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In  this  work,  a  Multiwalled  Carbon  Nanotube/poly(alkylthiophene)  (MWCNT/PT)  composite  is  developed
as  the  electrodes  for dielectric  elastomer  actuators  (DEAs)  using  the  Langmuir-Schaefer  (LS)  method.
These  composites  form  stable  monolayers  at the  air-water  interface  that  can  then  be LS transferred  onto
a poly(dimethylsiloxane)  (PDMS)  elastomer  membrane.  The  monolayer  electrode  remains  conductive  up
to  100%  uniaxial  strain.  We  present  a method  to fabricate  DEAs  using  the  LS  transferred  electrodes.  By
using a  mask  during  the  transfer  step,  the electrodes  can  be  patterned  with  better  than  200  �m  resolution
eywords:
angmuir-Schaefer
ow-voltage dielectric elastomer actuator
atterned monolayer electrodes
WCNT polythiophene composite

on  both  sides  of  a 1.4  �m-thick  pre-stretched  PDMS  membrane  to  produce  an  ultra-low  voltage  DEA. The
DEA  generates  4.0%  linear  strain  at an actuation  voltage  of 100  V, an order  of  magnitude  lower  than  the
typical  DEA  operating  voltage.

©  2018  Elsevier  B.V.  All  rights  reserved.

arge strain actuator
lectroactive polymer

. Introduction

Soft actuators are required when one wishes to integrate active
otion or deformation control in compliant or stretchable objects.

oft actuators are thus used in a broad range of fields where the
ystem must be both soft yet capable of actively changing shape,
uch as soft robotics [1,2], tunable optics [3,4], and compliant grip-
ers [5,6]. Dielectric elastomer actuators (DEAs) are a promising
oft actuator technology due to their high energy density [7], large
eformation strain [8], and fast response [3]. A DEA consists of

 dielectric elastomer (DE) (usually silicone [9] or acrylic [7,10]),
andwiched between two compliant electrodes. When a potential
ifference is applied between such electrodes, the DE is squeezed

n thickness and expands in plane [7]. For deformations of less than
pproximately 10% (depending on materials and pre-stretch), the
n-plane strain Sx is given by [11]:

x = ε
E2

= 1 ε
V2 (1)
2Ym 2 Ymt2
m

here ε is the dielectric permittivity of the DE membrane, Ym is
he Young’s modulus of the DE membrane, E is the electric field

∗ Corresponding author.
E-mail address: sophie.cantin-riviere@u-cergy.fr (S. Cantin).

ttps://doi.org/10.1016/j.snb.2018.01.145
925-4005/© 2018 Elsevier B.V. All rights reserved.
between the two electrodes, V is the applied voltage, and tm is the
DE membrane thickness.

The electrodes used for DEAs are generally assumed not to con-
tribute to the stiffness of the devices. This has been the case for
many DEAs fabricated using carbon grease electrodes on acrylic
films of thickness several tens of �m.  The electrode stiffness can
only be ignored when the following inequality is respected [12]:

Ye∗te << Ym∗tm, (2)

where Ye is the Young’s modulus of the electrode, te is the electrode
thickness, Ym is the Young’s modulus of the DE, and tm is the DE
membrane thickness.

If Eq. (2) is not satisfied (eg, for very thin elastomer membranes,
or stiff metallic electrodes), Eq. (1) must be corrected to account for
the stiffening impact of the electrodes. This highlights the role of
the electrode mechanical properties on the performance of DEAs.

The maximum strain of a DEA is limited by the breakdown field
of the DE (more correctly, the failure mode of DEAs is an electrome-
chanical instability [13], but the breakdown field is the key limiting
factor for small strain actuator configurations). For typical elas-
tomer thicknesses of 10 �m to 100 �m,  and working near typical

elastomer breakdown fields of 100–150 V/�m,  DEAs require from
1 kV to 15 kV to reach maximum strain. These high operating volt-
ages limit some possible applications of DEAs, due to the cost, size,
and efficiency of high voltage electronics. Therefore, significant

https://doi.org/10.1016/j.snb.2018.01.145
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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Fig. 1. Low-voltage DEAs made using Langmuir-Schaefer transferred monolayer electrodes (a) Monolayer composite electrode formed at the air-water interface: intercon-
nected  MWCNT network embedded inside an polyt(alkylhiophene) (PT) monolayer. (b) Langmuir-Schaefer (LS) transfer of the composite monolayer from the air-water
i . (c) T
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nterface onto the PDMS dielectric membrane to make one electrode of the DEA
ub–100 nm thick composite monolayer electrodes.

