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Electric Actuation of Nanostructured Thermoplastic
Elastomer Gels with Ultralarge Electrostriction Coefficients
Bori Kim, Youn Duk Park, Kyoungho Min, Jin Hong Lee, Seung Sang Hwang,
Soon Man Hong, Bong Hoon Kim, Sang Ouk Kim,* and Chong Min Koo*

Electrostriction facilitates the electric field-stimulated mechanical actuation
of dielectric materials. This work demonstrates that introduction of dielectric
mismatched nanodomains to a dielectric elastomer results in an unexpected
ultralarge electrostriction coefficient, enabling a large electromechanical
strain response at a low electric field. This strong electrostrictive effect is
attributed to the development of an inhomogeneous electric field across
the film thickness due to the high density of interfaces between dielectric
mismatched periodic nanoscale domains. The periodic nanostructure of the
nanostructured gel also makes it possible to measure the true electromechanical strain from the dimensional change monitored via in situ synchrotron
small angle X-ray scattering. The work offers a promising pathway to design
novel high performance dielectric elastomers as well as to understand the
underlying operational mechanism of nanostructured multiphase electrostrictive systems.

1. Introduction
Electrostrictive dielectric elastomers have garnered attention as promising candidates for next-generation compact
actuators, sensors, artificial muscles, and microrobotics,
owing to their attractive properties such as large electromechanical strain (above 50%),[1–4] fast response (less than milliseconds),[4] high power-to-mass ratio (above 0.1 J g−1),[5–9]
facile proccessibility, and affordability. However, unlike other
electroactive materials, such as carbon nanotubes,[10] ionic
polymer–metal composites,[11] and conductive polymers,[12]
dielectric elastomers demonstrate large actuation only at high
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electric fields (above 50 V mm−1), which
poses the greatest obstacle to their practical application.
When an electric field is applied across
a film thickness, a film of electrostrictive
materials is compressed in the longitudinal
direction, and spreads in the lateral planar
direction. Unlike piezoelectricity, which has
a linear relationship with applied field, this
electrostriction behavior demonstrates that
the total thickness strain, sz has a quadratic
relationship with the applied electric field
(E), as delineated by the following equation:
s z = R33 E 2

(1)

where R33 represents the sensitivity of the
strain response of a material to the applied
electric field.
In general, the electric actuation of
dielectric elastomers is driven by the two
mechanisms of Maxwell stress and a true electrostrictive effect,
as illustrated in Figure 1.[13,14] The electrostriction of a dielectric elastomer is usually dominated by Maxwell stress, which is
caused by the Coulomb interaction between oppositely charged
compliant electrodes, expressed as Equation 2.

Figure 1. Schematic illustrations of two electric actuation mechanisms
of a dielectric elastomer. a) Maxwell stress that originates from the Coulomb interaction between oppositely charged compliant electrodes. This
is known to be the dominant contributor for the electric actuation of a
dielectric elastomer. b) A true electrostrictive effect that originates from
direct coupling between the polarization and mechanical response.
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Material

Y [MPa]a)

Kb)

tanδc)

d0 [nm]d)

Material

Y [MPa]a)

K b)

tanδc)

SEBS20

0.37

2.36

0.0005

30.4

MA20

0.36

2.55

0.0008

29.0

SEBS30

0.58

2.36

0.0250

29.2

MA30

0.57

2.57

0.0013

26.2

SEBS40

1.23

2.32

0.0027

27.8

MA40

1.42

2.62

0.0015

25.4

d0 [nm]d)
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Table 1. Compressive modulus and dielectric properties of the SEBS and MA gels.

a)

Compressive modulus; b)Dielectric constant; c)Dielectric loss at 100 Hz; d)Domain spacing at room temperature.

s M = RM E 2 = −

g0 K 2
E
2Y

(2)

where RM is the Maxwell stress contribution for R33, Y is the
compressive modulus, and K and ε0 are the dielectric constant
and the vacuum dielectric permittivity, respectively. A higher
dielectric constant can lead to stronger electrostatic charge
accumulation. Meanwhile, the true electrostrictive effect that
originates from direct coupling between the polarization and
mechanical response generally constitutes a minor contribution to the electrostriction of a dielectric elastomer. For a linear
dielectric, the strain is induced by a change in the polarization
level in the material,
s ES = RES E 2 = Q P 2 = Qg 02 ( K − 1)2 E 2

