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Electrical actuators were made from films of dielectric elastomers (such as 
silicones) coated on both sides wi th  compliant electrode material. When volt- 
age was applied, the resulting electrostatic forces compressed the fi lm in  
thickness and expanded it in  area, producing strains up t o  30 t o  40%. I t  is now 
shown that prestraining the fi lm further improves the performance of these 
devices. Actuated strains up t o  117% were demonstrated wi th  silicone elas- 
tomers, and up t o  215% with acrylic elastomers using biaxially and uniaxially 

13. Basal tractions have a significant effect on the total 
stress field only if horizontal path integrals of basal 
tractions are of the same order of magnitude as the 
vertically averaged horizontal stress times the thick- 
ness of the lithosphere (10 MPa x 100 km). 

14. We estimated the vertically averaged vertical stress, 
expressed as e, = 1/L JL, F,gpdzdz, where p is the 
density, h is the surface elevation, L is an average 
thickness of the lithosphere, which was chosen to be 
100 km here and was applied to the whole region as 
the scaling factor 1/L, and g is gravity (5, 11). Assum- 
ing local (Airy) isostatic compensation, e, was cal- 
culated assuming crustal and mantle densities of 
2750 kg/m3 and 3300 kg/m3, respectively. We also 
used the geoid anomaly to infer CPE variations (27). 
The geoid anomaly incorporates effects of lateral 
density variations in both the crust and mantle and is 
not de~endent on an assumed mechanism of com- 
pensation of topography. 

15. We used the CEOID96 model (28) and removed 
terms below degree and order 7 with a cosine taper 
to degree and order 11 (1 1,29), because of a signal in 
the geoid from heterogeneities deep within the man- 
tle (301. Followine the method of 1271, we calculated 
CPEestimates for the western united States using a 
column at sea level for reference. 

16. P. England and D. P. McKenzie, Ceophys. I.R. Astron. 
SOC.70, 295 (1982). 

17. The equation of steady state motion is Juglax. + pqf, = 
0, where p is density, g is gravity, 2, is the unii vector in 
the z direction, uv is total stress, and x is the j t h  
coordinate direction. We make two assum/ptions con- 
sistent with viscous fluid methodology: (i) that devia- 
toric stress can be averaged in the same fashion to the 
depth L (100 km) as un(14) and (ii) that tractions at the 
base of the lithosphere are negligible. Making these two 
assumptions, the horizontal-component force-balance 
equations condense to a/ax,(F,, + 8,pF,,) = -(aeJ 

is the = 7,+-= 7,whereax,), -T,,x,T, a 
coordinate direction. Fa@ is the deviatoric stress tensor, 

is the Krunecker delta function, and is the 
vertically averaged vertical stress (potential energy), 
which is used as input (6). 

18. We used the variational principle (31) to minimize 
the functional I= J,[?, ?,@ + (7 )2]dS + J ZA,[(d/ 
axp)(?, + a,@?, ) + beddx,)fJ~ with reipect t o  
tap,wiere S is &e area of Earth's surface being 
considered and A, is the Lagrange multiplier for 
the differential equation constraint (17), which 
yields the requirements that Tap = l/z[(dX,lJxp) + 
(JAplJx,)] and the vector A, = 0 everywhere on JS. 
Again using the variational principle, minimization 
of the functional 

prestrained films. The strain, pressure, and response t ime of silicone exceeded 
those of natural muscle; specific energy densities greatly exceeded those of 
other field-actuated materials. Because the actuation mechanism is faster than 
in  other high-strain electroactive polymers, this technology may be suitable for 
diverse applications. 

New high-performance actuator materials capa- demanding applications, such as mini- and mi- 
ble of converting electrical energy to mechani- crorobots, micro air vehicles, disk drives, flat- 
cal energy are needed for a wide range of panel loudspeakers, and prosthetic devices. 

