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voltages (100–300 V) can be achieved by using much thinner 
elastomer films (3 μm),[14] but such films are very fragile and 
difficult to manipulate to create structures. The development 
of multilayer actuators has improved robustness[15] but as the 
thickness of the individual layers approaches the thickness of 
the electrodes, their combined stiffness limits the attainable 
actuation strains. Decreasing the thickness of the electrodes 
then becomes necessary but this has proven difficult for sili-
cone actuators because silicones, having low surface energies, 
adhere poorly to most other materials. Furthermore, good adhe-
sion between the individual electrodes and elastomer layers in 
the multilayer is necessary to prevent delamination. Hitherto, 
the most reliable electrodes for silicone based actuators have 
been physical dispersions of carbon black particles in silicone 
but these are much stiffer than the silicone itself and invariably 
have appreciable thickness (>1 μm).[16–18] By comparison, acrylic 
elastomers are most often good adhesives and can incorporate a 
wider variety of conductors with minimal increase in stiffness, 
including conductive powders such as carbon black and silver 
nanowires.[19,20] As will be shown in this work, certain acrylic 
compositions can readily incorporate single wall carbon nano-
tube (SWCNT) mattes so the electrodes can be much thinner 
and still provide percolative electrical conduction. The acrylic 
elastomers also have sufficient adhesion between the layers to 
build mechanically robust multilayer devices.

In this work, we describe a combination of materials and 
multilayer fabrication method that overcomes these existing 
limitations, namely the need for prestretch and the high actua-
tion voltage. Moreover, the combination of materials and the 
method provides the opportunity to create novel actuator struc-
tures through the design and placement of the electrodes. 
These outcomes become possible when, as achieved in this 
work, the electrode thickness is sufficiently small that the elec-
trodes do not significantly alter the thickness or the stiffness 
of the elastomer layers. Our approach is to start with an acrylic 
composition that can be spin cast as a liquid, and then UV 
cured. The base acrylic composition has already been shown to 
be capable of actuation without prestretch[12] and several modi-
fications are introduced in this work. The acrylic compositions 
also have sufficient inherent adhesion that an ultrathin matte 
of SWCNTs[21] can be transferred directly onto it through a 
mask to create compliant electrodes. A new elastomer layer can 
then be spun coat on top, UV cured and the process repeated 
to create the desired number of multilayers. The step-by-step 
fabrication process is presented in Figure 1a. As shown in this 
work, the fabrication process can be modified to program com-
plex actuator motions through simple geometric changes in 
electrode design, something that is not achievable using more 
traditional methods and materials.

Dielectric elastomers are a class of versatile transducers that 
hold great promise for muscle-like soft actuators,[1,2] due to 
their ability to convert electrical into mechanical energy and 
vice versa.[3,4] The simplest device consists of a thin elastomer 
sheet sandwiched between two compliant electrodes. In the 
actuation mode, a voltage is applied to the electrodes and the 
attractive Coulombic force between the opposing charges com-
presses the elastomer causing it to expand in the direction per-
pendicular to the applied electric field. More complex shape 
changes can be produced by combining with other passive 
structures to produce out of plane actuation.[5] The simplest 
example is a cantilever beam where the dielectric elastomer 
actuator (DEA) is attached to a passive layer to create a uni-
morph whose deflection and blocked force are dependent on 
the applied voltage. Other more complex, voltage controlled 
shape changes have been demonstrated, such as tunable 
lenses,[6] soft electroadhesive grippers,[7] and transparent loud-
speakers,[8] but the unimorph is a simple actuator that can be 
used to compare different materials and configurations.