(3)

where RES is the true electrostriction contribution for R33, and P
and Q are the polarization and the electrostrictive coefficient of
the material, respectively. Here Q is the material-related parameter that determines the true electrostrictive strain to a given
polarization.
To date, endeavors to reduce the operational electric fields
of the dielectric elastomers have mainly focused on enhancing
the dielectric constant of a dielectric elastomer itself or dispersing high dielectric fillers to improve the Maxwell stress
effect.[5–7,15,16] However, for composite approaches, it is difficult
to control the dispersibility of fillers in the matrix, and, moreover, side-effects such as increased dielectric loss and decreased
breakdown voltage arise.[15] Unfortunately, the true electrostriction effect is rarely taken into careful consideration in the electric actuation of dielectric elastomers.
In this work, we demonstrate that the introduction of periodic nanoscale interfaces to dielectric elastomer gels lead
to an unexpected high true electrostriction effect, resulting
in a large electromechanical strain response at a relatively
low electric field. A triblock copolymer, poly(styrene-blockethylbutylene-block-styrene)-graft-maleic anhydride (MA) or
poly(styrene-block-ethylbutylene-block-styrene) (SEBS) gel,
plasticized by a mineral oil was employed as a thermoplastic
elastomer gel. These commercially available copolymers with
a very narrow molecular weight distribution exhibited welldefined micellar networks or body-centered-cubic (BCC)
nanostructures. Their strong electrostriction was found to be
mainly caused by a strong true electrostrictive effect, which is
attributed to the high density of the interfaces between dielectric mismatched nanostructured domains. Additionally, the
well-defined nanodomains of the nanostructured gel make
it possible not only to measure the true electromechanical
strain from the nanostructure dimension change monitored
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via in situ synchrotron small angle X-ray scattering (SAXS),
but also to monitor the directional dependence of the dimension change at the nanoscale. Conventional thickness strain
measurements obtained via laser displacement sensing or
optical imaging are inadequate to obtain the true thickness
strain, because considerable flexure or bending inevitably
occurs during electric actuation of a prestrain-free dielectric elastomer, leading to overestimation of the thickness
strain.[13]

2. Results and Discussion
The mechanical and dielectric properties and inter-domain
spacings of the thermoplastic elastomer gels used in this work
are listed in Table 1. For a typical sample name, e.g., MA20
gel, the number denotes the block copolymer content in the oil
swollen gel. The polymer content was varied from 20 to 40 wt%.
All the as-prepared SEBS and MA gels had a micellar network
morphology at room temperature, while as-prepared SEBS gels
with high polymer content had BCC morphology at a high temperature (see the Supporting Information, Figures S1–3). The
intermicellar spacing decreased with the polymer content. In a
compressive Instron test, the compressive stress of a gel was
linearly proportional to the strain within a 25% strain limit
without any yield behavior (Supporting Information, Figure S4).
The measured Y increased with the block copolymer content in
the gel. At the same polymer content level, the MA and SEBS
gels showed almost the same Y, while the MA gel had a slightly
higher K than the SEBS gel. Both the SEBS and MA gels had
very small dielectric loss values (tanδ) of less than 0.03. Interestingly, the K and the tanδ were insensitive to the measuring
frequency as well as the polymer content (Supporting Information, Figure S5). Owing to this insensitivity to the measuring
frequency, the thermoplastic elastomer gels are considered
promising candidates for high frequency applications, such as
flat panel speakers and micro-air vehicles. In contrast, conventional dielectric elastomers, such as acrylic, polyurethane, and
silicone elastomers, show very broad dielectric dispersion in
relation to frequency, due to the broad relaxation distribution
of molecular chains.[17] The small tanδ over a wide frequency
range is also attractive in that it ensures low energy consumption and high dielectric breakdown stability under actuation.[15]
The true thickness strain of a nanostructured thermoplastic
elastomer gel can be evaluated from the nanostructure dimension change measured via in situ synchrotron SAXS during
electromechanical actuation, as illustrated in Figure 2a. Generally, thermoplastic elastomers with a soft nature are known to
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Figure 2. a) Schematic diagram of in situ synchrotron SAXS measurement of thermoplastic gels during electromechanical actuation. Under an electric
field, samples contract in the thickness direction and expand in the film plane direction due to the electrostrictive effect. The in situ SAXS monitors
nanoscale dimension changes. b) A series of 2D-SAXS patterns of the shear-oriented SEBS20 as a function of applied electric field strength. c) 1D-SAXS
patterns of as-prepared SEBS20 and shear-oriented SEBS20. d) 1D-SAXS patterns of as-prepared SEBS20 as a function of the applied electric field
strength. The Inset magnifies the selected area. e) TEM image of the as-prepared SEBS20. f) TEM image of the shear-oriented SEBS20.
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satisfy affine deformation; that is, the microstructure dimension
in a sample deforms in the same manner as the bulk dimension.[18,19] If a material follows incompressible and isotropic
radial planar extension, the thickness strain can be evaluated
on the basis of microstructure dimension change according to
Equation 5.
V = B8 x08 y08 z0 = B8 x8 y 8 z
sz =

