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Physical ingredients: Bending…
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… but also stretching
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Shell on a sphere
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stretching :

Shell on a sphere
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Shell on a sphere
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Open questions: a > amax ?
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Bilayer shells

drying easter lily pollen grain

E. Katifori, J. Dumais et al. (2010)

bilayer elastomer shell

Miguel Trejo, Matteo Pezzulla, Doug Holmes, Étienne Couturier

Open question: isometric transformation?



Drying slice of fresh wood

Aurélie Vissac (Amàco)  & Pascal Oudetvimeo.com/144342962



Dervaux & Ben Amar PRL (2008)

fast growth

slow growth

Non-uniform swelling/growth



Non-uniform swelling/growth

Eran Sharon’s group: swelling gradients

Y. Klein, E. Efrati, E. Sharon, Science (2007)



Ryan Hayward’s group: half tone gel lithography

J. Kim et al., Science (2012)

Non-uniform swelling/growth
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Engineering applications ?

Kofod & Wirges, APL (2007)

The relative strain equals the absolute strain
if there is zero prestrain in the film. The
relative area strain is defined similarly, with
the active planar area replacing length in the
above expression.

Two types of strain tests were performed,
circular (biaxial) and linear (uniaxial). In the
circular tests, a small circular active region (5
mm 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

applied (Fig. 2). The expansion of the circle
is equal in both x and y planar directions
because there is no preferred planar direction
for the film. By contrast, the linear strain tests
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

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 1⁄2e 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 1-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
acrylic adhesive (Table 1). The VHB 4910
acrylic elastomer, when undergoing !160%
strain in a linear strain test, exhibited buck-
ling (the vertical wrinkles in Fig. 3D) that
was not seen in properly stretched silicone
films. Buckling indicates that the film is no
longer in tension in the horizontal direction
during actuation, and that the overall relative
thickness strain is greater than indicated by
measurements of the electrode boundaries.
That is, the relative strain numbers for VHB
4910 in Table 1 may be undervalued.

The dielectric elastomer films presented
here appear promising as actuator materials

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

Fig. 3. (A and B) Linear strain test of HS3
silicone film with a high horizontal prestrain
for the field off (A) and on (B) with a field
of 128 V/"m; 117% relative strain was
observed in the central region of (B). (C and
D) Activation of acrylic elastomers, produc-
ing about 160% relative strain, for the field
off (C) and on (D); the dark area in (C)
indicates the active region.

Table 1. Circular and linear strain test results.

Material Prestrain
(x,y) (%)

Actuated
relative

thickness
strain (%)

Actuated
relative

area strain
(%)

Field
strength
(MV/m)

Effective
compressive

stress
(MPa)

Estimated
1⁄2e

(MJ/m3)

Circular strain
HS3 silicone (68,68) 48 93 110 0.3 0.098

(14,14) 41 69 72 0.13 0.034
CF19-2186 silicone (45,45) 39 64 350 3.0 0.75

(15,15) 25 33 160 0.6 0.091
VHB 4910 acrylic (300,300) 61 158 412 7.2 3.4

(15,15) 29 40 55 0.13 0.022
Linear strain

HS3 (280,0) 54 117 128 0.4 0.16
CF19-2186 (100,0) 39 63 181 0.8 0.2
VHB 4910 (540,75) 68 215 239 2.4 1.36
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strains npre ¼0, 40%, 80%, and 108%, respectively. All four
actuators worked well, from the largest actuation strain of
35.8% under a pre-strain of npre ¼0.4, to the smallest actua-
tion strain of 28.6% under no pre-strain (Fig. 4(a)). When the
applied pre-strain was too large, however, the fibers buckled,
and the actuator would gradually lose the advantages of
using a fiber-stiffened elastomer (Fig. 4(b)).

Our finding that a large axial strain can be achieved
even without any mechanical pre-strain is of practical im-
portance to the development of dielectric elastomer actua-
tors. It also considerably simplifies the fabrication of
dielectric actuators since there is no need to incorporate
structural elements and designs for creating and maintain-
ing large pre-strains in the elastomer material. In addition,
it is also anticipated that larger actuation strains will be
achievable once the fiber spacing, diameter, and stiffening
have been optimized.