Despite their intrinsic simplicity, DEAs have two major limi-
tations that prevent their wider adoption. The first is the need 
for prestretching of the elastomer in order to attain large actua-
tion strains.[9] By prestretching, the well-established electrome-
chanical instability is suppressed and higher actuation voltage 
can be attained before dielectric breakdown occurs.[10] However, 
prestretching is typically achieved with the use of a rigid frame, 
which in turn limits the integration of DEAs with other soft 
components. Some progress has been made to devise elastomer 
compositions, such as ones consisting of two interpenetrating 
polymer networks (IPNs).[11] In these network materials, the 
first elastomer is prestretched, then a second, interpenetrating 
polymer network is cross-linked throughout the first. When 
the first elastomer is released, the internal tensile stress is bal-
anced by the compressive stress in the second network, and the 
elastomer retains some of the prestretch without using a rigid 
frame. Another approach that has shown some advantages 
is to manipulate the composition to create a rapid stiffening 
behavior above a certain stretch value, suppressing the onset of 
electromechanical instability.[12]

The second major limitation of DEAs is the high voltage typi-
cally required for actuation (≈100 V μm−1).[13] Smaller actuation 
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Three different acrylic liquid oligomers were investigated: 
A (CN9021), B (CN9014), and C (CN9018). The first is the same 
as previously investigated by Niu et al.,[12] whereas B and C 
have not previously been used as dielectric elastomers. Each of  
the oligomers can be cross-linked using 1,6-hexanediol diacrylate 
(HDDA) and can be UV cured. To demonstrate the viability 
of this approach, unimorphs have been fabricated by building 
up the multilayers, then attaching a thin Mylar sheet, which 
serves as the passive layer. Evaluation of the unimorph charac-
teristics as well as of the elastomers and the adhesive strength 
of the layers are described in the following section. These 
include experiments of the unimorph frequency response 
demonstrating the bandwidth can be controlled by composi-
tion. Improvements in actuator bandwidth are necessary for 
acrylic-based DEAs, to compete with silicone elastomers in 
terms of actuation response speed.[6,22]

Strong adhesion between the elastomer and electrode layers 
is an essential requirement for multilayer device fabrication. 
All the formulations investigated, over a range of 0%–15% by 
mass of HDDA cross-linker, had sufficient adhesion to com-
pletely transfer SWCNT networks at concentrations as high as 
22.5 mg m−2. The adhesion strength, quantified using a pull 
off test, was found decrease slightly with cross-linker concen-
tration (Figure 2a). The most adhesive was elastomer A without 
any cross-linker. For this reason, it was used throughout this 
work as the base for building multilayers by spin coating on a 
polyethylene terephthalate glycol (PETG) support wafer. Cross-
sections of the multilayers indicated that there was good layer 
uniformity, as illustrated in the confocal image of Figure 1b, 
for a 12-layer structure using elastomer A as base and eleven 
layers of 10% HDDA cross-linked precursor B. In this example 
the average layer thickness was 37.7 ± 1.6 μm without SWCNT 
electrodes. The SWCNT electrodes were difficult to discern by 
confocal imaging making measurements of their thickness 
unreliable but they were estimated to be <100 nm thick. The 
presence of the SWCNT electrodes decreased the adhesive 
strength between the elastomer layers as the concentration of 
the SWCNT increased (Figure S2, Supporting Information) but 
no delamination was observed in any of the unimorph tests. 
Furthermore, the adhesive failure always occurred within the 

elastomer impregnated SWCNT layer, leaving SWCNT on both 
of the separated surfaces.

Tensile testing of the elastomers, shown in Figure 2b, indicated 
that all of them had similar nonlinear strain stiffening behavior. 
Elastomer B is significantly stiffer than either A or C, while C 
has higher elongation at failure than A. As expected, the 
effect of cross-linking is to increase the elastic modulus at the 
expense of the stretch to failure. More importantly, as shown 
in Figure  2c, the stress–strain response is nearly identical 
for a single elastomer layer, compared to a multilayer absent 
any electrodes and a multilayer with SWCNT electrodes. The 
data clearly show that the presence of the electrodes in these 
multilayers neither increases the stiffness of the multilayers 
nor affects the attainable stretch to failure.