Many types of candidate materials are under 
SRI International, 333 Ravenswood Avenue, Menlo investigation, including single-crystal piezo- 
Park, CA 94025, USA. electric ceramics ( I ) and carbon nanotubes (2). 
*To whom correspondence should be addressed. E- Electroactive polymers are of particular interest 
mail: pelrine@erg.sri.com because of the low cost of materials and the 
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ability of polymers to be tailored to particular 
applications. Within the general category of 
electroactive polymers, many different types 
are under investigation, including electrostric- 
tive polymers (3,4), piezoelectric polymers (3, 
and electrochemically actuated conducting 
polymers and gels (6-11). Most electroactive 
polymers excel in some measures of perfor- 
mance (such as energy density or strain) but are 
unsatisfactory in others (such as efficiency and 
speed of response). 

It has been well known for many years that 
the electric field pressure from free charges on 
the surface of all insulating materials induces 
stresses (Maxwell's stress) that strain.the mate- 
rial. Zhenyi el al. (4) showed that a largely 
noncrystalline polymer (polyurethane) could 
produce actuated strains of 3 to 4% using metal 
electrodes such as 20-nm-thick gold; they esti- 
mated that 10% of their observed strain re- 
sponse was due to Maxwell stress. More recent- 
ly, it has been suggested that Maxwell stress by 
itself can produce powerful electroactive re- 
sponses in certain elastomers (12, 13). This 
mechanism of actuation (Fig. 1) distinguishes 
dielectric elastomers from most electrostrictive 
polymers previously reported. A dielectric elas- 
tomer film, typically 10 to 200 pm thick, is 
coated on each side with a compliant electrode 
material (e.g., carbon-impregnated grease). 
When a voltage is applied across the two elec- 
trodes, the electrostatic forces compress and 
stretch the film. Compression of the film thick- 
ness brings opposite charges closer together, 
whereas planar stretching of the film spreads 
out or separates similar charges. Both changes 
convert electrical energy to mechanical energy 
and provide the actuation mechanism. 

The actuation mechanism illustrated in Fig. 
1 was previously shown to have high actuation 
pressures (0.1 to 2 MPa), fast response times 
(< 1 ms), and potentially high efficiencies (>SO 
to 90%) (12). A variety of elastomer materials 
have been investigated, including silicones such 
as NuSil Technology's CF19-2186 and Dow 
Coming's HS3. Peak strains of 32% (CF19- 
2186) and 41% (HS3) were demonstrated, with 
specific elastic energy densities up to 0.15 Jlg 
for CF19-2186 (12). 

We have now conducted experiments that 
demonstrate extraordinarily high strains, five to 
six times those previously reported, with higher 
pressures (up to 7 MPa) and energy densities 
about 23 times those described earlier. The 
improvement is due to the identification of a 
new dielectric actuator material (3M's VHB 
4910 acrylic) as well as the application of high 
prestrain in one planar direction, which enhanc- 
es electrical breakdown strength and causes the 
material to actuate primarily in the low-pre- 
strain planar direction. We also present data on 
applying higher prestrains to improve the per- 
formance of previously described silicones. 
Higher strains and actuation pressures can po- 
tentially be exploited to improve a wide range 

of existing actuator devices (e.g., pumps, mo- 
tors, robot actuators, generators, and flat-panel 
loudspeakers) as well as enable new applica- 
tions (e.g., small flapping-wing vehicles, life- 
like prosthetics, noise suppression devices, and 
biologically inspired robots). 

The compression and stretching modes of 
actuation are mechanically coupled for most 
elastomers because, at the stresses of interest, 
the elastomer volume is essentially fixed (tlie 
bulk modulus is much higher than the mod- 
ulus of elasticity Y). We can use our electro- 
static model to show that the effective com- 
pressive stress, p, compressing the film in 
thickness (13) is 

where E is the relative dielectric constant of 
the material, E,, is the permittivity of free 
space (8.85 X 10-l2 Flm), and E is the 
electric field (volts per meter). The effective 
compressive stress in Eq. 1 is twice the stress 
normally calculated for two rigid, charged 
capacitor plates, because in an elastomer tlie 
planar stretching is coupled to the thickness 
compression. We refer to the stress in Eq. 1 
as an effective stress because, strictly speak- 
ing, it is the result of both compressive stress 
acting in the thickness direction and tensile 
stresses acting in the planar directions. The 
compressive and tensile stresses are mechan- 
ically equivalent in a thin film to a single 
compressive stress acting in the thickness 
direction according to Eq. 1. 