esearch has been carried out to decrease the DEA operating volt-
ge, while keeping the same actuation performance. As can be seen
rom Eq. (1), to maintain a given actuation strain while decreasing
he voltage, either ε must be increased [9,14], or Ym and tm must
e decreased [15,16]. The strain-to-voltage-squared ratio (Sx/V2)
etric has been used to compare the performance of DEAs with

ifferent operating voltages [16]. Decreasing the membrane thick-
ess tm has resulted in the highest previously reported Sx/V2 value
f 125%/kV2, for a 3 �m-thick DEA generating 7.5% linear strain at
45 V [16]. Given that the electrodes are generally stiffer than the
lastomer (Ye > Ym for nearly all materials used in DEAs), when the
embrane is made thinner, then the electrode thickness te or the

lectrodes stiffness Ye must also be further decreased to maintain
ctuation strain, as summarized in Eq. (2).

Technologies for stretchable electrodes for DEAs, reviewed in
eferences [12,17], include metal ion-implantation [18], transfer
f SWCNT layers [19]., ionogels and hydrogels [20,21], or silicones
r silicone oils doped with carbon black applied by pad printing
3,16], spray-coating [10], blade casting [22] or screen-printing
23]. Those electrode fabrication methods are not suitable for DEAs
ith a membrane thickness of 1 �m,  which would allow for DEAs
orking at 100 V, as the electrode thickness is either not negligible
ith respect to that of the DE membrane, or, for the ion-implanted
ethod, with 50 nm thick electrodes, the electrode stiffness is
uch too high. A major breakthrough in low-voltage DEAs could

e achieved by developing nanometer-thick and stretchable elec-
rodes presenting a low Ye*te value. This would allow the fabrication
f DEAs with 1 �m-thick membrane with strain of over 10% at
00 V. To date, electrodes that enable DEAs with more than 1% linear
ctuation strain under 100 V have not been reported [16,19,22].

Langmuir technology is an appealing alternative to commonly
sed electrode fabrication methods as it allows the formation of

m-thick films. It is a powerful tool to transfer molecular mono-

ayers from an air-water interface to a solid substrate. By first
preading and then compressing amphiphilic molecules at the air-
ater interface, one can fabricate monomolecular films, called
he DEA consists of a 1.4 �m-thick silicone membrane sandwiched between two

Langmuir monolayers, that are highly ordered over areas of sev-
eral hundreds of cm2 [24]. In addition to producing films one single
molecule thick, this technique has the advantage of controlling
the density of molecules in the monolayer. These Langmuir mono-
layers can then be transferred to a chosen substrate using the
vertical Langmuir-Blodgett (LB) or horizontal Langmuir-Schaefer
(LS) method [25]. Several devices including molecular sensors
[26], photo-electrochemical devices [27], organic semi-conductor
devices [28], and field effect transistors [29], have been fabricated
using Langmuir technology. DEA electrodes based on stretchable
monolayer conductors fabricated by the Langmuir technology have
not yet been reported.

In this article, Langmuir technology is used to fabricate
stretchable monolayer electrodes for DEAs (Fig. 1). Hydropho-
bic poly(alkylthiophene) (PT) and hydrophilic Multiwalled Carbon
Nanotubes (MWCNT) are mixed in a solvent to form a stable
amphiphilic composite dispersion. This dispersion can be spread
on the water surface to form a composite electrode, in which the
MWCNT network is embedded in a PT monolayer (Fig. 1a). PT, as
conducting polymer, should contribute to the electronic conduc-
tivity and stabilize non-functionalized hydrophilic MWCNT at the
air-water interface. Two  types of PT with different linear alkyl side
chains poly(3-hexylthiophene) (P3HT) and poly(3-decylthiophene)
(P3DT)) are studied, since it has been shown that the side chain
length has a significant effect on the PT material properties. The
longer this chain is (up to 12C), the smaller the Young’s modu-
lus and the electrical conductivity [30]. The MWCNT/PT composite
monolayer is then transferred from the air-water interface to a
poly(dimethylsiloxane) (PDMS) elastomer membrane using the LS
method (Fig. 1b). The adhesion is provided by the hydrophobic
affinity between the PDMS substrate and PT from the compos-
ite monolayer. The 1.4 �m-thick pre-stretched PDMS membrane

is sandwiched between two LS transferred composite electrodes to
make a 100 V operating DEA (Fig. 1c). The electrodes are evaluated
based on their morphological, electrical and mechanical properties
with regards to DEA application.
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. Experimental section

