nitrogen bubbling for 30 min. For preparation
of an elastomer film, the mixtures were injected between two glass
plates with different PDMS spacers measuring 0.25, 0.5, 1.0, and 3 mm.
The elastomer films were then polymerized at ambient temperature
under N, using a UV crosslinking chamber with a 365 nm UV lamp for
12 h (0.1 mW cm™, 10 cm distance). Elastomer tubes were prepared
by injection of the above mixtures between two concentric cylindrical
molds with inner and outer diameters of 9.5 and 12.5 mm respectively.
The cylinders were then allowed to polymerize at similar condition as
explained for elastomer film preparation. Films and tubes swelled in
chloroform in a glass petri dish. After each 8 h, the chloroform was
replaced with fresh chloroform to remove unreacted monomers.
Then, the samples were deswelled with ethanol and dried in an oven
at 50 °C oven. The conversion of monomers to elastomer (gel fraction)
was measured as 87-95 wt% from the ratio of the sample mass after
washing to that before washing.

Characterization: The conversion of PDMS macromonomer during
atom transfer radical polymerization was determined from'H NMR
spectra recorded in deuterated chloroform (CDCl; ) using a Briiker
400 MHz spectrometer. To measure monomer conversion in elastomers,
unreacted monomers were washed out by swelling the elastomers in
chloroform and deswelling in THF three times, followed by drying at
ambient temperature and fully drying at 50 °C. To investigate the basic
mechanical properties of the bottlebrush samples, the elastomer sample
films were punched into dumbbell samples with bridge dimensions of
12 mm x 2 mm X 1-2 mm. The samples were loaded into an RSA-G2
DMA (TA Instruments) and subjected to a constant Hencky strain rate
of 0.003 strain per second until rupture occurred. All bottlebrush films
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were subjected to triplicate testing to ensure accuracy of the data. The
resulting stress strain curves were then analyzed with Equation (1)
using Origin 2016 software. To investigate the disentangled nature (low
modulus rubber plateau) and highly elastic behavior of the bottlebrush
polymers, the frequency spectra of the dynamic moduli were measured
in a window of 0.01-100 rad s™' over a range of temperatures and
strains using a TA Instruments ARES-G2 rheometer (see the Supporting
Information for full details). The time-temperature superposition
principle was used to construct a master curve of modulus versus
frequency with a reference temperature of 298 K using the Williams—
Landel-Ferry equation (Figure S1a, Supporting Information).

Atomic force microscopy (AFM) images were produced by spin-
casting a 0.05 mg mL~' PDMS bottlebrush solution onto a cleaved mica
substrate at 2000 rpm for 1 min. Imaging of individual molecules was
performed in PeakForce QNM mode using a multimode AFM instrument
(Briiker) equipped with a NanoScope V controller. Silicon probes were
used with a resonance frequency of 50-90 Hz and a spring constant of
~0.4 N m. Dielectric measurements were conducted using a parallel-plate
setup on an Agilent 4294A impedance analyzer with the Agilent 16451B
sample holder. The maximum potential was 1.0 V and the frequency
was varied between 40 Hz and 1 MHz. The specimens were supported
with a 50 mm diameter stainless steel electrode on one side, and
a 5 mm diameter guarded electrode on the other. By determining the
impedance magnitude (Z) and phase angle (6) at various frequencies
(f) with the impedance analyzer, the measured capacitance Cyeas =
sin@/(|Z|2nf ), which describes the capacitance of a parallel resistor-
capacitor (RC) circuit, was obtained. The authors equated C,c,s with the
capacitance of a parallel-plate model Cpnog4el =€ £97D?/(4h) and solved
for € where ¢ is the dielectric permittivity, & is the dielectric permittivity
of vacuum (=8.85 x 107'2 F/m), D is the smaller electrode diameter,
and h is film thickness. The films were slightly compressed during the
dielectric constant measurements to ensure good contact between the
films and the electrode. The thicknesses of the films were taken to equal
the distance between the electrodes as determined using a micrometer
gauge. The experimental error in these measurements was primarily
due to errors in film thickness determination and was estimated to
be less than 10%. Electroactuation performance was studied using a
diaphragm actuator setup under prestrain-free experimental conditions.
The elastomer films were placed into an actuation frame between two
flat facing acrylic rings with a 10 and 20 mm circular opening for the
top and bottom ring, respectively. Two concentric circular carbon grease
electrodes were painted onto opposite sides of the film and connected
to an outside voltage source via copper tape. With the film trapped
between the acrylic rings, this assembly was then screwed on top of a
diaphragm chamber setup (Supporting Information). A bias air pressure
of 5x 10 to 5 x 107 atm (depending on the elastomer film thickness)
was controlled by a pressure regulator and applied such that, when the
DE films were actuated, they deformed out of plane to form a raised
dome shape. The low bias pressure was not sufficient to prestrain
samples before actuation. The active area of the DE films (where carbon
grease electrodes contact) was flat and circular with a diameter of
10.0 mm (before actuation). A high-voltage power supply (from Gamma
High Voltage Research Co.) was used to drive the actuators. During
actuation, increases in voltage were measured with a voltmeter. Images
and video of actuation were acquired using a camera (Canon T4i,
18-55 mm lens). The actuation strain was calculated from the new
film area as determined using side-profile images of the domes and
determining the dome geometry with Image] software. The reported
strain values are averages of three measurements for each particular
voltage. The nominal electric field was calculated by dividing the applied
voltage by the initial thickness of the elastomer film. The breakdown
field was calculated by dividing the applied voltage by the instantaneous
thickness of the elastomer film at maximum strain.

Supporting Information

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