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Properties PZT-5H PZT-5A BaTiO3 MFC

d33 (pC/N) 593 374 149 460

d31 (pC/N) -274 -171 78 -200

k33 75% 71% 48% 60%

k31 39% 31% 21% -

� r 3400 1700 1700 -
Y (Gpa) 65 65 120 30
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Properties PVDF P(VDF-TrFE) P(VDF-HFP) P(VDF-CTFE)  P(VDF-TrFE-CFE) 

d33 (pC/N) -24 to -34 -38 -24 -140 - 

d31 (pC/N) 8 to 22 12 30 - - 

k33 20% 29% 36% 39% 55% 

�r 6 to 12 18 11 13 55 
Y (Gpa) 2,1 1,5 - - 0,5 to 1,1 
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Sample f(Hz) εr (at f) Y (Mpa) volume (cm3) Electric field (V/��m) Power density (��W/cm3) FoM
PU 100 4,4 40 0,025 10 8 1,50E-11

Nylon 100 14,2 2800 0,05 10 132 4,76E-10
PU 1%C 100 7,5 40 0,025 10 172 3,08E-10

P(VDF-TrFE-CFE) 100 42,0 250 0,025 10 5840 1,11E-08
P(VDF-TrFE-CFE)+1%C 100 74,0 250 0,05 10 8240 3,03E-08
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Chapter 6 - Highly sensitive flexible pressure sensors based on electrostrictive materials.  
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in the other PDMS contrary to only 50 wt% for the Sylgard. Above these two maximal 

concentrations a phase separation was observable. This change is thus motivated as 

increasing the dispersed fraction aims at decreasing the final Young’s modulus. High 

flexibility is required as materials will be used for the realization of “e -skin” systems. 

Using 10 wt% of carbon black and a dispersed fraction of 0.8, the material is highly 

strechtable and twisting as illustrated FIG. 6.4. FIG. 6.5 illustrates this high flexibility as 

a strain of 140 % was required to fracture the material.  In traction configuration, a non-

linearity has been measured for a stress range between 0 and 275 kPa . A Young’s 

modulus comprised between 0.4 and 0.1 kPa, depending on the stress range, is 

calculated. This modulus is one order of magnitude below those measured with the 1:1 

CB/PDMS (Sylgard) (see Chapter 4) and confirm the interest of increasing the dispersed 

phase for decreasing the Young’s modulus.  

The second change concerns the isolating layer. A thin plastic film of Mylar (polyethylene 

terephthalate, 2.5 m) has been preferred compared to unstructured (bulk) PDMS for 

 

a b c 

FIG. 6.4 - CB/PDMS porous material (10 w% of BC and 80 w% of dispersed phase) a) at 
rest b) stretching c) twisting. 
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FIG. 6.5 - Stress-strain traction curve (10 w% of BC and 80 w% of dispersed phase). 
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[17].

active materials 
pressure range 

(kPa) 
sensitivity (kPa-

1) references. 
PDMS pyramids 
OFET 

0 -1,5 0,55 [12] 

PDMS microhairy 0 - 1 0,58 [18] 
Porous PDMS/air 
gap 

0 - 1 0,7 [17] 

Fluorosilicone/air 
gap 

0 - 0,5 0,91 [19] 

PDMS pyramids 
OFET 

0 - 4 8,2 [3] 

Suspended gate 
OFET 

15 - 20 158,6 [15] 
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Giant Electrostrictive Response and Piezoresistivity of Emulsion
Templated Nanocomposites
Alan Luna,† Mickael Pruvost,‡ Jinkai Yuan,† Cećile Zakri,† Wilfrid Neri,† Cećile Monteux,‡

Philippe Poulin,† and Annie Colin*,‡

†Centre de Recherche Paul Pascal, CNRS, Universite ́ de Bordeaux, 115 Avenue Schweitzer, 33600 Pessac, France
‡ESPCI Paris, PSL Research University, CNRS, Laboratoire Sciences et Ingeńierie de la Matier̀e Molle, UMR 7615, 10 rue Vauquelin,
75231 Paris cedex 05, France

ABSTRACT: Using an emulsion road and optimizing the
dispersion process, we prepare polymer carbone nanotubes
(CNT) and polymer reduced graphene oxide (rGO) composites.
The introduction of conductive nanoparticles into polymer
matrices modifies the electronic properties of the material. We
show that these materials exhibit giant electrostriction coefficients
in the intermediate filler concentration (below 1 wt %). This
makes them very promising for applications such as capacitive
sensors and actuators. In addition, the values of the
piezoresistivity measured in the high filler concentration situation are at least an order of magnitude greater than the one
reported in the literature. This opens the way to use these materials for stress or strain sensor applications considering their giant
responses to mechanical deformations.

■ INTRODUCTION

In the large field of nanotechnology, polymer matrix based
nanocomposites have become a prominent area of current
research and development.1 The introduction of conductive
nanoparticles into polymer matrices represents a promising
avenue for the development of new materials for electronics.
These materials are flexible, of low cost, and have original
mechanical and electronic properties. The latter may be tuned
by varying the amount of included particles.2 From a theoretical
point of view, by gradually filling insulating polymer matrices
with conductive particles, four types of behavior can be defined.
In the low concentration situation, the particles are more or less
dispersed in the matrix. The electronic conductivity of the
material is low, but the introduction of polarizable domains
induces an increase of the dielectric permittivity. In the vicinity
of the percolation threshold and below it, the electronic
conductivity remains low, but the dielectric permittivity
diverges. This is physically explained by the formation of
large conducting clusters, which are separated by small
distances in near percolated networks. This effect creates
locally large capacitors, which contribute to the increase of the
permittivity of the material.3 This range of particle concen-
tration is thus perfectly suited to get materials with huge
dielectric permittivity for energy storage but also with huge
electrostrictive coefficients.4 Electrostrictive materials are used
in the fabrication of sensors and actuators5 (ink jet printing,
printhead, adaptive optics devices, and ultrasonic motor). More
recently, it has been proposed to use them as dielectric in
variable capacitors to harvest energy from mechanical
vibrations. In the vicinity of the percolation threshold but
slightly above, the sample becomes electronically conductive. In

this concentration range, deformable networks might exhibit
huge variation of electronic resistance as a function of the
deformation considering the large susceptibility of near
percolated networks. These materials are piezoresistive and
may be used to build stress or strain sensors.5−11 Well above
the percolation threshold, the sample is conductive. The value
of the percolation threshold depends upon the shape of the
particles.12,13 In practice, finite size effects, difficulties to
homogeneously incorporate particles in a matrix, and resistive
contacts between the conducting particles make the achieve-
ment of the ideal behavior diagram challenging. In addition, the
polymer composite technology suffers from a weakness due to
the substantial increase of losses near and above percolation.
These losses arise from dielectric losses related to the motion of
bound charges of the dielectric medium and from the intrinsic
conductivity brought by the free charges of the conducting
particles. High permittivity and low losses in frequency ranges
of interest below the percolation threshold are expected to be
found by developing a fine degree of the structure of the
nanoparticles within the polymer matrix. Progress toward this
goal has been achieved in the recent years particularly in the
dispersion of nanoparticles in polymer matrices. Examples of
fine carbon nanotube (CNT) dispersions were achieved by in
situ polymerization of monomers in the presence of CNTs,14

by mixing polymer beads and CNTs15 by melt processing, and
by solution casting where the matrix and the CNTs are
dispersed in a common solvent.16Following this path, Park et
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al.17 improved the electrostrictive properties of polyimide by
including a highly uniform dispersion of single wall nanotubes
(SWNTs) to the polymer. The uniformity and the homoge-
neity of the dispersion is possible due to the donor−acceptor
interaction between the SWNTs and the polyimide.18 Park and
co-workers18 have measured negative out-of-plane strain in
polyimide matrix composites in response to a low-frequency
(0.02 Hz)-applied electric field and have found electrostrictive
coefficients ranging between M33 = −3.8 × 10−15 m2/V2 and
−1.2 × 10−13 m2 V−2 at 0.02 Hz with a conductivity ranging
between 10−9 S/m and 10−2 S/m. The best compromise
between low conductivity and high electrostrictive coefficient
(i.e., −3.8 × 10−15 m2/V2, 10−9 S/m) is achieved at an
intermediate concentration equal to 0.0035% by the weight of
nanotubes. The high electrostrictive coefficient results from the
creation of deformable micro and nanocapacitors formed by the
CNTs. In addition, the donor−acceptor interactions between
the fillers and the matrix bring additional polarization to the
system. The same performances are obtained by Wongtimnoi
et al.,16 using a polyether-based polyurethane elastomer filled
with conductive carbon black. Adding single walled carbon
nanotubes to a nonactuating polyimide, Deshmukh19 et al. have
obtained an electrostrictive coefficient equal to 10−12 m2/V2 but
with a conductivity equal to 10 −3 S/m. These values of
electrostrictive coefficients are much higher than the ones
obtained with neat polymers or classical nanocomposites that
usually comprise between 10−17 m2 V−2 and 510−16 m2 V−2.20

These recent results demonstrate the potential of CNT-
polymer composites to achieve electrostrictive materials with
promising properties, but a greater degree of control of the
structuration of the conductive inclusions is still needed to
achieve improvements of properties. We show in this work that
the fabrication of composites using an emulsion approach21

provides such a control and yields unprecedented perform-
ances. The emulsion droplets are greater than the size of the
conductive particles. As a consequence, the particles remain
segregated in between the emulsions droplets. The polymer is
cross-linked after the composite has been molded and dried in
order to end up with a solid state nanocomposite. Varying the
concentration of conductive particles allows the electrostrictive
properties of the sample to be tuned. Close to the percolation,
giant electrostrictive coefficients are evidenced. Description and
discussion of the present results are provided in the following
sections. The first section of the article is devoted to the
preparation and characterization of the samples. In the second
section, we display the influence of the nature of the conductive
particles (carbon nanotubes or reduced graphene oxide) on the
dielectric properties at rest. The third section is devoted to the
characterization of the dielectric properties under mechanical
stress. Finally, the last part deals with the discussion of the data
and includes some comments about potential applications.