.1. Chemicals

Regio-regular poly(3-hexylthiophene-2,5-diyl) (P3HT, CAS
56074-98-5 and purity of 99.995%), and regio-regular poly(3-
ecylthiophene-2,5-diyl) (P3DT, CAS 110851-65-5 and purity of
9.995%) were ordered from Sigma-Aldrich and used as received.
ultiwalled Carbon Nanotubes (MWCNTs; external diameter

5–35 nm,  length ≥ 10 �m)  were purchased from Nanothinx S.A.
Rio, Greece). Poly(acrylic acid) (PAA, 25% soln. in water, CAS 9003-
1-4) was ordered from Chemie Brunschwig. Ethanol (99.9%) and
hloroform (99.2%) were ordered from VWR  Prolabo Chemicals.
DMS (Sylgard 186, MED-4086) and PDMS solvent (OS-2) were
rdered from Dow Corning (Auburn, MI).

.2. Fabrication of DEA electrodes using LS method

.2.1. Polythiophene (PT) solutions
PT (P3DT or P3HT) solution (0.167 g/L) was  prepared in

hloroform-ethanol 9:1 v/v and then sonicated for 30 min

.2.2. MWCNT/PT mixed solutions
PT was dissolved in a chloroform solution (0.167 g/L), then soni-

ated for 30 min. MWCNTs were dispersed in ethanol (20 g/L), then
onicated for 1 h. Both solutions were mixed in a volume fraction of

 (chloroform)/1 (ethanol) and then sonicated for 5 h before being
entrifuged for 15 min  at 3000 rpm. The supernatant was  collected
nd two additional centrifugations of 15 min  each were performed.
his process was optimized according to the optical microscopy
mages and the surface resistance value of the LS transferred com-
osite MWCNT/PT monolayers as outlined in the Supplementary
ata (Section 1, Fig. S1 and Table S1).

.2.3. Monolayer electrode fabrication
The monolayers were formed in a KIBRON Langmuir-Blodgett

LB) trough (MicroTroughX). An adequate solution volume was
pread over an ultrapure water surface (18.2 M� cm Millipore
implicity, Billerica, MA)  using a micro syringe. After solvent evap-
ration, the monolayer was compressed at a barrier speed of
0 mm/min  and the surface pressure recorded. In the following, the

sotherms were presented as a function of the trough area instead
f the area per monomer. The monolayer homogeneity at the air-
ater interface was verified in-situ by Brewster Angle Microscopy;
ore detail on this technique is given in the Supplementary data

Section 2) [31]. For the LS transfer, the monolayer was kept at a sur-
ace pressure of 15 mN/m and the PDMS substrate was  horizontally

oved towards the monolayer at 2 mm/min  using a stepper motor
rom KIBRON. Once substrate/monolayer contact was  established,
he PDMS substrate was raised until the transfer was  complete.

.3. Atomic force microscopy (AFM)

100 �m-thick PDMS membranes were fabricated using the
ethod reported by Rosset et al., [32] and used as substrates for

he LS transfer of the monolayer electrode (Supplementary data,
ection 3.1). The AFM images were performed using the Peak Force
apping mode with a Dimension ICON microscope from Brüker.
FM imaging was carried out in air using ScanAsyst-air cantilevers
Brüker) with a spring constant of 0.4 Nm−1. 10 �m × 10 �m images
ere obtained with the height mode and a 256 × 256 resolution, at

 0.5 Hz scan rate. Data processing was performed with NanoScope
oftware version 1.40 (Brüker).
rs B 261 (2018) 135–143 137

2.4. Surface resistance measurement

The monolayers LS transferred onto 100 �m-thick PDMS sub-
strates were placed against two rectangular copper electrodes
enclosing a 1 cm × 1 cm square as active zone. The resistance was
determined from the measured current with 10 V applied between
the copper electrodes. A Gamry Instruments potentiostat (refer-
ence 600) was  used for these measurements.

2.4.1. Surface resistance stability as a function of time
The effect of PT doping on the surface resistance stability was

investigated. The transferred PT monolayers were immersed into
0.15 M FeCl3 in acetonitrile for 5 min  and then rinsed with acetoni-
trile [29]. For each type of monolayer, six individual samples were
measured to obtain an average value and standard deviation.