(4)

8z
8x0 8 y0
−1=
−1
8z0
8x 8 y

= 

1
8x
8x0

1
2 − 1 ≈  2 − 1
d
d0

(5)

where λ is the bulk dimension at each direction, and d is the
mean domain spacing of the nanostructured material. This
equation provides an accurate strain evaluation that excludes
the influence of flexure motion of the sample.
Figure 2b–d show SAXS patterns of SEBS20 during electromechanical actuation. The as-prepared SEBS20 samples
were prepared by press molding at 100 °C. The SEBS20 was
shear-oriented by applying oscillatory shear (γ = 100% and
ω = 1 s−1) for 1 h. The as-prepared SEBS20 samples had a disordered micelle structure characterized by a broad reflection in
Figure 2c. The presence of disordered micelles in real space was
verified in the TEM image of Figure 2e. The average diameter of
the micelles was 18 nm. The average domain spacing measured
from TEM was 30 nm, which agreed well with that from SAXS
measurements. The single crystal of the SEBS20 was manufactured using a conventional shear-orientation method in order to
monitor the directional dependence of the dimension change
in terms of tracing the nanoscale dimension change of each
lattice plane in the sample during the electric actuation. The
shear-oriented SEBS20 samples had a BCC structure
√ √ with char√
acteristic sharp reflection peaks at q/q∗ = 1, 2 , 3 , and 4 ,
as presented in Figure 2c. The first reflection peaks of both
the as-prepared and sheared oriented samples were observed at
the same q, but showed different distributions, as expected. The
shear-oriented sample had a typical twin BCC structure, where
six 110 reflections were arranged hexagonally at ϕ = (30 + n60)°
(n = 0, 1, 2, 3, 4, 5), shown in Figure 2b.[20,21] The presence of
hexagonally packed (110) plane in real space was verified in
the TEM image of Figure 2f. The shear direction lied on the
[111] direction, which corresponds to the vertical direction in
the SAXS images. Under an electric field, each reflection spot
position moved inward to the beam center. Figure 2d shows the
variation of the first reflection peak position with the applied
field strength. The reflection peak shifted to a lower q, as the
electric field increased.
Figure 3a shows the variations of the normalized d spacing
(d/d0) of as-prepared and shear-oriented SEBS20, respectively.
For the shear-oriented SEBS20, two 110 reflection spots were
observed at ϕ = 30° and 90°, denoted by A1 and A2 on the first 2D
SAXS image in Figure 2b, respectively. Their movements were
also monitored during electromechanical actuation. Domain
n8
spacing d was calculated by Bragg’s law (d = 2qB = 2 sin
2).
The d/d0 value of the as-prepared SEBS20 increased with the
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Figure 3. a) Variation of normalized domain spacing for as-prepared
SEBS20 and shear-oriented SEBS20 with the applied electric field. A1 and
A2 of the shear-oriented SEBS20 represent the 110 reflections observed
at ϕ = 30° and 90° in the 2D SAXS image, respectively. b) Variation of
normalized domain spacing for SEBS and MA gels at various polymer
contents (in wt%). c) The thickness strain of the SEBS and MA gels at
various polymer contents (in wt%).
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applied field strength. d/d0 from two 110 reflections of the
shear-oriented sample showed almost the same variation as
that of the as-prepared sample. This verified that the electromechanical deformation of SEBS20 followed radially isotropic
planar expansion independent of the extension direction. The
actuation of SEBS20 was also independent of the degree of
order of styrene micelles in the sample. However, the change
in domain spacing was substantially dependent on the polymer
content. Figure 3b shows the variation of d/d0 of the SEBS and
MA gels with various compositions of the triblock copolymer as
a function of the applied electric field. As the polymer content
was decreased, d/d0 increased more rapidly with the applied
field. This is due to the low compressive modulus of a gel with
low polymer content. However, the MA gel showed a higher
increase in d/d0 than the SEBS gel at the same polymer content
and the same electric field. As shown in Figure 3c, the thickness strains of the SEBS and MA gels, evaluated by Equation 5,
were proportional to the square of the electric field. This verifies that the SEBS and MA gels actuate according to an electrostrictive mechanism described by Equation 1. As the polymer
content was decreased, the strain increased more rapidly with
the applied electric field. The MA gel had a higher strain than
the SEBS gel at the same polymer content and the same electric field level. To our knowledge, the thickness strain value
measured by the synchrotron SAXS is the closest to the true
strain ever measured in the field of dielectric elastomer studies,
because the nanostructure dimensional change depends on the
thickness dimension change, not on the translational movement like the bending motion, while the conventional laser
sensing method was likely to overestimate the thickness strain
due to the bending movement of the dielectric elastomer.[22,23]
Figure 4 presents a comparison between the measured R33
and the contribution from the Maxwell stress effect, RM at
15 V μm−1. The sensitivity of the strain, R33, and the contribution from the Maxwell stress effect, RM, could be calculated by
Equation 1 and Equation 2, respectively, as the field induced
strain is proportional to the square of the applied electric field.
The contribution from the electrostrictive effect, RES, can be