As mentioned earlier, the work of Niu et al. showed that 
voltage controlled actuation of the elastomer A could be 
achieved without prestretching. We have found that all three 
of the elastomers studied also show actuation without pre-
stretching. The results, obtained under biaxial conditions for 
single layer actuators, are shown in Figure S1c (Supporting 
Information).

To evaluate the actuation performance of the multilayers 
in a unimorph configuration, measurements were made of 
the blocked force, the free-end displacement, and the actuator 
bandwidth of unimorphs all having the same dimensions 
(20 mm long and 5 mm wide). The energy density of the actua-
tors was estimated as FBδ/2m, where FB is the blocked force, δ 
is the displacement, and m is the mass of the actuator. Similarly, 
the power density was estimated as the product of the energy 
density and the actuator bandwidth. The three different elasto-
mers with 10% cross-linker were each made into 12 layer uni-
morphs consisting of individual layers each ≈30 μm thick. At 
low frequencies, the end displacement was independent of fre-
quency but at higher frequencies, the peak-to-peak end displace-
ment decreased. The frequency at which the peak-to-peak dis-
placement decreased sharply with frequency was identified as 
the maximum bandwidth of the actuator. Elastomers made with 
elastomer A had the highest energy density, while B and C had 
significantly higher bandwidths, and therefore higher power 
densities (Table 1). The specific dependence of displacement 
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Figure 1.  a) Schematic of the assembly process for multilayer dielectric elastomers incorporating SWCNT electrodes. b) Confocal microscopy image  
of the cross-section of a 12-layer stack made using elastomer B with 10% HDDA cross-linker. The fracture markings obscure some of the elec-
trode layers.
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on actuation frequency is shown in Figure 3b. From measure-
ments of the electrical current during actuation, the time to 
charge each of the multilayers was found to be similar, being in 
the 1–10 ms range, suggesting that the bandwidth differences 
were due to different viscoelastic responses of the elastomers 
rather than being an electrical time constant for the RC circuit  
containing a resistor (R) and a capacitor (C). In addition, 
measurements of blocked force in three, five, and seven-layer 
unimorph actuators showed a linear dependence of the force 

on the number of layers in the device (Figure 2d), consistent 
with simple mechanics models.

The multilayer fabrication method was effective at low-
ering the actuation voltage. For example, a unimorph made 
with 25 μm single layers deformed significantly with voltages 
of 1–2 kV (Figure 3a), a value at the low range of actuation 
voltages reported thus far.[10] Occasionally, it was found that 
even lower actuation voltages (≈600 V) could be obtained with 
thinner elastomers but this was not reproducible because of the 

Adv. Mater. 2016,  
DOI: 10.1002/adma.201601842

www.advmat.de
www.MaterialsViews.com

Figure 2.  a) Adhesive force required to separate a flat sheet of polytetrafluoroethylene (PTFE) from a pristine layer of elastomer as a function of the 
type of prepolymer and cross-linker concentration. b) Stress versus stretch curves for different elastomers without any HDDA cross-linker. c) Stress 
versus stretch curves for elastomer A with 10% cross-linker in three different configurations: single layer, six-layer multilayer, and six-layer multilayer 
with SWCNT embedded electrodes. The thickness of each test sample was the same (≈90 μm). d) Blocked force as a function of number of elastomer 
layers of equal thickness (70 μm layers, elastomer A with 10% HDDA) at the three different voltages indicated.

Table 1.  Unimorph performance for devices built from 12 layers of elastomer of 40 μm each. The unimorph width was 5 mm and the length was 20 mm, 
weighing ≈50 mg, while the actuation voltage was 4 kV. Three actuators were tested for each precursor type, all tests were performed five times.  
The fastest actuator in each configuration was used to determine the resonant frequency.