■ MATERIALS AND CLASSICAL METHODS
Materials. The PDMS (polydimethylsiloxane), Sylgard 184, was

purchased from Dow Corning as a kit of PDMS base and curing agent.
The range of temperature for stable performances is −55 °C to 220
°C. This parameter is essential to avoid any degradation of the
composite materials during the thermal reduction treatment of
graphene oxide. The sodium dodecyl sulfate (SDS) was purchased
from Sigma-Aldrich and used as received. The aqueous solution of the
graphene oxide (GO) monolayers was purchased from Graphenea,
and the GO concentration is about 0.4 wt%. The GO particles22 are
nonconducting. We first reduced them into reduced graphene
oxide(rGO) using a chemical reduction. 50 mL of solution at 0.4 wt

% was heated under reflux for 1 h at 110 °C in the presence of 120 mg
of ascorbic acid and 10 g of Tween 60. The solution turns from brown
to black. The surfactant Tween 60 allows us to stabilize the dispersion
in water. The mean GO sheet size is about 2−3 μm.13 The solution
was centrifuged in order to increase the GO concentration.
Centrifugation was performed with a Sorval RC 6+, rotor SE-12,
centrifuge at 22000 rpm (i.e., 50 000g) for 45 min. After centrifugation,
the supernatant was removed. The bottom phase that contains GO
monolayers was collected. The solid content in the material was
determined by dry extracts after evaporation of the water under
vacuum at 100 °C. The mean final weight fraction of rGO was 5.8%.
Thin multiwall CNTs (MWCNTs) were purchased from Nanocyl
under the reference Nanocyl 7000 and used as received. The average
diameter of the nanotubes is about 10 nm, and the average length is
about 1.5 μm. Their dispersion was carried out in 10 mL flat-bottomed
flasks by mixing 0.9 and 1.2 wt % of CNT and SDS. Tip sonication
using a Branson Sonifier 450A is performed during 1 h at 20 W to
unbundle and homogeneously disperse the CNTs. The sample is
cooled down during sonication employing an ice bath. Carbon
nanotubes were cut during the sonication treatment, and their length
decreased down to an average length of about 500 nm.23,24

Preparation of the Sample. The present method consists of
building networks of carbon based fillers in between emulsion droplets
of cross-linked PDMS polymer. Direct emulsions are made of oil
droplets dispersed in an aqueous phase (see Figure 1). As liquid drops

are deformable, they can pack efficiently with a very small amount of
remaining water continuous phase. The possibility to use water based
dispersions which are well controlled and which can be stabilized with
commercial surfactants is a major advantage of this approach. A
mixture of PDMS and curing agent (10% in weight with respect to the
PDMS phase) is first prepared as the oil phase. Emulsions are prepared
by progressively adding the oil phase to an aqueous solution of SDS
surfactant under mechanical stirring provided by a mechanical mixer
(IKA Eurostar 40 digital). The gap between the paddle and inner wall
of the container is about 7.5 mm. The surfactant weight fraction in the
water phase is 4 wt %. Oil is added dropwise until its weight fraction
reaches 85 wt %. Shear can be increased by raising the rotational speed
of the mixer in order to form smaller droplets. The size of the obtained
droplets is characterized using a Mastersizer Malvern 2000 particle size
analyzer. Different mean droplets sizes were achieved by modifying the
shear stress applied to the emulsion. The droplet sizes are broadly
distributed using mechanical stirring. They range from 80 to 15 μm. In
order to obtain smaller droplets, higher shear stress has to be applied
to the emulsions. To this end, smaller emulsion droplets are produced
using a Couette emulsification instrument.25 The Couette mixer
consists of a rotor stator system that enables the production of small

Figure 1. Scheme of the procedure allowing for the preparation of the
sample.
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and monodisperse emulsions due to high shear induced droplet
rupturing. In this method, a premixed emulsion of large, polydisperse
droplets is first introduced into a syringe. The premixed emulsion is
prepared manually. It is pushed by a piston into the gap between the
rotor and the stator. The sheared monodisperse emulsion is recovered
at the top of the mixer. The mean droplet size depends on the shear
rate and on the oil volume fraction. Experimentally, we decided to
shear emulsions at a fixed volume weight (85 wt %). Therefore, the
obtained mean droplet sizes are ranging in between 20 and 5 μm.
Once the desired mean droplet size is obtained, the emulsions are then
gently mixed with a carbon based aqueous dispersion of CNTs or
rGO. A previous study21 has shown that the length of the filler and the
droplet size have a significant influence on the dielectric properties of
the material. We recall that the optimum formulation for high
permittivity composites is achieved when the mean droplet size is
about 10 times higher than the mean filler’s length.21 Accordingly, the
mean droplet size of emulsions loaded with CNT (respectively rGO)
is equal to 5 μm (rep.20 μm). In addition, the amount of fillers is
varied in order to obtain different filler loadings in the final composites
obtained after drying and curing. The emulsions loaded with the
carbon based fillers are placed in circular homemade Teflon molds.
The diameter of the Teflon molds is 38 mm. Solid materials are
obtained by evaporating water from the emulsion and by curing the
PDMS polymer. The obtained samples are under the form of
elastomer disks with a black color. They look perfectly homogeneous
on a macroscopic scale. In the GO situation and in order to obtain a
comprehensive reduction of GO particles, the samples are heated at
200 °C for 2 h. We have checked that longer time or higher
temperature do not change the values of the electronic properties
suggesting that the reduction is optimal under this process.
Measurements of the Dielectric Properties at Rest. The

alternating current (AC) electrical conductivity measurements were
performed across the thickness of the molded disc samples of 38 mm
in diameter and 0.38 mm in thickness. The sample is placed between
two metallic disc electrodes that have the same diameter as the
samples. The electrical conductivity was measured under a voltage of
100 mV applied in the frequency range of 10−106 Hz using a
computer-controlled impedance analyzer (Materials Mates 7260). A
classical calibration procedure removing the contribution of the
polarization of the electrodes26 is used to determine the dielectric
permittivity and the conductivity of the sample as a function of the
frequency. All of the experiments are performed at room temperature.
Measurements of the Electrostrictive Coefficients. Definition

of the Electrostrictive Coefficient, Maxwell Stress, and Intrinsic
Contribution. Electrostriction is a property of all dielectrics due to the
presence of electric domains randomly distributed inside the material.
When an electric field is applied, each domain polarizes along the axis
of the field. The opposing sides of the domains are oppositely charged
and attract each other, causing a reduction in their size in the direction
of the electric field (and jointly an extension of their dimensions
perpendicular to the field in the proportions of the Poisson’s
coefficient). The resulting deformation is proportional to the square
of the electric field modulus. Electrostriction must be distinguished
from the inverse piezoelectric effect. Piezoelectricity is the property
that certain bodies possess to electrically polarize under the action of a
mechanical stress (direct piezzoelectric effect) and reciprocally to
deform under the action of an electrical field (inverse piezzoelectric
effect). The direct and inverse effects are inseparable. Electrostriction
is an effect of the second order, proportional to the square of the
electric field.27,28 Thus, opposite electric fields create an identical
deformation. Conversely, the piezoelectric effect is a linear effect, and
the deformation is proportional to the electric field (first-order effect).
Opposing electric fields therefore create opposite deformations in the
piezoelectric situation. Moreover, if the inverse piezoelectric effect is
always associated with the direct piezoelectric effect, there is no
equivalent for electrostriction: an applied stress does not create any
electrical polarization variation.
Electrostriction is generally defined as a quadratic coupling between

strain (Sij) and polarization (Pm) following eqs 1 and 2.