2.4.2. Surface resistance as a function of strain
The surface resistance of monolayers LS transferred onto sus-

pended 100 �m-thick PDMS substrates was measured for different
stretching conditions. Two  samples were used in each case and a
speed of 1% lengthening/s was applied during stretching. The effect
of sample cycling on the surface resistance was also investigated.
For that, 10 stretch-release cycles (1%/s) per sample were used, with
30 s delay between each cycle.

2.5. Young’s modulus measurement of monolayers

The Young’s modulus of the monolayer electrode was measured
by Pull test using a uniaxial tensile testing setup. By measuring the
stiffening impact of the monolayer on a very soft 10 �m-thick PDMS
substrate (Young’s modulus of 40 kPa), the Young’s modulus of the
monolayer could be computed (more details on the PDMS prepara-
tion are given in Supplementary data, Section 3.2). Uniaxial cyclic
stretching (20% strain) was  applied to the PDMS membrane using a
linear motor (UAL from Saia-Burgess) at a strain rate of 0.67%/s. The
stretching direction was parallel to the 2 mm edge of the PDMS rect-
angle so that stretched PDMS membrane was  in a pure shear stress
state. During the measurement, the force and the sample elonga-
tion were simultaneously measured using a force sensor (Futek
LSB200, capacity 100 mN)  and the encoder of the stepper motor,
thus enabling the representation of the stress-strain relationship.
A LabVIEW code was written to control the motor and the force
sensor for the whole experiment process.

After measuring the Young’s modulus of bare PDMS mem-
branes, the monolayer electrodes were LS transferred onto those
PDMS membranes. The Young’s modulus of the PDMS + electrode
bilayer was  determined using the same parameters as for the bare
PDMS membrane. The PDMS + electrode bilayer was formed by
two adherent layers with equal length and width, so the electrode
Young’s modulus was calculated using [33]:

Ybilayer tbilayer = YPDMStPDMS + Yete (3)

where Y was  the Young’s modulus and t was  the thickness.

2.6. DEAs fabrication

A 2.0 �m-thick PDMS membrane (Sylgard 186, Dow Corning)
was prepared as the DE membrane of the DEA (details on the PDMS
membrane fabrication are given in Supplementary data, Section
3.3). To handle and pre-stretch sub-micrometer suspended PDMS
membranes, a stretchable holder was developed, made from acrylic
adhesive (3 M,  VHB 4905) covered with silicone transfer adhesive

(Adhesive Research, ARclear 8932). Using the stretchable holder,
a suspended 2.0 �m-thick PDMS membrane was released from
the PET substrate, and pre-stretched equi-biaxially to 1.4 �m-thick
with a linear ratio of 1.2 (Fig. 2a). The pre-stretched PDMS  was fixed
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Fig. 2. Fabrication process of 1.4 �m-thick DEA by using LS technology. (a) Suspended PDMS (Sylgard 186) equi-biaxially pre-stretched (initial thickness: 2.0 �m,  after
stretch:  1.4 �m).  (b) Suspended stretched 1.4 �m-thick PDMS membrane fixed onto a PMMA holder. (c) A mask is placed on the suspended membrane. (d) LS transfer of the
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onolayer electrode formed at the air-water interface onto the suspended PDMS 

he  PDMS membrane covered with the patterned monolayer electrode onto a smal
lectrode connected with copper tape, and the upper side of PDMS without electro

nto a poly(methylmethacrylate) (PMMA) holder (Fig. 2b) using sil-
cone transfer adhesive. A mask (made from the backing film of the
ilicon adhesive, ARclear 8932) was placed on the suspended PDMS
Fig. 2c). The mask served to pattern the monolayer by LS transfer
nd to keep the suspended PDMS membrane flat (Fig. 2d). After
he LS transfer of monolayer electrode, one drop of ethanol was
eposited between the gap of the mask and the PDMS layer to help

n peeling off the mask. The thin pre-stretched PDMS membrane
ith patterned monolayer electrode on one side was  obtained

Fig. 2e). The PDMS membrane with one transferred electrode, was
pplied onto a smaller holder, with the PDMS bare surface facing
p (Fig. 2f). On this smaller holder, the first patterned electrode
as in contact with the copper connection (Fig. 2g), and the second

lectrode was LS transferred on the other side (Fig. 2c–e). Another
maller holding ring was bonded to the DEA using silicone transfer
dhesive to provide the electrical contact for the second electrode
Fig. 2h). A small drop of conductive silver epoxy was used to ensure

 good electrical connection between the monolayer electrode and
he copper tape (See Supplementary data, Section 4, Fig. S3). The
ctive zone of the DEA (3 mm diameter cycle) was located at the
enter of the pre-stretched 1.4 �m-thick PDMS membrane, where
he two electrodes overlapped.