Precursor type Blocked force [mN] Maximum displacement [mm] Maximum bandwidth [Hz] Energy density [J kg−1] Maximum power density [W kg−1]

A 16.9 ± 1.0 12.0 ± 0.3 1 2.04 ± 0.12 2.04 ± 0.12

B 12.5 ± 0.9 15.6 ± 0.4 10 1.95 ± 0.10 19.5 ± 1.01

C 11.1 ± 0.6 12.6 ± 0.4 30 1.42 ± 0.08 42.6 ± 2.42
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unavoidable presence, at least in our experiments, of air borne 
particulates. Indeed, the total number of layers will be limited 
by the process tolerance to prevent defects in the elastomer, 
since dielectric breakdown in any one layer can lead to break-
down of the multilayer device through an electrical short.

The fabrication method also enabled us to devise more com-
plex, and programmable, actuation actions into a single device. 
This is illustrated in Figure 3c where, by varying the pattern of 
electrodes between different layers, we created a multimorph 
actuator capable of nine different deformation modes when 
different electrodes were powered. The multiple degrees of 
freedom were built in by controlling the geometries and elec-
trical connection paths of each of the four electrodes. Three 
actuation modes are shown in Figure 3c, while the full capa-
bilities are captured on video and presented in the Supporting 
Information. While the multimorph presented is quite basic, 
the principle behind it can be used to create much more com-
plex motion, beyond traditional DEA architectures.

We have demonstrated that the performance of DEAs 
(maximum strain, energy density, and actuator bandwidth) can 
be tuned by controlling both the choice of elastomer precursor 
and the cross-linker concentration. The cross-linking concen-
tration increased the stiffness, reduced the maximum elonga-
tion before failure, and decreased the adhesive strength of the 
elastomers. The Young’s modulus for elastomer B without any 

HDDA cross-linker (0.66 MPa) was almost an order or magni-
tude higher than elastomer A (0.1 MPa). Meanwhile, precursor 
C had similar stiffness, but slightly larger extension range, 
without being as adhesive. Between the three precursors and 
the ability to vary cross-linker density, the range of mechanical 
properties for acrylic elastomers that actuate without prestretch 
is greatly expanded. The unimorph actuator testing revealed 
that the novel oligomers, elastomers B and C, offered addi-
tional advantages over previous compositions. The increase in 
resonant frequency from 1 (for A) to 30 Hz (for B) confirmed 
that tailoring the material composition could overcome some of 
the known drawbacks of acrylic elastomers such as slow actua-
tion speed.[23] The energy densities were comparable to other 
multilayer geometries,[15] but the power densities reported here 
broaden the range of potential applications.

The combination of liquid acrylic oligomers, UV curing, 
and the intrinsic adhesiveness of the acrylics together with 
standard spin coating, patterning, and dry transfer of SWCNT 
by stamping enables the fabrication of multilayer dielectric 
elastomer devices. This is exemplified in this work by the fab-
rication of multilayer unimorphs. The significance of this work 
is that the combination of materials and processing enables two 
of the current technical limitations of DEAs to be overcome. 
Specifically, the compositions studied remove the requirement 
that the elastomer has to be prestretched. The use of a liquid 
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Figure 3.  a) Images of a 12-layer elastomer A with 10% HDDA in a unimorph configuration at six different applied voltages. The grid spacing in the 
background is 5 mm. b) End displacement of the unimorph as a function of frequency actuated at 4 kV. c) Schematic of electrode patterns used to 
make a simple 2 × 2 multimorph actuator. (i) Photograph of an eight layer, elastomer A with 10% HDDA multilayer unimorph with voltage applied 
to segment A, (ii) voltage applied to segment B, and (iii) voltage applied to all segments. Actuation voltages are 3.75 kV.
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precursor that can be UV cured after each layer enables thinner 
elastomer layers to be obtained, decreasing the voltage required 
for actuation. The thickness of the individual layers can be 
determined by control of the spin coating process and the vis-
cosity of the liquid. Thinner SWCNT electrodes decrease the 
effective electrode stiffness that, in turn, increases the attain-
able actuation strain for a given applied voltage. The natural 
adhesion of the acrylics increases the reliability of the stamping 
of the SWCNT as well as adhesion to a wider range of substrate 
materials. Furthermore, the ability to create the electrodes by 
stamping (or spraying) facilitates patterning of the electrode 
geometries, including doing so at different positions in the 
multilayer structure. Unimorphs fabricated exhibit similar 
blocked forces and energy densities as have been reported but 
at lower actuation voltages. A simple 2D actuator is demon-
strated illustrating the potential of electrode patterning. Overall 
the process can be tuned to fabricate versatile devices, in which 
the number, thickness, planar geometry, electrode coupling, 
and chemical nature of the layers can be manipulated to design 
actuators for specific applications. The multimorph actuator 
highlights a novel approach to creating smart programmable 
materials capable of multiple degrees of freedom from limited 
inputs. Beyond improving DEAs, we consider the combination 
of acrylic elastomers and stretchable carbon nanotube network 
electrodes to be a materials platform technology, applicable to 
other areas, such as stretchable sensors, soft sensor-actuator 
combinations, soft electroadhesives to name a few.