τ= ϵ′ +E P Q P2m mn n klmn kl n (1)

= +S s T Q P Pij ijkl kl ijmn m n (2)

sijkl
P is the elastic compliance, Qijkl is the polarization-related
electrostriction coefficient, ϵjk′ is the inverse of the linear dielectric
permittivity in the absence of mechanical strain, τkl is the stress, and Em
the electric field. Assuming a linear relationship between the
polarization and the electric field, the strain Sij and electric flux
density Di are expressed as independent variables of the electric field
intensity Ek, El, and stress τkl by the constitutive relationships
according to eqs 3 and 4:

τ= ϵ +D E M E2i ik k ijkl kl j (3)

τ= +S s M E Eij ijkl kl ijkl k l (4)

ϵ ik is the dielectric permittivity of the sample in the absence of
mechanical strain. In the nonlinear dielectric systems situation, the M
coefficients depend upon the electrical field, whereas Q coefficients do
not. When an electric field is applied to a thin dielectric film, charges
with different signs on two electrode sides will attract each other,
resulting in a electrostatic force which is known as Maxwell stress. It is
important to note at this stage that total electrostrictive strain
originates from both electrostrictive effect and Maxwell effect. In the
conductive sample situtation, the electrostrictive coefficients are
complex numbers. This is the case in our study. In the following,
we report the real part of the electrostrictive coefficient.

Measurements of the Dielectric Properties under Mechanical
Stress: A Direct Determination of the Electrostrictive Coefficient
M33. The following paragraph is devoted to the development of a
methodology to determine the intrinsic electrostrictive coefficient M33.
We consider a 3−3 situation, i.e., a geometry where the electrical field
is applied along the 3 direction and the deformation is the
compression measured along the 3 direction, i.e., S33. We use two
homemade metal electrodes that enable the study of the dielectric
properties and application of the mechanical stress at the same time.
The homemade aluminum electrodes of diameter 40 mm were
equipped with a PVC-insulator adaptor. Its main role is to insulate the
measurement performed by the electrode from the rest of the ZWICK
2.5 traction machine. This traction machine was used to measure the
Young’s modulus in quasi-static deformations. Not forgetting that it
ensures a reliable mechanical contact with the force sensor and the
steel base of the traction machine. The electrodes are connected to a
Materials Mates 7260 impedance analyzer enabling the character-
ization of the impedances under mechanical stress imposed by the
traction machine. The impedances under dynamic stress are studied at
an electrical frequency ( f = 100 Hz) at 0.1 V and following the typical
compensation procedure. For all of the characterized samples, we
apply a prestrain force of about 0.5 N. We note that the prestrain is to
ensure a good electrical contact between the electrodes and the
sample. An electrical contact is found when the force sensor detects a
non-null positive force. We define a mechanical cycle as the
mechanical step for which the strain increases from 0% to 8% and
decreases back to 0% strain. This cycle is repeated successively 20
times and studied. The frequency of the mechanical measurement is
0.2 Hz. The measurements were carried out at room temperature of
about 20 °C.

This setup allows a direct characterization of the intrinsic
electrostrictive coefficient: we apply a mechanical stress and measure
the modification of the impedances. We remind that the composite
materials are modeled by an RC parallel circuit. The mechanical stress
is controlled and cycled by a traction machine, inducing mechanical
loads and unload cycles to the material. These cycles provoke an
increase and decrease of the capacitance of the material. In addition,
the traction machine enables the determination of the stress, strain,
and Young’s modulus during the entire experiment. Measurements of
the dielectric properties are started at the same time as the mechanical
cyclic loadings. Consequently, we can obtain the intrinsic change of
capacitance in response to a stress τ33. As D3 = ϵ33

ef fectiveE3, where ϵ33
ef fective

is the effective dielectric permittivity in the presence of strain, we get
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ϵ33
ef fective = ϵ33

Maxwell + ϵ33
intrinsic. ϵ33

Maxwell is due to the variation the permittivity
due to the geometrical variation of the distance between the two
electrodes. Taking into account these geometrical corrections, we
measure ϵ33

intrinsic through the measurement of the impedance, and we

get = τ
ϵ − ϵM33

intrinsic
2

33
intrinsic

33

33
. Note that for nonlinear dielectrics,28 the M

coefficient depends upon the electrical field value. We will show in the
following that it is not the case for our samples as the electrostrictive
strain is a quadratic function of the electric field.
Measurements of the Dielectric Properties under Mechanical

Stress: Determination of the Electrostrictive Coefficient M13 in
Actuator Mode. The objective is to obtain the electrostrictive
coefficient M13 of an emulsion based composite by analyzing the
bending of a system made of stacked layers in response to an electrical
field. The two outer layers (i.e., layers 2 and 3) act as compliant
electrodes. They are made of gold using a coating sputtering
technique. Their thickness is 2 μm. Layer 1 is composed of the
emulsion based electrostrictive material. Layer 4 is prepared with a
pure dielectric PDMS neat polymer. Layers 1 and 4 are expected to
respond differently to the electric field. If individually considered, both
layers would be compressed in their thickness and expand laterally
under an electrical field, but here, the two layers are mechanically
coupled. One will expand, whereas the second one will contract or at
least display a smaller expansion compared to that of the other layer,
resulting in a bending of the whole system. The bending is in fact
dictated by the layer that has the greater electrical energy. This
dominant layer is layer 1 because of its much greater permittivity
compared to that of layer 4. h1, h2, h3, and h4 are the thicknesses of the
layers, b1, b2, b3, and b4 are the widths of the layers, and L is the length
of the layers at rest. We note that the PDMS base and curing agent
ratio for layer 4 is modified to a 7:1 ratio. The ratio used for the
electrostrictive material is 10:1. The difference of ratios between the
two layers enable a better adhesion of the two inner layers of the stack
and prevent possible delamination problems upon bending. A
mechanics model is used to calculate the electrostrictive coefficient
M13 from the induced curvature K, and the mechanical properties of
the four-layer material A setup that are reminiscent of those commonly
used to characterize electrostrictive coefficients M13 of polymer films
were implemented. The strip composite material is subjected to a
triangular AC electric field, produced by a TTi-TGA 1230 waveform
generator and amplified by a TREK high voltage amplifier model 609
× 10−6. We used plastic tweezers to hold the sample and the
electrodes. A high voltage is applied between the two copper
electrodes. The voltage was kept below 1.5 V/μm to avoid air and
dielectric breakdown. The strip composite material is enlightened by a
light emitting diode, LED, to ensure a reliable video recording. The
bending of the strip composite material induced by the electric field is
monitored by a PHANTOM high speed camera MR110. The
influence of the frequency was evaluated in the range of 0.5 Hz−10
Hz under electrical fields ranging from 0 to 1.5 V/μm. As explained
above, the strain induced by the electric field is the result of two
mechanisms: the Maxwell stress and the true electrostriction. The
effective electrostriction coefficient M13 is given by S13 = M13E3

2 (9),
where S13 is the induced in plane strain of the electrostrictive layer 1.
E3 is the applied electric field perpendicular to the plane. The applied

electric field is given by = +E V
h h3 1 4

, where V is the voltage applied

between the compliant electrodes 2 and 3. From the tip displacement
(w), the curvature of the film K is measured, K = 2w/L2. The
electrostrictive coefficient of the layer 1 is obtained through the
following equations:18

= +
M

S h h
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2
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In our set up, the thickness of the gold electrodes h3 = h2 is equal to
2 μm, the thickness of the active material h1 is equal to 70 μm for the
0.1% CNT sample, 74 μm for the 0.2% CNT sample, and 75 μm for
the 0.5% CNT sample, and the thickness of the PDMS layer is set to
h4 = 400 μm. The Young’s modulus of the gold electrodes is equal to
83 GPa, and the Young’s modulus of the PDMS pure layer is equal to
3.5 MPa. The Young’s modulus of the investigated samples is reported
in Table 1.