For low strains (e.g., '<20%), the thick- 
ness strain S= can be approximated by 

For strains greater than about 20%, Eq. 2 is 
unsatisfactory because Y generally depends 
on the strain itself. The high actuated strains 
we observed require the modification of other 
conventional actuator material constitutive 
relations as well, even with an assumption of 
constant modulus. For example, the elastic 
strain energy density in an actuator material, 
t i ,  (a common parameter for comparing the 
output capabilities of actuator materials), is 
typically expressed as u, = Eps, = EYs;, 
but this formula assumes low strains. For 
high strains, the planar area over which the 
compression acts increases substantially as 

sure of performance might be the electrome- 
chanical energy density e, which we define as 
the amount of electrical energy converted to 
mechanical energy per unit volume of mate- 
rial for one cycle. The electromechanical en- 
ergy density can be written as 

(14), where p is the constant compressive 
stress. If we substitute p = Ys, on the right 
side of Eq. 3 and expand the logarithm for 
small sz, it follows that Ee = ti,, thus pro- 
viding a valid comparison between the high- 
strain, nonlinear materials discussed here and 
conventional low-strain energy density for- 
mulas for materials such as piezoelectrics. 

We tested many types of polymeric elas- 
tomer films. Here we focus on three promis- 
ing types: Dow Coming HS3 silicone, NuSil 
CF19-2186 silicone, and the 3M VHB 4910 
acrylic adhesive system (15). As noted above, 
results for the silicone films were reported in 
earlier publications, but new high-prestrain 
results using these polymers are reported 
here. 

Strain measurements were made with 
elastomer films stretched on a rigid frame. 
Compliant electrodes were stenciled with 
conductive carbon grease (Chemtronics Cir- 
cuit Works CW7200) on the top and bottom 
of the films. The active, electroded portion of 
the stretched film was small relative to the 
film's total area. Thus, the inactive portions 
of the film acted as a spring force on the 
boundaries of the active regions. When a 
voltage difference was applied between the 
top and bottom electrodes, the active region 
expanded while the inactive region contract- 
ed. Removing the applied voltages caused the 
reverse change. A digital video optical sys- 
tem was used to measure the actuated strain. 
Measurements were taken about 1 s after 
application of the voltage. The stretched film 
technique for measuring strains introduces 
some boundary constraints from the inactive 
portion of the film, but it circumvents the 
difficulty of trying to achieve free-boundary 
conditions with a soft flexible material (12). 

For an elastomer, the absolute strain under 
actuation depends on the prestrain. A more 
useful quantity is the relative strain under 
actuation: 

the material is com~ressed (12). For high- . , 
strain, nonlinear materials, where the corn- (actuated length) - (unactuated length) 

pressive stress is known, a more useful mea- (unactuated length) 

top and bottom surfaces) 
Voltage off Voltage on K x 

Fig. 1. The dielectric 
elastomers actuate by 
means of electrostatic 
forces applied via 
compliant electrodes 
on the elastomer film. 

www.sciencemag.org SCIENCE VOL 287 4 FEBRUARY 2000 



R E P O R T S  

The relative strain equals the absolute strain applied (Fig. 2). The expansion of the circle 
if there is zero prestrain in the film. The is equal in both x and y planar directions 
relative area strain is defined similarly, with because there is no preferred planar direction 
the active planar area replacing length in the for the film. By contrast, the linear strain tests 
above expression. 

Two types of strain tests were performed, 
circular (biaxial) and linear (uniaxial). In the 
circular tests, a small circular active region (5 
rnrn in diameter) was used to decrease the 
likelihood of a fabrication defect causing an 
abnormally low breakdown voltage. The film 
was stretched uniformly on the frame, and the 
circle expanded in area when a voltage was 

used a high prestrain in one planar direction 
and little or no prestrain in the other planar 
direction. High prestrain effectively stiffens 
the film in the high-prestrain planar direction, 
which causes the film to actuate primarily in 
the softer, low-prestrain planar direction and 
in thickness. Figure 3 shows a linear strain 
test. The relative strain was measured in the 
central region of the elongated (black) active 