Experimental Section
The elastomer oligomers used (CN9021, CN9014, and CN9018) were 
obtained from Sartomer Company (Exton, PA) and the cross-linker 
HDDA was procured from Sigma-Aldrich (St. Louis, MO). The detailed 
compositions are reported in the Supporting Information. Evaluation of 
the mechanical and electrical properties of the elastomer and electrodes 
was based on standards from the American Society for Testing and 
Materials (ASTM) or current DEA standards.[24] The CN9021 oligomer (A) 
was the basis for the composition reported by Niu et al.,[12] while CN9014 
(B) and CN9018 (C) are being presented for the first time. A schematic of 
the multilayer assembly process is depicted in Figure 1c. The multilayer 
devices were made through consecutive elastomer spin coating, UV 
curing, and electrode transfer steps. The oligomers were spun coated 
onto PETG-modified substrates in a Model WS-650MZ-23NPP/LITE spin 
coater from Laurell Technologies Corporation (Figure 1c, steps A, B). UV 
curing was performed in an Ever Bright Printing Machine Fty. Ltd that has 
a peak output at 365 nm. The electrode mask was laser cut from Mylar 
silicone-coated to minimize adhesion to the elastomers (step C). The 
SWCNT were directly transferred onto the UV cured acrylic elastomers 
through the mask (steps D, E, F). The spin coat, cure, and electrode 
transfer process were repeated to produce the desired number of layers 
(an example four layer device is shown in step G). The devices were 
laser cut (Versalaser, CO2 60 W) from the multilayer stack. The electrode 
size was limited by the size of available PTFE filters used to transfer the 
SWCNTs. Multiple filters were used to make electrodes with features 
larger than the dry SWCNT matte diameter of 30 mm.

The unimorph actuators, fabricated by depositing the multilayers 
on a stiff sheet of Mylar (12.5 μm thick) in a cantilever configuration: 
20 mm long and 5 mm wide. The thickness was 0.05–1 mm, depending 
on the number of layers coated and the spin coating conditions. Mylar 
was selected as it has a relatively large Young’s modulus (1 GPa) and 
little thickness variability. The actuation power source was a TREK Model 
610E. The blocked force was measured with a Futek 50 g load cell in 

contact with the free end of the unimorph actuator. Similarly, images 
of flexural displacement of the end of the unimorph were recorded as 
a function of applied voltage. The end displacements were determined 
from photos or videos (180 frames s−1) using ImageJ software. The 
actuation bandwidth was determined by applying an alternating current 
from a Wavetek 75 Arbitrary Waveform Generator and measuring the 
peak-to-peak time-averaged displacement. A multimorph actuator was 
made as shown in Figure 3b: the power electrode was separated into two 
segments, as was the ground electrode. By rotating the power electrodes 
by 90° relative to the ground electrodes it was possible to create four 
zones that could be actuated independently.

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