■ RESULTS
Measurements at Rest. Polymer CNT Composites. We

study the dielectric properties of the electrostrictive materials
used at rest for comparisons with the dynamic measurements.
Figure 2 a shows the electric conductivity as a function of the
frequency for different CNT samples. The electrical con-
ductivity shows three regimes as a function of the CNT
concentration. First, for CNT concentrations below the
percolation threshold, the conductivity is characterized by a
frequency dependence. It is observed for samples loaded with
less than 0.1 wt %. This behavior arises from dielectric losses
due to bound charges. Second, for CNT concentrations largely
higher than the percolation threshold (i.e., 2 wt %), the sample
is frequency independent since the conductivity is dominated
by free-charges. The third case is for CNT concentrations
around the percolation threshold. At high frequencies, the

Table 1. Evolution of Young’s Modulus, ϵr at 100 Hz, M33
Maxwell, and M33

intrinsic as a Function of the Concentration in Nanotubesa

% CNT 0.05 0.1 0.2 0.5 1 2
Y (kPa) 4 × 101 3.1 × 101 4.2 × 101 5.1 × 101 4.4 × 101 4 × 101

ϵr (100 Hz) 2 × 101 8 × 101 2.5 × 102 3 × 102 3 × 103 2 × 104

M33
Maxwell (100 Hz) −4.45 × 10−15 −2.2 × 10−14 −5.2 × 10−14 −5.2 × 10−14 −6. 0−13 −5 × 10−12

M33
intrinsic (100 Hz) −2 × 10−16 −4 × 10−15 −2 × 10−13 −9 × 10−13 −5 × 10−12 +10−12

Q33
intrinsic (100 Hz)
(m4C2−)

−6 × 103 −8 × 103 −4 × 104 −1.2 × 105 −7103 + 1.5 × 102

aM33
Maxwell is estimated through = νϵ ϵ +M

Y33
Maxwell (1 2 )

2
r o , ν is the Poisson ratio and is taken to 0.5. Q33

intrinsic = M33
intrinsic/ϵo

2(ϵr−1)2. The samples were

prepared using the emulsion process.
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conductivity is dominated by dielectric losses due to bound
charges, while at low frequencies the conductivity is driven by
the transport of free charges brought by the CNTs. The
electrical conductivity at 100 Hz varies between 10−8 S/m at 0.1
wt % and 10−5 S/m at 0.5 wt %. The relative dielectric
permittivity ϵr, (see Figure 2b) remains constant on almost the
entire frequency range for the samples loaded with 0, 0.05, and
0.1 wt % CNT. By contrast, the permittivity of the samples
loaded with 0.2 wt %, 0.5 wt % 1 wt %, and 2% wt presents
frequency dependences. The addition of conductive particles,
such as CNTs, to a dielectric matrix enhances the interfacial
polarization leading to an increase of the permittivity. We note
that the relative permittivity values are broad and range from 10
to 104 depending on the CNT concentration at 100 Hz. The
permittivity increases with the CNT concentration within the
range of 0 to 1 wt % CNT, as a result of the formation of
microcapacitors made of neighboring clusters of nanotubes.
The permittivity of the 2 wt % CNT, above the percolation
threshold, decreases because of shorts between the previously
mentioned microcapacitors
Polymer rGO Composites. Figure 4 displays the electric

conductivity as a function of the frequency for different rGO
samples. The electrical conductivity increases as a function of
the rGO concentration. The percolation threshold is reached
for a weight fraction of about 0.8%, i.e., for an 8 times higher
concentration than for the CNTs. The variation of the
percolation threshold is due to the shape of the rGO particles.
The platelets are known to exhibit an isotropic- nematic
transition at low concentration below the percolation transition.
Correlations of orientations of the platelets lower in fact their
contact probability which results in a greater percolation
threshold.13,29 This analysis is confirmed by electronic
microscopy pictures that point out the lamellar phase structure
of the rGO between the droplets (see Figure3).
Above the percolation threshold, the frequency dependences

differ from the ones measured in CNT samples. For all of the
rGO samples, the conductivity depends upon the frequency,
and no Plateau is evidenced even at low frequencies. The
conductivity varies as fα with α comprised between 0.26 and
0.33. This behavior suggests a large contribution of dielectric
losses to the conductivity. These materials are less conductive
than the ones containing CNTs. 4% wt of rGO is required to
get a conductivity equivalent to the one of materials containing
1% wt of CNT at 100 Hz. As for the samples loaded with
CNTs,21 huge permittivity values are reached. We note,

however, that by contrast to the CNT polymer composites,
the permittivity increases as a function of the rGO
concentration. No maximum is evidenced at the percolation
or above the percolation. This behavior might be explained by
the presence of large conductive clusters which remain not
connected with the main conductive percolated network.

Measurements under Mechanical Stress. Polymer CNT
Composites and Measurement of M33. The following section
is devoted to the study of electrostrictive materials under
mechanical stress. The sample is subjected to mechanical stress
that is cycled several times. The mechanical frequency is equal
to 0.2 Hz. The applied stress is situated within the linear elastic
region, and its maximal value corresponds to an 8% strain. The
linear elastic region ranges between 0% and 12% of mechanical
strain. The quasi static values of the Young’s modulus as a
function of the CNT concentration are reported in Table. 1.
The absolute values of the electrostriction coefficients

measured at 100 Hz (frequency of the electrical current) are
shown in Figure 5 as a function of the CNT concentration. The
electrostrictive coefficient value is negative and increases as a
function of the filler weight fraction up to 1% in charge. For 2%
and above the percolation threshold, the electrostrictive
coefficient value is positive. The material is not purely dielectric
and behaves differently from near percolated materials. The
permittivity decreases when the sample is compressed and
increases when the stress is released. In other words, the sign of
the electrostriction coefficient is opposite to the one of
nonpercolated and near-percolated networks. The compression
may create new contacts between nanotubes and thus decrease
the number of microcapacitors inside the sample. The obtained
values at 100 Hz range between M = −4 × 10−15 m2 V−2 for c =
0.1%, M = −10−13 m2 V−2 for c = 0.2%, andM = −10−11 m2 V−2

for c = 1 wt %. The conductivity of the sample for c = 0.1 wt %
is 10−8 S/m, for c = 0.2 wt % 10−6 S/m, and for c = 1 wt % is
10−4 S/m. We stress that these values are actual direct
measurements and not a calculated or extrapolated value. The
sample for which the CNT concentration is near the
percolation threshold (1 wt % CNT) yields the highest
permittivity values.
The electrostrictive coefficient M33 of the latter sample is also

the greatest and of about 10−11 m2 V−2 at 100 Hz. The average
value is calculated based on two different batches and for
samples tested at 0.5 mm/min. We report two different values
for M33 in the 1 wt % CNT situation. These variations seem to
be related to the use of two different CNT batches. Slight
differences of structure and chemical nature are enhanced in the
percolation region, but even the lowest measured values remain
exceptionally high and above previously reported values for

Figure 2. (a) Evolution of the conductivity as a function of the
frequency for various CNT concentrations. 0%wt (red circles), 0.05%
wt (green squares), 0.1%wt (blue diamond), 0.2%wt (cyan up
triangle), 0.5%wt (black left triangle), 1%wt (yellow right triangle),
and 2%wt (magenta cross). (b) Evolution of the dielectric permittivity
as a function of the frequency for various concentrations (same
symbols as in panel a). (c) Evolution of the tan δ = σ

πϵ ϵ( )
f2r o
as a

function of the frequency for various CNT concentrations (same
symbols as in panel a).

Figure 3. Electronic microscopy pictures of rGO composites.
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related materials. It corresponds to an improvement of about an
order of magnitude compared to the previous highest reports
by Deshmukh et al.19 and about 3 orders of magnitude in
comparison with most data in the literature dealing with
dielectric composites. Note that these samples have the same
conductivity 10−3 S/m than the ones prepared by Deshmukh et
al.19 We note that the reported Q33

intrinsic values are much higher
than the one reported for ceramics typically around30 0.05
m4C2− and PVDF31 of 13.5 m4C2−.
Looking for the best compromise between a low conductivity

and a high electrostrictive coefficient, we find that the range of
CNT weight fractions comprised between 0.1% and 0.2% is the
best suited. The obtained results are comparable or 1 order of
magnitude higher than the ones reported in the literature18 for
comparable and even lower frequencies. It is important to note

here that our data correspond to an electrical frequency of 100
Hz and a mechanical frequency of 0.2 Hz.
The achievement of high values of electrostrictive coefficients

comes with the appearance of piezoresistivity. The resistivity of
the sample indeed varies as a function of the compression. It
decreases when the sample is compressed, and the sample
exhibits negative piezoresistivity. Figure 5 displays the evolution

of the gauge factor GF =
γ

−R R
R

s

s
as a function of the nanotube

weight fraction, where Rs is the value of the strained sample and
R the initial value. The gauge factor GF increases from 1 to
more than 1000 above the percolation threshold. The latter
value is about 1 order of magnitude higher than the best one
already obtained. Metals strain gauges typically exhibit gauge
factors in the range of 0.8−3. Another common type of strain
sensor is the piezoresistive single crystal silicon strain sensor

Figure 4. (a) Evolution of the conductivity as a function of the frequency for various concentrations. 0.6%wt (yellow circle), 0.8%wt (green crosses),
0.1%wt (purple square), 1.8%wt (red left triangle), 4%wt (black star). (b) Evolution of permittivity as a function of the frequency for various rGO
concentrations (same symbols as in panel a). (c) Evolution of tan(δ) as a function of the frequency for various rGO concentrations (same symbols as
in panel a).

Figure 5. Left: Evolution of the absolute value of the electrostrictive coefficient M33 as a function of the CNT concentration. Right: Evolution of the
gauge factor coefficient GF =

γ
−R R
R

s

s
as a function of the CNT concentration.