Voltages up to 130 V were applied between the two  electrodes
f the fabricated DEA. The diameter linear strain of the center active
one was measured as a function of the applied voltage. The linear
train was also measured as a function of frequency to characterize
he speed of the DEA.

. Results and discussion

.1. Monolayer electrode properties

In the two following sections, electrodes based on
WCNT/P3HT and MWCNT/P3DT monolayers transferred onto

DMS substrates are characterized regarding structure, surface
orphology, surface resistance and Young’s modulus.

.1.1. Characterization of the monolayer electrode
The MWCNT/PT monolayer properties are first investigated at
he air-water interface. The monolayers are then transferred onto
DMS substrates and their morphology is characterized by AFM.
urface resistance is measured vs. time.
rane with mask. (e) Patterned monolayer electrode on the PDMS. (f) Transferring
MA holder. (g) Patterned monolayer electrode on the lower side of PDMS with the

 DEA made with LS electrode technology.

3.1.1.1. Monolayer structure at the air-water interface and onto PDMS
substrate. Compression isotherms of the two  MWCNT/P3DT and
MWCNT/P3HT composite monolayers spread at the air-water inter-
face are shown in Fig. 3a. The isotherms for both systems have
similar shapes, characterized by a steep rise in surface pressure
until collapse is detected at around 60 mN/m.  This indicates the
formation of condensed and stable monolayers at the air-water
interface. It should be noted that in the absence of PT, MWC-
NTs do not form a Langmuir monolayer at the air-water interface.
A Brewster Angle Microscopy (BAM) image of the MWCNT/P3DT
monolayer compressed at 15 mN/m is shown as inset in Fig. 3a. By
comparison with the pure PT monolayer (Supplementary data, Sec-
tion 2, Fig. S2), MWCNTs embedded in the PT condensed phase can
be observed as small brighter spots with a size of a few microns.
Some slightly larger bright spots corresponding to MWCNT aggre-
gates can also be observed. Similar behavior is observed for the
MWCNT/P3HT monolayer. BAM images thus confirm that PTs are
good dispersants for MWCNT [34]. To gain further insight in the
structure of this monolayer, AFM images are taken of the mono-
layers transferred onto 100 �m-thick PDMS substrates at a surface
pressure of 15 mN/m (Fig. 3b). As no significant effect of the PT
side chain length has been detected, only the AFM image of the
MWCNT/P3DT system is shown. AFM topography reveals a uniform
and dense MWCNT carpet. MWCNTs are clearly interconnected
forming a network which reflects the successful LS transfer of the
composite monolayer from the water surface to the PDMS sub-
strate.

The electrode thickness is obtained from AFM height profiles on
a MWCNT/P3DT monolayer electrode transferred onto a smooth
glass substrate. The MWCNT network presents an average thick-
ness of about 30 nm,  which corresponds to the expected diameter
of the MWCNT. As the very thin P3DT continuous phase is not easily
detected on these height profiles, its thickness of 2 nm is obtained
from LS transferred pure P3DT monolayers onto glass substrate.
The thickness of the composite monolayer electrode thus varies
between 2 nm and 30 nm,  according to the thickness of both com-
ponents (Supplementary data, Section 5, Fig. S4).

3.1.1.2. Monolayer electrode surface resistance: stability over time.

Because doping of electronically conducting polymers can strongly
increase their electronic conductivity [29], the surface resis-
tances of doped and undoped pure P3DT monolayers (see Section
2.4.1) have been compared. The role of MWCNTs within the
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Fig. 3. (a) Surface pressure versus trough area isotherms for MWCNT/P3HT and MWCNT
AFM  image of MWCNT/P3DT monolayer transferred at 15 mN/m onto PDMS substrate.

F
m

M
p

i
N
a
d
g
8
s
m
i
o
h
l
e

M
s
T
h
p
r
t
M

M
(

Fig. 6a shows the change of the surface resistance for a sam-
ig. 4. Surface resistance of doped P3DT, undoped P3DT and undoped MWCNT/P3DT
onolayer electrodes as a function of time.