Figure 4. Comparison between Maxwell stress contribution, RM and true
electrostriction contribution, RES, of SEBS and MA gels to the strain sensitivity, R33 at 15 V μm−1. R33 represents the sum of RM and RES.
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Figure 5. The electrostrictive coefficient, Q, of the SEBS and MA gels as a
function of the applied electric field. The Q values of several ferroelectric
materials and dielectric materials are included as references.

simply obtained by R33 – RM. Both –R33 and –RM increased with
a decrease in the polymer content. However, as the polymer content was decreased, –R33 increased more rapidly than –RM. This
indicates that the true electrostriction contribution, RES, became
more significant in the electrostriction behavior of the thermoplastic elastomer gel with lower polymer content. In addition,
the MA gel showed a higher true electrostriction contribution
than the SEBS gel, particularly at low polymer content.
Figure 5 shows the true electrostrictive coefficients, Q, of the
SEBS and MA gels at various polymer contents, obtained using
Equation 3. Both the SEBS and MA gels had ultralarge Q values,
compared with those of conventional ferroelectric materials
such as inorganic PZT and organic PVDF, and even compared
with a polyurethane dielectric elastomer, a fluoroelastomer,
and a polyurethane-based molecular composite with highly
improved dielectric permittivity, as listed in Table 2.[5,16,24,25] The
Q value increased as the polymer content in the gel decreased.
The MA gel showed a larger Q than the SEBS gel at the same
polymer content. We note that MA20 demonstrated the largest
Q value (approxiamtely 1.1 × 106 m4 C−2) reported to date.
It is very interesting that the true electrostriction effect is
dominant in the actuation of the nanostructured gel. This
unique actuation behavior is considerably different to that of
a conventional dielectric elastomer, where the Maxwell stress
contribution is dominant in a soft elastomer.[17] Evidence that
the true electrostriction effect significantly contributed to the
electric actuation of the nanostructured sample was observed
using the non-contact strain test which directly measured
the macroscale dimension change. Figure 6a shows the noncontact strain measurement setup. The nanostructured thermoplastic elastomer gel film was sandwiched with transparent
electrodes in which FTO electrodes with a thickness of 50 nm
were patterned on the transparent glass. Insulate polyimide
films were inserted between the sample film and the electrodes in order to avoid contact between the sample film and
the electrodes. Maxwell stress originated from the accumulated
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Material
[16]