Figure 6. Comparison of the deflection of the bilayer composite tip under different voltages. Image a corresponds to U = 0 V, while b corresponds to
U = 1000 V. The out of plane deflection w (pink arrow) enables the determination of the electrostrictive coefficient M13. The small squares are 1
mm per side. (c) The out of plane deflection of strip composites as a function of the applied voltage at different electrical frequencies for a 0.2wt %
CNT composite: The up triangle corresponds to 0.5 Hz, the right triangle to 1 Hz, the down triangle to 2.5 Hz, the left triangle to 7.5 Hz, and the
black circles to the square of the applied electric field. The thickness of the composite is equal to 450 μm, and its length is equal 3 cm.
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compatible with the CMOS process and owing to a high gauge
factor up to 135. However, these sensors are more expensive
and more fragile than foil polymer based gauges. In addition,
they are not suitable for flexible strain sensing applications.
Note that a full validation of the sensor applications would
require further characterizations, including studies of cycling
repeatability, reversibility, linear, or nonlinear calibration.
Polymer CNT Composites and Measurement of M13. The

following section is devoted in the first place to the
determination of the electrostrictive coefficient M13 as
commonly done in the literature. Second, we will compare
these values to the ones obtained using the more direct
methodology. We anticipate that the aim of this section is not
to give a comprehensive study of the actuator properties of our
samples but rather to check the validity of the above data by
making a separate measurement.
We study the deflection of the strip material when the

electric field E is applied. The typical applied values for E are
about 1 V/μm and lead to the displacement of the strip. The
bending is the result of the compression and expansion of the
different layers when the electric field is applied. The strip
deflection is determined using a millimeter range sheet placed
behind the strip. In order to verify the electrostrictive behavior
of the nanocomposites, we measure the actuation response as a
function of the amplitude of the electrical field.
Figure 6 shows the displacement of the strip as a function of

the voltage U for a nanocomposite loaded with 0.2 wt % CNT.
The displacement of the strip is proportional to U2 regardless
of the frequency. We attribute the slight differences from
theoretical quadratic curves corresponding to uncertainties in
the measurements of the maximal displacement itself. Hence-
forth, using the tip deflection we are able to determine the
electrostrictive coefficient of the nanocomposite following eq 4.
Figure 7 displays the results obtained as a function of the
concentration.

We note a very good agreement between both measure-
ments, suggesting first that our samples respond in a isotropic
way, i.e., that M13 = M33 and that second the Maxwell stress has
a low contribution in our sample. We recall that in this
geometry, we measure the sum of the Maxwell contribution and
of the intrinsic contribution. This last point is not surprising
since our samples have a rather large Young’s modulus and a
large Δϵr (Table 2). This is in perfect agreement with the

values M33
Maxwell calculated through = ν+ ϵ ϵM

Y33
Maxwell 1 2

2
r 0 with ν

the Poisson Coefficient and Y the Young’s modulus shown in
Table 1.

Polymer rGO Composites and the Measurement of M33.
As in the previous section, the properties are measured using a
8% strain in the mechanical linear regime. On the contrary to
the polymer CNT composites, M33 values are always negative
whatever the concentration of rGO (Figure 8). Values as high
as 3 × 10−13 m2 V−2 at 100 Hz are measured for c = 4%. This
value comes with a conductivity equal to 10−3 S/m. The value
of tan(δ) is equal to 1 at 100 Hz. By contrast to CNT, very
little piezoresistivity is observed for rGO materials. We note
that the performances of these material remain more classical
and not as promising as the ones obtained with CNTs. We also
note that the intrinsic response is very close to the Maxwell
response which was not the case for CNT composites.

■ DISCUSSION AND CONCLUSION

We have studied the dielectric properties of polymer nano-
composites at rest and under deformation. We have developed
a device to directly measure the electrostrictive properties of
the material. The polymer nanocomposites have been prepared
using an emulsion pathway. This procedure allows us to
disperse homogeneously the conductive charges in the sample.
Even though it is good, this dispersion is not perfect, and finite
size effects are observed. In the domain of the percolation
threshold, some continuous carbon particle paths between the
electrodes coexist with some large aggregates. Huge dielectrical
permittivity and intermediate resistivity values are thus
measured in this region. A number of effects at a microscopic
level result from the imposed mechanical deformation. The
distance between CNTs or rGO platelets can change in not
always intuitive ways,32 potentially leading to increases or
decreases of conductivity and permittivity depending on the
concentration of particles and on their structuration in the
matrix. Also pressure changes between the contacting particles
and changes of orientation can strongly alter the electrical
properties of the nanocomposites. A clear identification of the
presently involved dominant mechanisms is still missing. The
properties obtained with CNTs21 in terms of electrostrictive
coefficients are more interesting than the one obtained with
rGO. Nevertheless, the experimentally measured properties
make the present materials suited for many applications. First,
we note that the properties obtained with CNTs21 in terms of
electrostrictive coefficients are more interesting than the ones
obtained with rGO. In the low filler concentration situation
(i.e., less than 0.2% in weight), our materials are suited for
energy harvesting from mechanical noise. They display
performances comparable to or 1 order of magnitude better
than in those in the literature at a frequency of 100 Hz, a typical
relevant frequency for energy harvesting. In the high filler
concentration situation, the values of the electrostrictive
coefficients are giant. However, they come with a high value
of conductivity (typically higher than 10−4 S/m). This makes
them unsuitable for energy harvesting in spite of their giant
electrostrictive response. Indeed, building an autonomous
device requires very low losses in order to avoid discharging
during the action phases. Unfortunately, this drawback is shared
by most of nanocomposites reported in the literature. To
bypass this drawback, it is thus mandatory to reduce the value
of the conductivity at least around 10−7 S/m. In order to do so,
the use of inverse emulsion to prepare the sample might be an

Figure 7. Comparison of the electrostrictive coefficient determined by
two different setups for different CNT concentrations. The blue
diamonds correspond to the direct compression setup (M33), while
the red circles correspond to the actuator setup (M13).
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appropriate approach. Work along this axis is in progress. It will
allow us to confine the conductive particles inside droplets and
to avoid many contacts and losses. However, the giant
electrostriction of the present nanocomposites makes them
very promising for other applications including in particular
capacitive sensors and actuators. In addition, the values of the
piezoresistivity measured in the high filler concentration
situation are at least an order of magnitude greater than the
one reported in the literature. This opens the path to use these
materials for stress or strain sensor applications considering
their giant responses to mechanical deformations.
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Abstract
Wepresent electrostrictivematerials with excellent properties for vibrational energy harvesting
applications. The developedmaterials consist of a porous carbon black composite, which is processed
usingwater-in-oil emulsions. In combinationwith an insulating layer, the investigated structures
exhibit a high effective relative dielectric permittivity (up to 182 at 100Hz)with very low effective
conductivity (down to 2.53 10−8 Sm−1). They can generate electrical energy in response tomechanical
vibrationswith a power density of 0.38Wm−3 under an applied bias electricfield of 32 V. They display
figures ormerit for energy harvesting applications well above reference polymermaterials in thefield,
including fluorinated co- and ter-polymers synthetized by heavy chemical processes. The production
process of the presentmaterials is based on non hazardous and low-cost chemicals. The soft dielectric
materials are highlyflexible (Young’smodulus of∼1MPa)making them also suited for highly
sensitive capacitive sensors.

1. Introduction

The Internet of Things (IoT) is a new and fast growing concept which aims at connecting everyday physical
objects into the Internet without any human interaction [1, 2]. The IoT requires the usage of numerouswireless
sensors. Providing the electrical energy to run thesewireless sensors is ofmajor concern. Use of batteries with
limited lifetime is a severe constraint. To overcome this problem, several environmental energy sources such as
thermal, solar, salinity gradients, vibrations can be used to fulfil energy demands [3–5]. It could thusmake
sensors,MEMS, communicating devices, etc self-sufficient in energy supply and as-such highly increase their life
time. A promisingmethod to resolve this challenge is to harvestmechanical energy from the ambient
environment and convert it into electrical power. An apparently convenientmethod consists in using
piezoelectricmaterials. Themost efficient piezoelectric ceramics can produce up to 0.2–30 mW cm−1 [6–9].
However, thesematerials are stiff and brittle which limits their implementation in embedded applications [10].
Triboelectric nanogenerators have recently demonstrated volume power densities up to 0.49W cm−3 [11, 12].
However, their performances are largely affected by the environment such as humidity [12].Moreover, their low
durability as a result of twomaterials in physical friction is still a limiting factor [11]. Amore recent approach
consists in using electrostrictive polymers to convert energy frommechanical vibrations [13–19]. These
polymers have high dielectric permittivity and are used as the dielectric layer inside variable capacitors.
Capacitance variations in response tomechanical variations are enhanced by changes of dielectric permittivity of
the electrostrictive polymers. This principle can be used to convertmechanical energy of vibrations into
electrical energy. The interest in electrostrictive polymers is rapidly growing because polymer-based high-
permittivitymaterials areflexible, low cost, and easily tunable, whichmakes themgood candidates for IoT
applications. A recent approach for obtaining high permittivity electrostrictive polymers is the use of polymers
loadedwith conductive nanoparticles [15–19]. These compositematerials exhibit a large increase of dielectric
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permittivity in the vicinity of their percolation threshold but suffer from aweakness due to the substantial
increase of losses near and above percolation [19, 20].