WCNT/P3DT composite monolayer is then highlighted by com-
arison with pure P3DT monolayer.

The change in surface resistance as a function of time is shown
n Fig. 4 for undoped and doped P3DT monolayers (with no MWC-
Ts). The surface resistance of doped P3DT monolayer presents
n acceptable value for DEAs of about 20M�/� immediately after
oping. However, the resistance increases with time due to a pro-
ressive de-doping process, reaching a high and stable value of
0 G�/� after 24 h. Since the electrode conductivity must remain
table for DEA applications, this electrode based on a doped P3DT
onolayer cannot be used. The undoped P3DT monolayer has an

nitial surface resistance of order G�/�, increases by about one
rder of magnitude after a few hours, and finally reaches a stable
igh value (∼50 G�/�) after 24 h. Thus, the undoped P3DT mono-

ayer is not stable with time neither, and cannot be used as an
lectrode for DEAs.

For the composite monolayer consisting of undoped P3DT and
WCNTs, an initial surface resistance of about 20 M�/�  is mea-

ured, two order of magnitude lower than that of undoped P3DT.
his value is close to the one measured for freshly doped P3DT,
owever the surface resistance stability is greatly improved by the
resence of MWCNTs, remaining stable even after 48 h (Fig. 4). This
esult indicates that in the presence of undoped P3DT, the elec-
ronic properties of the composite monolayer are dominated by

WCNTs.

The surface resistance as a function of time for the undoped

WCNT/PT electrode is independent of the PT side chain length
Supplementary data, Section 6, Fig. S5). Electrodes with both PTs
/P3DT monolayers with BAM image of MWCNT/P3DT monolayer at 15 mN/m. (b)

present a stable surface resistance for 48 h, with almost similar
values (∼40 M�/�).  While side chain length of PT usually has a
significant effect on electronic properties of bulk material [30], no
effect is observed here since the electronic properties of the com-
posite monolayers are mainly governed by the MWCNT network.

The surface resistances of both MWCNT/PT composite monolay-
ers have values that are acceptable for DEAs [17]. The DEA must be
evaluated in terms of its charging time, i.e. RC time constant (see
Section 3.2).

3.1.2. Influence of different stretching conditions
Because the surface resistance and topography are very similar

for both MWCNT/P3HT and MWCNT/P3DT systems, the electrode
characterizations performed under different stretching conditions
are carried out only on MWCNT/P3DT monolayers. The morphology
of the MWCNT/P3DT composite monolayer for different stretching
conditions is investigated. The surface resistance as a function of
strain is then characterized. Finally, the electrode Young’s modulus
is measured.

3.1.2.1. Morphology of MWCNT/P3DT electrode under different PDMS
membrane stretching conditions. As mentioned above, the electrode
characterization is carried out on MWCNT/P3DT monolayers trans-
ferred onto 100 �m-thick PDMS substrate. To study the possible
changes in surface topography upon stretching of the PDMS sub-
strate covered by the MWCNT/P3DT electrode, AFM images are
taken under different stretching conditions (Fig. 5 and Supplemen-
tary data, Section 7, Fig. S6).

From Fig. 5a, taken at 20% uniaxial strain applied to the PDMS
substrate, one can see that the MWCNTs are slightly deformed along
the stretching direction, but remain interconnected. For device at
0% strain, taken after 100% uniaxial strain or after 10 cycles with
60% uniaxial strain, AFM images show an interconnected MWCNT
network, indicating that stretching up to 100% (Fig. 5b) or after 10
cycles with 60% uniaxial strain (Fig. 5c) does not break the network.
For all stretching conditions, no significant morphology change is
detected at this length scale once the sample is relaxed back to
0% strain, compared with the sample not submitted to any strain
(Fig. 5d).

3.1.2.2. Influence of the applied strain on the electrode surface resis-
tance. The evolution of the surface resistance of the MWCNT/P3DT
composite monolayer as a function of the applied strain is shown
in Fig. 6, based on two samples (see Section 2.4).
ple submitted to different successive cycles of increased maximum
strain between 20% and 100%. Only the stretching up cycles are
presented. During the first 20% strain, the resistance increases by
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Fig. 5. AFM images of MWCNT/P3DT monolayer electrode. (a) At 20% uniaxial strain. (b) Returning to 0% strain after 100% uniaxial strain. (c) Returning to 0% strain after 10
cycles  with 60% uniaxial strain. (d) At 0% uniaxial strain without applying any strain. The arrows indicate the stretch direction.