PZT

PVDF[22]

Q [m4 C−2]
0.096

K

Y [MPa]

R33 [m2 N−2]

2,000

6.3 × 10

4

–a)

103

–a)

3.3 ×

–2.0

9

–150 to –450

4 to 8

20 to 200

–2.0 × 10−18

Polyurethane/CuPc/PANI
molecular composites[5]

–5 to –300

100 to 800

80 to 140

–2.5 × 10−16

Fluoroelastomer[23]

–5.2 × 103

Polyurethane[16]

12.1

2.5

–7.8 × 10−17

SEBS

4

–7.4 × 10 to –8.4 × 10

2.32 to 2.36

0.37 to 1.23

–1.3 × 10−16 to –3.1 × 10−17

MA

–1.1 × 106 to –1.3 × 105

2.55 to 2.62

0.36 to 1.42

–2.4 × 10−16 to –3.4 × 10−17

5
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Table 2. Comparison of the nanostructured block copolymer gels with materials commonly employed in electromechanical actuation.

a)

PZT and PVDF follow piezoelectricity that a strain response is linearly proportional to electric field.

electron charges on the sample surface, which were injected
from the electrodes. The non-contact setup prevented charge
injection from the electrodes. That is to say, the non-contact
experiment can exclude a Maxwell stress contribution in the

Figure 6. a) Illustration of a non-contact strain measurement setup. b)
The electromechanical strain responses of the SEBS20 and MA20 gels at
the constant applied electric field strength of 5 V μm−1.
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electric actuation of the nanostructured thermoplastic elastomer actuators. Macroscopic bulk dimension changes of the
samples were directly measured using two laser displacement
sensors (Keyence LK-G80) under the application of a voltage
step. The detailed laser displacement sensing method has been
described previously.[26,27] Figure 6b shows the electromechanical strain responses of the SEBS20 and MA20 gels with conventional method (contact experiment) and with non-contact
experiment at the constant applied electric field strength of
5 V μm−1. The SEBS20 and MA20 gel films without a direct
contact with electrodes still experienced electric actuation
under the electric field. The electric actuation strains of the
SEBS20 and MA20 gels measured in the non-contact mode
was comparable to those in the contact mode. This provided
evidence that the electric actuation of the dielectric elastomers
was dominated by the true electrostriction effect, not by the
Maxwell stress effect, because the non-contact experiment
excluded Maxwell stress contribution in the electric actuation.
This strong true electrostriction effect could be attributed to
the high density of interfaces between dielectric mismatched
periodic domains, which results in the development of an inhomogeneous electric field across the film thickness. The nonuniform field distribution can enhance the strain response,
given that coupling between the strain and electric field in a
dielectric elastomer is described by a quadratic relationship,
delineated by Equation 2 and 3.[2,5,6,13,28] With poly(styreneblock-methyl methacrylate) copolymer thin films in a molten
state, dielectric mismatched lamellar and cylindrical morphologies were forced to be aligned to the DC electric field due to the
development of a non-uniform electric field.[29,30] Gialcomelli
et al. recently reported that block copolymer dispersions in a
dielectric liquid media interacted with each other attractively
or repulsively under an electric field according to the degree of
dielectric constant difference between the dispersion phase and
the medium.[31] The MA and SEBS gels are typical multiphase
systems with mismatched dielectric constants. The micellar
domain of polystyrene has a relatively higher permittivity than
the matrix domain. Both gels include a high density of dielectric
mismatched interfaces, with a uniform repeating period (25
to 30 nm) depending on the polymer content (Supporting
Information, Figure S3). If the dispersion phase has a higher
dielectric constant than the matrix phase, the induced dipole
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moment will be parallel to the electric field. The resulting polarized micelles tend to attract each other due to electrostatic interactions, similar to particles in an electrorheological fluid.[31,32]
This additional attraction among adjacent polarized micelles is
a unique characteristic of nanostructured polymer gel actuation
that remarkably enhances the electrostriction under an external
electric field. Herein, despite their smaller K, the multiphased
MA and SEBS gels not only have a larger R33 but also an unexpectedly larger Q than a conventional dielectric elastomer with
a comparable Y, as shown in Table 2. The higher electrostriction
effect in a softer nanostructured gel can be explained as follows.
The attractive interaction among the surface polarized micelles
in a softer gel is stronger than that in a harder gel, owing to the
softer matrix. Here, the MA gel showed a larger strain response
and stronger true electrostriction contribution than the SEBS
gel due to the former’s higher dielectric constant. The maleic
anhydride grafted EB matrix of MA can be more polarized than
the pure EB matrix of SEBS.