Fig. 2. The circular strain test mea- Polymer f~lm 
sures the expansion of an actuated stretched on a 
circle on a larger stretched film. The 
photo shows 68% area expansion 
during actuation of a silicone film. electrode 

frame Voltage off Voltage on 

Voltage off Voltage on 

Fig. 3. (A and B) Linear strain test of HS3 -.. - L 
silicone film with a high horizontal prestrain 

--. 

for the field off (A) and on (B) with a field 
of 128 V/p,m; 117% relative strain was - 
observed in the central region of (8). (C and 
D) Activation of acrylic elastomers, produc- A 
ing about 160% relatlve strain, for the field - . *  - -  
off (C) and on (D); the dark area in (C) b I~ ' 

indicates the active region. 

I %! 

Table 1. Circular and linear strain test results. 

area, away from the edge constraints. 
The circular test results for three elas- 

tomers under different conditions of prestrain 
are given in Table 1. The peak relative area 
strain was measured directly, and the relative 
thickness strain was calculated from the con- 
stant volume constraint. The breakdown field 
was calculated from the known voltage and 
the measured film thickness (corrected for the 
given relative thickness strain). No attempt 
was made to minimize voltage with these 
relatively thick films, and voltages were typ- 
ically 4 to 6 kV. Thinner films generally yield 
lower but comparable performance at lower 
voltage. For example, preliminary measure- 
ments showed 104% relative area strain at 
980 V using a thinner acrylic film. The elec- 
tromechanical energy density e was estimated 
from the peak field strength (Eq. 1) and the 
relative thickness strain. The value Yze is 
listed in Table 1 for convenient comparison 
to conventional elastic energy densities avail- 
able for other actuator materials. 

As indicated by the values, the VHB 4910 
acrylic elastomer gave the highest perfor- 
mance in terms of strain and actuation pres- 
sure. Extensive lifetime tests have not been 
made, but acrylic films have been operated 
continuously for several hours at the 100% 
relative area strain level with no apparent 
degradation in relative strain performance. 
However, the acrylic elastomer has relatively 
high viscoelastic losses that limit its half- 
strain bandwidth (the frequency at which the 
strain is one-half of the I-Hz response) to 
about 30 to 40 Hz in the circular strain test. 
By comparison, HS3 silicone has been used 
for prototype loudspeakers at frequencies as 
high as 2 to 20 kHz (16, 17). The actuation of 
CF19-2186 silicone, albeit at lower strains 
and fields than reported here, has been mea- 
sured directly via laser reflections with full 
strain response up to 170 Hz (resonance ef- 
fects prevented measurement at higher 
speeds) (12). The only apparent fundamental 
limits on actuation speed are the viscoelastic 
losses, the speed of sound in the material, and 
the time to charge the capacitance of the film 
(electrical response time). 

The strains in the linear strain test can be 
quite large, up to 215% for the VHB 4910 

Actuated Actuated Field Effective Estimated acrylic adhesive (Table 1). The VHB 4910 
Material Prestrain relative relative strength compressive 

(x,y) (%) thickness area strain ' h e  acrylic elastomer, when undergoing - 160% 
strain (%) (Oh) (MVIrn) 

(MPa) 
(MJlm3) strain in a linear strain test, exhibited buck- 

ling (the vertical wrinkles in Fig. 3D) that 
Circular strain was not seen in properly stretched silicone 

HS3 silicone (68,681 48 93 110 0.3 
41 69 72 0.13 

Oeog8 films. Buckling indicates that the film is no 
(14,14) 

CF19-2186 silicone (45,45) 39 64 350 3.0 : longer in tension in the horizontal direction 

(15,15) 25 33 160 0.6 0.091 during actuation, and that the overall relative 
VHB 4910 acrylic (300,300) 61 158 412 7.2 3.4 thickness strain is greater than indicated by 

(15.15) 29 40 55 0.13 0.022 measurements of the electrode boundaries. 
Linear strain That is, the relative strain numbers for VHB 

HS3 (280,o) 54 117 128 0.4 
CF19-2186 (1 00,o) 39 63 181 0.8 

4910 in Table 1 may be undervalued. 
0.2 

VHB 4910 (540,75) 68 215 239 2.4 1.36 The dielectric elastomer films presented 
here appear promising as actuator materials 
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because their overall performance can be 
good. The available literature indicates that 
the actuated strains of silicone are .-greater 
than for any known high-speed electrically 
actuated material (that is, a bandwidth above 
100 Hz). Silicone elastomers also have other 
desirable material properties such as good 
actuation pressures and high theoretical effi- 
ciencies (80 to 90%) because of the elas- 
tomers' low viscoelastic losses and low elec- 
trical leakage (12). 