To overcome these limitations, we design a newbilayer structure based on amicroporous dielectric layer
associatedwith a thin insulating layer of polydimethyl siloxane (PDMS). Porousflexiblematerials of which the
internal pores are coveredwith carbon black particles are prepared using awater-in-oil emulsion. This new
composite possesses a high dielectric permittivity alongwith a very low conductivity.We show that the
fabrication of themicroporous dielectric layer using awater-in-oil emulsion provides afine control of the
location of the conductive inclusions. The latter remain confined in the emulsions droplets. Themicropores
significantly deformupon compression resulting in a large change of the dielectric permittivity [21]. As such, the
porous dielectricmaterial can be used in a variable-capacitance engine to harvestmechanical energy [22].The
energy harvesting performance can be improved by combining the porous dielectric with a thin insulating layer
of PDMS. This reduces the conductivity of the system, and allows an increase of the filler concentration above
the percolation threshold in the high permittivity layer. The electrostrictive properties of thematerial can be
finely tuned by varying the concentration of conductive particles. The presented bilayer structures exhibit high
effective relative dielectric permittivity (up to 182 at 100 Hz)with a very low effective conductivity (down to
2.53·10−8 S m−1). They can generate electrical energy in response tomechanical vibrationswith a power
density of 0.4 μWcm−3. The efficiency of electrostrictivematerials for actual energy harvesting applications can
be assessed by their so-called figure ofMerit (FoM). FoMof the presentmaterials exceeds the previous-best
electrostrictivematerials based onmixtures offluorinated terpolymers and carbon black particles by a factor 1.7,
and by almost four ordersmagnitudemore conventional compositesmade of polyurethane and carbon black
particles. They have also a low cost considering the components they aremade of. In addition, considering their
largeflexibility (Young’smodulus of about 1MPa) and sensitivity of dielectric properties, the presented
materials arewell suited for capacitive sensors with high sensitivity.

2. Experimental details

2.1.Material synthesis
The emulsion consists of an aqueous solution of carbon black droplets dispersed in amatrix of PDMS and a
curing agent.We used the following procedure (figure 1). Thewater phase is prepared bymixing 5 g of arabic
gum (SigmaAldrich) and 95 g of deionizedwater. The desired concentration of carbon black powder (Alfa
Aesar) is added and themixture is tip sonicated during 1 h at 400W to homogeneously disperse the carbon black
(CB) particles [20]. The oil phase is prepared bymixing PDMS (DowCorning), the curing agent (DowCorning,
10% inweight with respect to the PDMSphase), and the surfactant lauryl PEG-8 dimethicone (Silube J208-812,
Siltech, 5.0 wt%of thefinalmixture). Note that composition of the curing agent is not divulgated but it is
probably amixture of dimethyl,methylhydrogen siloxane—dimethyl siloxane, dimethylvinyl terminated—
dimethylvinylated and trimethylated silica—tetramethyl tetravinyl cyclotetra siloxane and ethyl benzene.

Figure 1. Scheme of the preparation of themicroporousmaterials with pores covered by carbon black particles. (a)Preparation of the
oil phase bymixing PDMS, curing agent, and surfactant. (b)Preparation of thewater phase bymixingwater and arabic gum. (c)
Dispersion of black carbon powder inwater phase. (d)Dispersion ofwater phase inside the oil phase. (e) Spreading of the emulsion
between two surfaces and immersion in awater bowl. (f)The PDMS in the emulsion is cured by increasing the temperature of water.
(g)Evaporation of the water by increasing the temperature outside thewater bath. (h) Finally, a porous and dried composite is
obtained.
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The emulsion is prepared by progressively adding the carbon black solution to the oil phase undermanual
stirring up to amass ratio of water:oil=1:1. Themean droplet size depends on the viscosity of the continuous
phase and ranges between 10–30 μm.Thewater-in-oil emulsion loadedwith carbon black particles is spread
with a stencil that has a depth of 500 μmon a plastic surface with a diameter of 24 mm.A second plastic surface is
placed on the spread emulsion such that the emulsion remains confined between twoflat surfaces. Solid
materials are obtained by curing the PDMSpolymerwithout evaporation in awarmwater bowl (90 °C) for 4 h.
The relative humidity in these conditions is 100%. Then, the solidmaterial layer is removed from the two plastic
surfaces and dried in an oven for 1 h at 150 °C. As PDMS is permeable towater vapor, droplets from carbon
black solution dried and leave a structure with spherical-shaped pores covered by carbon black particles
(figure 2). Curing and drying are critical stageswhich strongly influence the finalmorphology of the porous
composite.

2.1.1. Isolating layer deposition
Todecrease the dielectric losses, themicroporousmaterials are combinedwith a thin insulating layer of PDMS.
The insulating layer is spin coated on conductive aluminum substrates with a diameter of 24 mm. For the spin-
coating, 3 g of PDMSwith a curing agent (10% inweight with respect to the PDMSphase) is deposited at rest on
an aluminum substrate. Then a spin-coater is used at 8000 rpm for 60 s at an acceleration of 1000 rpm s−1 to
obtain a thickness of the PDMS layer of 5 μm.The aluminum substrate covered by the PDMS layer is then soft
baked at 100 °C for 30 min to cure the PDMS. The thickness of the layer ismeasured by amechanical
profilometer (Dektak 150) after scratching the surface.

Note that in the following experiments, themicro porous layers are simply held in contact with the
insulating layer which is deposited onto an aluminium substrate. However, it is possible to spin coat an
insulatingfilm on ourmaterials.We have recovered amicro porousmaterial with afivemicrons thickfilm of
PDMS and curing agent. The comprehensive systemhas been cured at 100 °C for 30 min.

2.2.Determination of the dielectric properties
Wemeasure the electrical conductivity and dielectric permittivity of the samples between twometallic disc
electrodes in the frequency range of 10–106 Hz under an applied voltage of 1 V using an impedance analyzer
(Bio-Logic Impedance Analyser,MTZ-35). A calibration procedure removing the contribution of the
polarization of the electrodes is used to determine the dielectric permittivity and the conductivity of the sample
as a function of frequency [16]. All the experiments are performed at room temperature.

2.3.Determination of the electromechanical performances
Todetermine the electrostrictive properties of the composites we use the experimental setup illustrated in
figure 3, which consists of a piezoelectric actuator (Physik Instrumente P-842.30) driven by a function generator
(Keysight 33611AWaveformGenerator) that applies a sinusoidalmechanical strain at a frequency of 100 Hz.
The sample is placed between two electrodes: the top electrode is connected to the piezo actuator andmoves at
the same frequency as the actuator, the bottom electrode isfixed to the sample holder and does notmove. As
such, amodulated strain is applied along the thickness of thematerial. The strain is controlled by a computer

Figure 2.Electronmicroscope picture of a cross-cut of a porous carbon black composite.
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linked to a function generator which controls the stroke of the actuator. An electric field Edc is applied to the
composite along the height (3-direction infigure 3) by aDC generator. Tomeasure the current and generated
power, a load resistance (R) is connected in series with the sample. The voltageUR over the resistance is recorded
by an oscilloscope (Keysight InfiniiVision 1000X) and the current is determined using theOhm’s law
(I=UR/Rl).

The Young’smodulus of the composites ismeasured using a tensile tester (InstronModel 4505). The initial
dimensions (width and thickness) aremeasured beforemounting the sample between the fixed andmoving
jaws. The force-displacement responses are acquired for each sample at a displacement rate of 0.067 mm s−1.
The tests endedwhen the specimens fractured. The Young’smodulus is determined bymeasuring the slope of
stress–strain curves in the elastic domain.

The compositematerial ismodeled by a parallelRC circuit (see figure 3(b)). The observed current is
composed of two parts: a leakage current Idc and a harvested current Ih induced by compression-decompression
cycles of the composite. According to themodel developed byGuyomar et al [23, 24], for a sinusoidal strain the
current Ih through a load resistanceRl is given by (see supporting information is available online at stacks.iop.
org/MFM/0/000000/mmedia)

I t
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Here,A is the area of the sample,Y is the Young’smodulus, M33* is the apparent electrostrictive coefficient [15],
Edc is the applied bias electric field E 32 V ,dc �( ) S is the sinusoidal strain amplitude equaling the displacement
induced by the piezo actuator (24 μm) divided by two times thematerial thickness, � is the relative dielectric
permittivity, 0� is the vacuumpermittivity, d is thematerial thickness, and � is the angular frequency of the
applied strain. Hence, a linear relation between Ih and Edc is obtained for a constant strain, frequency, and load
resistance. As a result, the product M Y33* can be easily estimated from the slope of the I-Edc curves. The apparent
electrostrictive coefficient M33* is calculated by division of the Young’smodulusY. In the following, in presence
of an insulating film, M33*will be an effective coefficient. It will average the properties of thematerial and those
of the insulatingfilm.