F 00 �m-thick PDMS substrate (a) Starting with 20% strain up to 100% with 20% steps on
t ith 60% uniaxial strain (30 s delay between each cycle).
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Fig. 7. Stress-strain curve of a bare PDMS substrate and of the same PDMS substrate
ig. 6. Surface resistance vs. strain for MWCNT/P3DT monolayer transferred onto 1
he  same sample and with a release to 0% after each stretch. (b) During 10 cycles w

bout one order of magnitude, indicating a decrease in the intercon-
ection ratio within the MWCNT network. When returning to 0%
train, the resistance does not reach its initial value, but increases
y a factor of 6. This highlights an irreversible change in electri-
al properties due to mechanical deformation. This occurs on every
ycle with increasing maximum applied strain. One can however
bserve that the increase in surface resistance after returning to 0%
train is less pronounced above 60% strain. It is noteworthy that
he monolayer electrode remains conductive up to 100% uniaxial
train.

In order to understand whether this change in resistance is
elated to cycle number or to the maximum strain, another sample
s stretched repeatedly to a constant maximum strain of 60%. The
urface resistance variation through each of the 10 stretch cycles is
hown in Fig. 6b. One should mention that the end points of both
p and down cycles do not present exactly the same value, which

s due to the 30 s delay during each measurement. Upon the first
ycle, the surface resistance increases by about one order of mag-
itude reaching ∼317 M�/�  as the strain varies from 0% to 60%.
ne can observe that this variation is lower than the one obtained
t 60% strain for the sample considered in Fig. 6a, due to the differ-
nt history that both samples have experienced. One can also notice
hat the main evolution is observed during the first 40% strain. After
eturning to 0% strain, as previously evidenced, the surface resis-
ance does not recover its value before stretching, meaning that the

WCNT network interconnection is changed irreversibly. For the
 other following cycles to 60% linear strain, the surface resistance
oes not change drastically. Thus, even though monolayer electri-
al properties degradation occurs during the first stretch cycle, the
ample can be submitted to many successive cycles at quite large
train without significant variation of electrode surface resistance.

y comparing Fig. 6a and b, it can be concluded that the degrada-
ion of the monolayer electrode is mainly related to the maximum
pplied strain.
covered with MWCNT/P3DT monolayer electrode, allowing the monolayer stiffness
to  be determined.

3.1.2.3. Electrode young’s modulus. An example of stress-strain
curves is shown in Fig. 7 for both the 10 �m-thick bare PDMS
substrate and the bilayer consisting of the same PDMS substrate
covered by the MWCNT/P3DT monolayer electrode. Young’s moduli
of 34.1 kPa and 40.8 kPa are extracted for the bare PDMS sub-
strate and the PDMS/electrode bilayer respectively. A Ye*te value
of 0.08 ± 0.03 N/m is then deduced from Eq. (3). Since the compos-
ite monolayer consists of a 30 nm-thick interconnected MWCNT
network embedded inside a 2 nm-thick P3DT monolayer (Section
3.1.1.1), the Young’s modulus of the electrode Yelectrode can then
be computed as being between 3 ± 1 and 37 ± 14 MPa, depending

what electrode thickness is used.

The Young’s modulus of pure P3DT monolayers (without
MWCNT) is also measured for comparison. A YPT *tPT value of
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ig. 8. Characterization of DEA consisting of a 1.4 �m-thick PDMS membrane with
00  V. (b) Strain vs. actuation frequency curve.

.07 ± 0.03 N/m is obtained, leading to a YPT value of 37 ± 16 MPa
sing 2 nm as electrode thickness. For both pure P3DT and
WCNT/P3DT monolayers, nearly the same Y*t value is obtained.

herefore, it can be deduced that within the composite mono-
ayer, the P3DT continuous phase plays the dominating role for the
oung’s modulus. The presence of the MWCNT network embed-
ed inside the P3DT monolayer does not significantly increase the
tiffness of the monolayer.

The composite MWCNT/P3DT monolayer electrodes have a sur-
ace resistance of about 20 M�/�,  remain conductive at 100% linear
train, and show a small Ye*te product (0.08 N/m) in comparison
ith the YPMDS*tPDMS product of the 1.4 �m-thick PDMS membrane
sed in the ultrathin DEA (1 MPa  × 1.4.10−6 m = 1.4 N/m). All these
roperties lead to a promising electrode material to fabricate a low
oltage operating DEA.