The VHB 4910 acrylic adhesive appears 
to be a highly energetic material. The energy 
density of the acrylic adhesive is three times 
that reported for single-crystal lead-zinc nio- 
batellead titanate (PZN-PT) piezoelectric 
(about 1 MJ/m3) ( I ) ,  itself an energetic new 
material with performance much greater than 
that of conventional piezoelectrics. The den- 
sity of both the silicones and the acrylic 
adhesive is approximately that of water and 
about one-seventh that of ceramic piezoelec- 
tric materials. Hence, the energy density of 
the acrylic adhesive on a per-weight basis 
(the specific energy density) is about 2 1 times 
that of single-crystal piezoelectrics and more 
than two orders of magnitude greater than 
that of most commercial actuator materials. 

Potential applications for dielectric elas- 
tomer actuators include robotics, artificial 
muscle, loudspeakers, solid-state linear ac-
tuators, and any application for which high- 
verformance actuation is needed. A varietv of 
actuator devices have been made with the 
silicone elastomers, including rolled actua-
tors, tube actuators, unimorphs, bimorphs, 
and diaphragm actuators (12, 18, 19). Their 
performance is promising, but most of this 
work did not exploit the benefits of high 
prestrain or the new acrylic material. We 
have built an actuator using 2.6 g of stretched 
acrylic film that demonstrated a force of 29 N 
and displacement of 0.035 m, a high mechan- 
ical output for such a small film mass. The 
very high strains recently achieved suggest 
novel applications for shape-changing devic- 
es, and the specific energy density of the 
acrylic adhesive is so high that, if it could be 
realized in a practical device, it could replace 
hydraulic systems at a fraction of their weight 
and complexity. However, practical applica- 
tions require that a number of other issues be 
addressed, such as high-voltage, high-effi- 
ciency driver circuits, fault-tolerant elec-
trodes, long-term reliability, environmental 
tolerances, and optimal actuator designs 
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Two-Dimensional Electronic 

Excitations in Self-Assembled 


Conjugated Polymer 

Nanocrystals 


R. 0sterbacka,* C. P. An, X. M. Jiang, Z. V. Vardeny? 

Several spectroscopic methods were applied t o  study the characteristic prop- 
erties of the electronic excitations in  thin films of regioregular and regiorandom 
polythiophene polymers. In the regioregular polymers, which form two-dimen- 
sional lamellar structures, increased interchain coupling strongly influences the 
traditional one-dimensional electronic properties of the polymer chains. The 
photogenerated charge excitations (polarons) show two-dimensional delocal- 
ization that results in  a relatively small polaronic energy, multiple absorption 
bands in  the gap where the lowest energy band becomes dominant, and as- 
sociated infrared active vibrations wi th  reverse absorption bands caused by 
electron-vibration interferences. The relatively weak absorption bands of the 
delocalized polaron in  the visible and near-infrared spectral ranges may help t o  
achieve laser action in  nanocrystalline polymer devices using current injection. 

Self-assembled organic semiconductor poly- 
mers with suprarnolecular two-dimensional 
(2D) structures are of interest (1-11) because 
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the traditional one-dimensional (ID) electronic 
properties of the T-conjugated polymer chains 
can be modified by the increased interchain 
coupling. The regioregular (RR)-substituted 
polythiophene polymers (7) such as poly(3- 
alkylthiophene) (P3AT), in which the alkyl side 
groups are attached to the third position of the 
thiophene rings in a head-to-tail stereoregular 
order (Fig. IA), form thin films with nanocrys- 
talline larnellae (6 ) ,resulting in relatively high 
hole mobilities of 0.1 cm2 V-' s-' (8-1 1). 
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