3. Results

3.1. Polymer-carbon black composites
The dielectric properties of the polymer/carbon black composite, without insulating layer, are first studied at
rest. The load fraction of carbon black particles inside composites is variedwhile keeping the oil:water ratio
constant. Figure 4 shows the electrical conductivity, dielectric permittivity, and loss tangent (tan ,

0
� � �

� ��
( )

with � the electrical conductivity) as a function of the frequency for different carbon black particle
concentrations.

Both conductivity and dielectric permittivity increase as a function of CB concentration. The percolation
threshold is reached for a weight fraction of 6%. Below the percolation threshold, the conductivity is frequency
dependent and arises fromdielectric losses due to bound charges. In themeantime, the dielectric permittivity
remains constant for the full range of investigated frequencies. Above the percolation threshold, and at low
frequencies, the conductivity is constant because essentially due to the transport of free charges brought by the
carbon black particles. By contrast, the dielectric permittivity presents frequency dependence and is enhanced by

Figure 3. Schematic of the experimental setup (a) and the equivalent electric circuit (b).
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the interfacial polarization of the carbon black particles. In the high filler concentration regimes, the values of
conductivity (above 10−6 S m−1)make thematerials unsuitable for vibrational energy harvesting.

3.2. Bilayer polymer-carbon black composites
The high conductivity (free charges carriers and dielectric loss) of the carbon black composites is a drawback for
energy harvesting applications [24]. Indeed, such applications do not allow any leakage for yielding a positive
energy conversion. In this paper, we propose an original approach for keeping high values of effective dielectric
permittivity and low values of conductivity by associating a thin insulating layer to the high permittivity layer.
This layer has low dielectric losses and no free charge carriers. It acts as a blocking layer and prevents leaks of the
capacitors (figure 5).

The electrical equivalent circuit for a bilayermaterial is a junction of twoRC circuits in series. The
expressions for the effective dielectric properties of the bilayer structure are given in the supporting information.
The effective conductivity and dielectric constant of the bilayer structure depend on the thicknesses and
dielectric properties of both layers. The blocking layer 2 is a cured PDMS layer ( 2PDMS 2� �� � and 2� �
10−13 S m−1 in the range 10–106 Hz at 25 °C) of thickness 5 μm.The high permittivity layer 1 is the porous
carbon blackmaterial layer and1 2 1 2� � � �� �( ) of variable thickness depending on carbon black
concentration (see table 1).

For comparison, we investigate the dielectric properties of the electrostrictive composites at rest with and
without insulating layer. Figure 6 shows the relative dielectric permittivity, electrical conductivity, and loss
tangent at 100 Hz as a function of the carbon black concentration. First, we consider the electrostrictive
compositeswithout insulating layer. At carbon black concentrations below the percolation threshold (∼5 wt%),

Figure 4. (a)Evolution of the dielectric permittivity (a), conductivity (b) and loss tangent (c) as a function of the frequency for various
CB particle concentrations. 3.0 wt% (black squares), 4.0 wt% (red circles), 6.0 wt% (purple top triangles), 8.0 wt% (green down
triangles), 10 wt% (pink left triangles)Phase fractions arefixed: oil:water=1:1.

Figure 5.Equivalent electric circuits for the porous black carbon (a) and the bilayer (b) composite. i,� i� and di are the dielectric
permittivity, the conductivity, and the thickness of the layer i, respectively.

Table 1.Properties of the carbon black (CB)
composites.

%CB CB (g L−1) Thickness (μm)

3 31 500

4 42 510

6 64 510

8 87 750

10 110 800
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the dielectric permittivity has a nearly constant value of∼10with an electric conductivity of∼1 nS m−1. Above
the percolation threshold, the dielectric permittivity rapidly increases to 550 at 6 wt%.However, the electrical
conductivity also increases by a factor of 103, leading to a loss tangent above 1. A further addition of conductive
carbon black particles enhances the interfacial polarization, which leads to an increase in permittivity but also
leads to further increase of the electrical conductivity to 0.6 mSm−1 at∼8 wt%. Such a high conductivity does
not allow the efficient use of thematerials as a dielectric layer in variable capacitors.

The effective dielectric properties of the electrostrictive compositeswith an insulating layer are very different
at carbon black concentrations above the percolation threshold. The PDMS layer limits the electric conductivity
below 1–10 nS m−1. The insulating layer also leads to a decrease of the effective dielectric permittivity to 157 and
182 for the 8 and 10 wt%black carbonweight fractions, respectively. However, the obtained dielectric loss
tangents are very lowwith 1.5·10−2 and 2.5·10−2 for the 8 and 10 wt%carbon black systems, respectively,
making themwell suited for energy harvesting applications. Theoretical calculations of the conductivity (see
supporting information) predict values slightly lower than the ones found experimentally, probably as a result of
small holes and defects in the insulating PDMS layer.

Let us stress, that thematerials with insulating film are a new concept. The properties of the porousmaterial
highly depend upon thematerials synthesis protocol in the vicinity of the percolation transition. A 5% carbon
black particles sample without insulating filmmay in principle have the same properties than a 8%material with
an insulating layer. However, we note that the conductivity of the 5% carbon black particles sample depends a lot
upon the preparation conditions. 2 orders ofmagnitude of variation have beenmeasured on two different
samples from two different batches. Using an insulatingfilm allows us to preparematerials with reproducible
properties. 20%of variations have beenmeasured on two different sample from two different batches with an
insulatingfilm.

3.3. Electromechanical performances andpower harvested estimation
Wenow investigate the performance of the bilayer composites for energy harvesting purposes. First, the
electromechanical performances are assessed by calculating the figure ofmerit (FoM) proposed byGuyomar
et al [23, 24]:

M YFoM
2

J m V cycle 2
r

33
2 1 2 1*

�
�

� � � �
⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )

The FoMdepends only onmaterials properties (M ,33* Y, r� ) and aims at comparing electromechanical
performances ofmaterials without any external parameters such as geometry andmeasurement details. Three
compositions (6, 8, and 10 wt%) are used for performances comparisons (table 2). Properties of thematerials are
reported in table 2. FoM, M33* andY aremeasured using themethods described in the experimental section.

3.4.Determination of the harvested power
Next, we examine the power generation properties of the bilayer composites by discharge over a load resistance
Rl. As shown infigure 7, the voltage drop over the resistanceUr and the instantaneous harvested power are
monitored as a function of time. The average harvested power per cycle P is calculated using

P
T

P t t
R T

U t t
1

d
1

d , 3
T

l

T

r
0 0

2� �� �( ) ( ) ( )

whereT is the period of the cycle.

Figure 6.Effective dielectric properties at 100 Hz of the porous carbon black layer (red circles), bilayer polymer—carbon black
composites (black squares), and theoretical predictions of the latter (open black triangles), as a function of carbon black
concentration.
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The theoretical harvested power is given by (see supporting information)

P
R M Y E A S

2

2

1
, 4l dc

R A

d

th
33

2 2 2 2 2

2
l 0

* �
�

� � � �( )
( ) ( )

where T2 .� �� /
Figure 8 shows the value of the theoretical and experimental power harvestable as a function of the load

resistance. Best values are obtaining for a load resistance of about 1M for bothmaterials, which corresponds to

the resistancewith optimal power production R .l
d

A, max
0

�
�� �( ) Good agreement is observed between the

experimental data and theoretical powers. In addition, the increase in FoMby a factor 5 between 8CBwt%and
10CBwt% leads to an increase in harvested power by a factor 6.

3.5. Efficiency
To get a positive energy balance, the dissipated powermust be smaller than the harvested power. The dissipated
power formaintaining a polarization of the composite is given by [24]:

Table 2.Bilayers composite properties. M33* ismeasured at 100 hertz. The thickness refers to the thickness of the porousmaterial. The
thickness of the film is 5microns for all the samples.

%CB Oil fraction CB (g L−1) Thickness (μm) Surface (m2) M*Y Y (MPa) M33* (m
2 V−2)

6.0 0.5 6.4·101 5,1·102 1.1·10−3 2.2·10−10 1,38 1,60·10−16

8.0 0.5 8,7·101 7.5·102 6.2·10−4 1.5·10−9 1,40 1,07·10−15

10.0 0.5 1.1·102 8.0·102 1.0·10−3 3.6·10−9 1,61 8,46·10−15

Figure 7.The voltage difference (a) and instantaneous power (b) across a load resistance of 1 MΩ for a 100 Hz sinusoidal strain. The
applied bias voltage over the bilayer composite with 8 wt%carbon black is 32 V.

Figure 8.Harvested power of the composites with 8CBwt% (green) and 10CBwt% (pink)with insulating layer as a function of the
load resistance. Squares are experimental data and lines are theoretical predictions using equation (7). The strain frequency is 100 Hz
and the applied voltage over the composite Vdc=32 V.Q1
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P R
V

R R
5l

dc

i l
loss

2

�
�

⎛
⎝⎜

⎞
⎠⎟ ( )

where Ri is the internal leak resistance, Rl is the load resistance values, andVdc is the applied voltage difference.
The internal leak resistance is calculated byRi= d

A�
with the geometrical data from table 2. The electrical energy

gain is calculated by considering the ratio of power harvestable to electrical polarization losses for a bias voltage
ofVdc=32 V and a load resistance ofRl=1MΩ.