.2. 100 V operating DEA with stretchable MWCNT/P3DT
onolayer electrodes

A Dielectric Elastomer Actuator is fabricated by patterning
he stretchable MWCNT/P3DT composite monolayer electrodes on
oth sides of a 1.4 �m-thick suspended pre-stretched PDMS mem-
rane (see Section 2.6). Prior to our work, one important factor

imiting strain in extremely thin DEAs is the stiffening impact of the
lectrodes [16]. The MWCNT/P3DT monolayer electrodes add very
ittle stiffness to the DEA, allowing good strain at 100 V, but such
hin electrodes have higher electronic resistivity, limiting device
peed. We  thus report here both strain and speed data for our DEAs.

The linear strain of the fabricated DEA active zone is plotted as a
unction of the applied voltage in Fig. 8a. This device is the thinnest
EA reported to date. For the first time, DEA actuation strains of well
bove 1% are obtained with driving voltages below 100 V. 4.0% lin-
ar strain is obtained for a 100 V driving voltage, which corresponds
o a Sx/V2 value of 400%/kV2. This value is three times higher than
he one reported by Poulin et al. [16]. The strain vs. true electric
eld is shown in Supplementary data (Section 8, Fig. S7). Despite
he very thin elastomer, the curve matches well with our typical
ata for thicker Sylgard 186 membranes.

The actuation strain vs. actuation frequency curve is recorded, as
hown in Fig. 8b. For frequencies below approximately 0.2 Hz, the
train is constant, and for higher frequencies the strain decreases.
he electromechanical 3 dB point occurs at 1 Hz. Two main reasons
an lead to this quite low response speed: electrical charging time,
nd visco-elastic losses.

The electrical charging time of a DEA can also be approximated
s RC, where R is the total resistance of the electrodes (including

eedlines) and C is the capacitance of the DEA. At 100 V (i.e., at 4%
train), the total resistance of the 2 electrodes is 860 M�,  and the
apacitance of the DEA is calculated as 1.4 × 10−10 F. The computed
C time constant is 120 ms.
onolayer electrodes. (a) Strain vs. voltage curve, showing about 4% linear strain at

The charging time constant of the DEA is determined experi-
mentally by recording the current flowing to the DEA in response
to a step in drive voltage. The classical current jump followed by
an exponential decay is observed, from which an electrical charg-
ing time constant � of 150 ms  is extracted. In the highly simplified
model of an RC circuit, the RC time constant corresponds to the time
at which the voltage reaches 63.2% of its maximum value. Given
the quadratic response of DEAs, 63% of the voltage corresponds to
40% of the maximum strain. Using 100 V as our drive voltage, one
sees in Fig. 8a that the linear strain at 63 V is 1.5%. From the strain
vs charging time plot at 100 V (see Supplementary data, Section 8,
Fig. S8), 1.5% linear strain is reached between 125 ms  and 250 ms,
consistent with the electrical charging time.

The overall response speed can thus be mostly explained by
the electrical charging time constant. The response time has also
a small component due the visco-elastic response of the elastomer.
We expect the later to be very small, given our prior experience
with kHz DEAs using similar silicone elastomers [3].

4. Conclusions

The Langmuir-Schaefer method is used for DEAs electrode
fabrication for the first time. Multiwalled Carbon Nanotube and
poly(alkylthiophene) are combined to form stable monolayers at
the air-water interface, which then can be transferred onto a PDMS
membrane using the Langmuir-Schaefer technology. The mono-
layer electrode consists of an interconnected MWCNT network
embedded in a PT monolayer, in which the PT imparts the mechani-
cal properties while the MWCNTs ensure the electrical conductivity
of the system. The composite monolayer is stretchable, and con-
ductive up to 100% strain (∼20 M�/�  at 0% strain, ∼5 G�/� at
100% strain). Using the LS method to fabricate patterned ultra-
thin stretchable electrodes enables the fabrication of a thin DEA
with a 1.4 �m-thick PDMS dielectric membrane. At only 100 V, this
DEA reaches 4.0% linear strain. Compared to the kV driving volt-
age generally required for DEAs, this low operating voltage opens
new applications for DEAs. The LS electrodes that we  report here
are a key building block towards DEAs generating full strain at less
than 5 V: by using LS/LB techniques to make both the elastomer and
the electrodes, it will be possible to make multilayer DEAs where
all layers are one single molecule thick. This will be the ultimate
physical limit in DEA technology.
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