In summary, we have shown that cylindrical actuators
made of fiber-stiffened elastomer sheets produce large uniax-
ial actuation, even without pre-straining. Furthermore, the
actuation strains are independent of the aspect ratio of the
cylinder, so that both large actuation strains and large actua-
tion displacements are readily achievable using long cylin-
ders. By contrast, without the fiber stiffening, large actuation
strains are only achievable when the applied force is small
and when the length of the cylinder is small compared with
the diameter of the cylinder. Fiber-stiffened dielectric elasto-
mers are an unusual “product” composite material in that the
fibers not only amplify the attainable deformation when an
electric field is applied but also suppress electrical break-
down in their immediate vicinity. Also, although the empha-
sis of the current contribution has been on the use of fibers to
create local stiffening, it is anticipated that other means of
directional stiffening and enhancing actuation can be real-
ized. These might include laminating a dielectric elastomer
with a passive material of anisotropic stiffness, as well as
producing anisotropic dielectric elastomers through molecu-
lar engineering.

The work was supported by DARPA (W911NF-10-1-0113)
and by the MRSEC at Harvard under award DMR-080484. Lu
is a visiting scholar at Harvard University sponsored by
the China Scholarship Council.
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FIG. 3. Actuation of cylinders made of fiber-stiffened elastomer sheets.
(a)–(c) Schematics and the photographs of fiber-stiffened cylindrical actua-
tor in the reference state, the prestretched state, and the actuated state. (d)
Under a constant force of P ¼ 767 g and a prestrain of 80%, the electric
actuation strains were measured for cylinders of two different lengths L
¼ 4 cm and 10 cm.

FIG. 4. (a) The voltage induced actuation strains for four cylinders with dif-
ferent values of pre-strain, including one not pre-strained. In each case, the
maximum strain was limited by electric breakdown. (b) The fibers buckled
when the prestrain is too large. The photograph shows the buckling pattern
in a cylinder at a pre-strain of 155%.
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In fact, the response to the step stimulus had a time constant 
(time to reach 63.2% of the asymptotic value)   τ    ≅  60 ms. This 
is a relatively fast response that, in comparison with alterna-
tive technologies, such as thermally, electrothermally, pH- or 
electrochemically driven lenses, as well as some hydraulic or 

   Table  1.     Comparison of parameters and optical performance between 
the human lens and the bioinspired device. 

Human crystalline 
lens

Ref. Bioinspired tunable 
lens

Rest diameter: 9 mm  [  27  ] 7.6 mm

Rest thickness: 3.6 mm  [  27  ] 0.75 mm

Refractive index: 1.42 (total index)  [  28  ] 1.43

Radius of 
curvature:

maximum 10.2 mm (anterior); 
–6 mm (posterior)

 [  28  ] 19.55 mm (anterior); 
–19.55 mm (posterior)

minimum 6 mm (anterior); 
–5.5 mm (posterior)

 [  28  ] 14.38 mm (anterior); 
–14.38 mm (posterior)

variation –41% (anterior); 
–8.3% (posterior)

 [  28  ] –26.4% (anterior); 
–26.4% (posterior)

Focal length:

maximum 61.34 mm  [  28  ] 22.73 mm

minimum 43.52 mm  [  28  ] 16.72 mm

variation –29.1%  [  28  ] –26.4%

lens is located between the aqueous humor and the vitreous 
humor, which have basically the same refractive index  n m    ≅  1.34 
[26], so that  n l /n m    ≅  1.06. This ‘leverage’ effect of the  n l /n m   ratio 
provides a cue for future optimizations of the device in terms 
of selection of the lens-fi lling fl uid, according to its refractive 
index. 

 The possibility of achieving high performance with a limited 
overall encumbrance (Figure  4 ) is an attractive feature, espe-
cially for those applications where miniaturization is strategic 
and where other technologies requiring bulky (although pow-
erful) driving units, such as hydraulic, pneumatic and electro-
magnetic drives, might introduce limitations. Furthermore, 
as compared to those technologies, a fully elastomeric lens is 
prone to exhibit a higher tolerance to mechanical shocks. 

 Besides static performance, the lens showed dynamic proper-
ties suitable for operation at a maximum frequency of 1–10 Hz. 

     Figure  4 .     Pictures of the bioinspired tunable lens in action. The device is 
shown at electrical rest (a,b,c) and under an electrical activation (a’,b’,c’). 
The dashed curves correspond to the profi le of the lens when it is at 
electrical rest. a,a’) Lateral views. b,b’) Magnifi cation of the lens-actuator 
interface region. c,c’, Focalization of a pencil and a syringe needle, respec-
tively located 10 and 3 cm far from the lens; a video clip of this test is 
available as a supplementary material. Note: the lens shown here was 
thicker than the sample that was quantitatively characterized.  