4.Discussions

The use of an insulating layer limits the electric conductivity below 1–10 nS m−1 and allows us to use our
materials for energy harvesting. Data given in table 3 show that the energy balance is largely positive for both
materials. The power produced by themechanical-electrical conversion for the 8 wt% composite is 1.74 times
higher than the power dissipated to polarize it and the net power harvestable is around 0.17Wm−3.We can see
that increasing theCBwt%enables to increase the net harvested power by almost a factor 4, i.e. up to
0.38Wm−3. This is a consequence of the increase of permittivity of thematerial at 10 wt%. But at the same time,
the conductivity of the 10 wt%composite is 1.9 higher than that of the 8 wt% composite which has a
conductivity of 1.30·10−8 S m−1; leading to a net decrease in the energy balance, but to an increased overall
power production. These excellent performances can be explained by the porous structure of thematerials and
insulating properties of the thin polymer layer. As a result, the electric field required to polarize thematerial is
decreased, which is crucial for vibrational energy harvesting applications.

Figure 9 presents the FoMofmaterials from the literature, and of composites developed in this work. The
values of the FOMare enhanced by increasing the filler concentration. For 10 wt%CB, the FoM is equal to
5.06·10−8 J m V cycle .1 2 1� � � This result exceeds the previous-best electrostrictivematerials based on amixture
of Polyvinylidene fluoride (PVDF) terpolymers and carbon black by a factor 1.7. In addition, it outperforms in
termof process andmaterial cost and toxicity [21, 22]. Increasing the FoM is a key point for increasing the power
harvestable as we show below. Besides, their lowYoung’smodulus compared to PVDFpolymers (∼GPa) could
enlarge the scope of applications using low stress vibrations.

Note that same behaviour has beenmeasured at 10 hertz.M33 is greater by a factor of 2 to 5 at this frequency
for all the samples. The use of a sweeping frequency excitationwill be considered in a further work.

Table 3.Efficiency of the bilayer composites for different carbon black concentrations.

%CB Harvested power (μW) Power loss (μW) Net power production (μW) Electrical gain factor

8.00 0.20 0.12 0.08 1.74

10.0 1.3 1.0 0.3 1.31

Figure 9.Comparison of the electromechanical performances at 100Hz using thefigure ofmerit (FoM) proposed byGuyomar et al
[23, 24]. Thick lines have the same FOM.Black spots refer tomaterials from the literature [23, 24].
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5. Conclusions

Wepresentedmicroporous electrostrictive composites with improved properties for vibrational energy
harvesting. These systems aremade of carbon black particles dispersed in a porous PDMSmatrix. An inverted
emulsion templating approach provides afine control of the location of the particles which is a key factor to
achieve high permittivity and low losses. A thin insulating layer was added to limit further the losses. The
resulting structure possesses a very large effective relative dielectric permittivity of 182 at 100 Hz in combination
with a very low loss tangent of 2.5·10−2.We succeeded in evaluating the energy scavenging abilities of these
composites.More than 300 nWhas been harvestedwith the 10 wt%carbon black composites which leads to a
power density of 0.4 μWcm−3. The presentmaterials exhibits a figure ofmerit as high as 5.06·10−8

J m V cycle1 2 1� � � which is 1.7 times higher than the best reference fluorinated polymers and 3350 times higher
than pure polyurethane [21]. The low cost process and low toxicitymake the carbon black bilayer composites
very promisingmaterials for vibrational energy harvesting. The power harvestedwith ourmaterials is good
enough to provide a significant boost to the battery life of ultra-low power devices. For example, the Phoenix
processor [25, 26]has a sleep power consumption of only 30 pWand 200 nW in activemodewhichmakes our
materials suitable for this application. In addition, these carbon black bilayer composites, with excellent
dielectric properties, couldfindpotential applications as low cost flexible capacitors sensors in the printed
electronics industry.
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Résumé 
 
 
L’objectif de ces travaux de thèse est de mettre à 
profit la matière molle pour le développement de 
matériaux composites électrostrictifs en vue de leur 
utilisation à des fins de récupération d’énergie 
vibrationnelle et de capteurs de pression haute 
sensibilité. Une approche par voie émulsion est 
proposée pour la réalisation de composites afin 
d’incorporer des particules conductrices telles que 
feuillets de graphène ou des particules de noir de 
carbone dans une matrice polymère élastique faite 
de polydimethylsiloxane (PDMS). Cette approche 
originale permet de contrôler la dispersion des 
charges et la microstructure des composites. Les 
propriétés diélectriques de ces matériaux sont 
contrôlées par le type de charges, leur 
concentration et leur voie de dispersion. 
L’optimisation de leviers de formulation permet 
d’atteindre des valeurs de permittivité diélectrique 
très élevées ( ≈182 à 100 Hz) pour des composites 
polymères. Les matériaux développés au cours de 
ces travaux ont été utilisés avec succès dans des 
dispositifs de récupération d’énergie vibrationnelle. 
En combinaison avec une couche isolante, les 
structures étudiées présentent une permittivité 
diélectrique relative effective élevée avec une très 
faible conductivité effective (jusqu’à 2,53 10-8 S.m-

1). Nous avons développé un dispositif expérimental 
permettant de mesurer l’électrostriction des 
matériaux et de quantifier la génération d’énergie 
électrique en réponse à des vibrations mécaniques. 
Une densité de puissance de 0,38 W.m-3 a été 
mesurée pour des excitations mécaniques de 100 
Hz. Pour l’utilisation en conditions réelles des 
matériaux électrostrictifs et leur utilisation en 
récupérateur d’énergie mécanique ambiante, nous 
les avons intégrés dans des structures vibrantes de 
poutre en porte-à-faux. Grâce à la flexibilité de ces 
structures et à leur faible fréquence de résonnance, 
nous avons réussi à récupérer 0.4 W.m-3  pour une 
excitation mécanique de 25 Hz. Dans la dernière 
partie de nos travaux, nous avons porté notre 
attention sur les capteurs de pression haute 
sensibilité, nécessaire pour la surveillance 
cardiaque à long terme et pour l’interaction naturelle 
des robots avec les humains. Nous démontrons que 
nos matériaux composites électrostrictifs peuvent 
être intégrés dans ces capteurs de pression souple. 
Les performances rapportées en termes de 
sensibilité à la pression sont au-dessus de celles de 
la littérature. Nous illustrons les performances de 
nos matériaux en réussissant à les utiliser pour 
enregistrer de manière continue et non invasive des 
ondes de pouls d’une artère radiale.  
 
 
Mots Clés : 
Electrostriction-composites-récupération d’énergie 
vibrationnelle-diélectrique-émulsion-capteurs de 
pression 

Abstract 
 
 
The goal of this thesis is to leverage soft matter for 
the development of electrostrictive composite 
materials for use in vibrational energy recovery and 
high sensitivity pressure sensors. An emulsion 
approach is proposed for making composites and 
incorporating conductive particles such as 
graphene foils or carbon black particles into an 
elastic polymeric matrix made of 
polydimethylsiloxane (PDMS). This original 
approach allows controlling the dispersion of the 
charges and the microstructure of the composites. 
The dielectric properties of these materials are 
controlled by the type of charges, their 
concentration and their dispersion path. 
Optimization of formulation levers makes it possible 
to achieve very high dielectric permittivity values 
( ≈182 at 100 Hz) for polymer composites. The 
materials developed during this work have been 
used successfully in vibrational energy recovery 
devices. In combination with an insulating layer, the 
studied structures have a high effective relative 
dielectric permittivity with a very low effective 
conductivity (up to 2,53 10-8 S.m-1). We have 
developed an experimental device to measure the 
electrostriction of materials and to quantify the 
generation of electrical energy in response to 
mechanical vibrations. A power density of 0.38 W 
m-3 was measured for mechanical excitations of 100 
Hz. For real-life use of electrostrictive materials and 
their use as an ambient mechanical energy 
harvester, we incorporated them into vibrating beam 
structures cantilevered. Thanks to the flexibility of 
these structures and their low resonance frequency, 
we managed to recover 0.4 W.m-3   for a mechanical 
excitation of 25 Hz. In the last part of our work, we 
focused our attention on high sensitivity pressure 
sensors, necessary for long-term cardiac 
monitoring and for the natural interaction of robots 
with humans. We demonstrate that our 
electrostrictive composite materials can be 
integrated into these flexible pressure sensors. The 
reported performance in terms of pressure 
sensitivity is above that of the literature. We 
illustrate the performance of our materials by 
successfully using them to continuously and non-
invasively record the pulse waves of a radial artery. 
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Electrostriction-composites-vibrational energy 
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