     Figure  3 .     Pictures of the bioinspired lens and the crystalline lens. a) In the 
bioinspired device, the lens is surrounded by an annular artifi cial muscle 
actuator. b) In the natural system, the lens is surrounded by the annular 
zonule and ciliary muscle. Adapted with permission. Copyright, Mission 
for Vision, USA. [  26  ]   

Carpi & al.,  
Adv. Funct. Mater (2011)

D. Peter et al. / Extreme Mechanics Letters 4 (2015) 38–44 41

high voltage across the thin elastomer causes space charge
injection into the membrane surface from the aluminum
dome electrode. A similar space charge injection has been
observed and studied with silicone rubber [21]. After the
dc-voltage was reduced to �lo = 0 V a surface charge den-
sity in the order of � ⇡ 10�8 C/cm2 could be observed.

4. Results and discussion

For the first energy conversion experiment a constant-
voltage source with a pre-set voltage of �hi = 300 V
was used as a high voltage charge reservoir of infinite
capacity. Transient measurements were performed: Dur-
ing a periodic 1 cm lifting of the elastomer membrane
with compressed air, the voltage between the electrodes
was measured contactless with an Isoprobe 244AK elec-
trostatic voltmeter, and the flow of charge from the com-
mon ground to the compliant electrode was determined
with a Keithley 6514 system electrometer. The diagram
in Fig. 3(a) shows the recorded data for both the voltage,
�, and charge, Q , in the course of three conversion cy-
cles. Fig. 3(b) combines the data into a parametric work-
conjugate voltage/charge graph. This diagram shows the
EEC slightly deviating from an ideal system as introduced
in Fig. 2(b). The deviation from a rectangular constant-
charge/constant-voltage shape results from a parasitic
parallel capacitance of about 57 pF that is associated pri-
marily with the Keithley electrometer and the related ad-
ditional cabling. The parasitic capacitance is charged in the
process from state ¨ to state ≠ and it is discharged with
the same amount of charge in the process from state Æ to
state Ø. Obviously, the EEC system is well insulated and
free of charge leakage. Still, themaximal charge of the vari-
able capacitor with the initial value of Qhi ⇡ 0.69 µC de-
creases by approximately 1% with every new conversion
cycle. This steady decrease is not caused by charge leak-
age, but reflects the decay of the surface charge density, � ,
which reveals the VHB elastomer as an unstable electret
material. A characterization of the VHB charge stability is
provided in the supplementary content (see Appendix A).
However, the charge stability of the elastomer is reason-
ably sufficient to test the concept of energy harvestingwith
an electret-based EEC. The electrical output energy of the
first conversion cycle is given by the enclosed area of the
work-conjugate voltage/charge graph and it calculates to
1Wel = 206 µJ which is equivalent to 5.7 µJ/cm2.

The necessary pressure/volume measurements for the
estimation of themechanical input energywere performed
with a custom made water-column volumeter as shown
in Fig. 4. A detailed explanation is provided in the supple-
mentary content (see Appendix A). Because of the inertia
of the water-column, measurements were performedwith
a low cycle frequency of about 25 mHz and with electri-
cal conditions identical to the conditions of the conversion
experiment. For a cycle with such quasi-static processes
the obtained data are shown in the work-conjugate pres-
sure/volume graph of Fig. 5. The mechanical energy given
by the enclosed area is approx. 1Wme = 332 µJ. This
number corresponds to ca. 9.1 µJ/cm2 electrode area or
ca. 4.5 µJ/cm2 membrane area (the inflatable membrane
diameter is ⇠9.7 cm). Setting both the electrical and the

a

b

Fig. 3. Electrode voltage, �, and charge, Q , of the EEC for three energy
conversion cycles (a). Work-conjugate voltage/charge graph showing
three energy conversion cycles of the EEC (b).

Fig. 4. The EEC mounted to the custom made water-column volumeter
used for pressure/volume-measurements.Peter & al., EML (2015)
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b.

image manip avec ambage

air cushion

a.

image manip avec ambage

water

rigid frame V

Experimental system: 
a single active patch

Vmax ~ 5 kV

h ~ 200 µm
E ~ 250 kPa
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Out of plane buckling
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a = 3 cm, V = 3 kV

Open questions: secondary buckling
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Side view, 5kV

Front view, 0 V

1cm

Open questions: free membranes

bilayer

also with Bruno Sécordel