Supporting Information

3. Conclusions
The electromechanical actuation of nanostructured SEBS
and MA gels was investigated via in situ synchrotron SAXS
measurements. The well-defined nanostructures of the thermoplastic gels make it possible not only to measure the true
thickness strains free from any flexural deformation effect, but
also to monitor the directional dependence of the dimension
change of the nanostructured thermoplastic elastomer single
crystal at the nanoscale. The nanostructured gels had ultralarge true electrostrictive coefficients that became even larger
as the gel became softer. Such unique behavior stemmed from
the presence of a high density of dielectric mismatched interfaces, which built up inhomogeneous electric fields in the
gels. In this work, the introduction of a dielectric mismatched
nanostructure to a dielectric elastomer is suggested as a valuable pathway to enhance the electromechanical strain response
of a dielectric elastomer.

4. Experimental Section
Two series of thermoplastic elastomer gels consisting of either maleic
anhydride-grafted-poly(styrene-block-ethylbutylene-block-styrene)
(MA)
(Kraton FG1901X) or poly(styrene-block-ethylbutylene-block-styrene)
(SEBS) (Kraton G1650)), with a white mineral oil plasticizer (T150,
Michang Oil Ind., South Korea), were prepared by using a HAKKE internal
mixer above 100 °C. The mineral oil consisted of paraffinic and naphthenic
hydrocarbons. Each gel contained a small amount of an antioxidant. A
neat SEBS triblock copolymer having Mw approximately 1.1 × 105 g mol−1
and narrow Mw/Mn (less than 1.05) was employed. MA denotes a maleic
anhydride grafted SEBS in which 1 wt% maleic anhydride was covalently
bonded to EB block. Both neat polymers included 30 wt% styrene. In a
typical sample name, MA20 gel denotes a thermoplastic elastomer gel
composed of 20 wt% MA and 80 wt% white mineral oil. After mixing, a
film with a thickness of 0.5 mm was prepared from the homogeneously
mixed mixture using compression molding above 100 °C. Circular
compliant electrodes were coated on the top and bottom surfaces of the
films with a carbon paste (FTU-20, ASAHI chemicals) via spin-coating at
2000 rpm, to minimize the mechanical clamping effect of the electrode.[5]
The dimensions of the compliant electrode were 30 mm diameter and
10 μm thickness. Electromechanical strains were measured by in situ
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synchrotron SAXS under application of bipolar voltage on the sample,
which was fixed with a Teflon grip of 30 mm diameter. The corresponding
step voltage was delivered by a function generator (Agilent 33250A)
amplified by a factor of 1000 through a high voltage lock-in amplifier
(Trek 10/10B) during the synchrotron SAXS measurement. Synchrotron
SAXS measurements were performed at the 4C1 SAXS beamline in the
Pohang Light Source. In situ SAXS data were obtained via 30 s data
accumulation, when the incident x-ray beam direction was perpendicular
to the film surface, where a predetermined electric field was applied. In
a non-contact strain experiment, electromechanical strains of the bare
SEBS and MA gels without compliant electrodes were measured using
two laser displacement sensors (Keyence LK-G80) in which a direct
thickness change can be measured macroscopically. The detailed laser
sensing setup has been described in previous works.[26,27] Dielectric
constants of the films were measured by a HP1492A Impedance
Analyzer with an Agilent dielectric test fixture 16451 B at 100 Hz to
10 kHz at room temperature. The compressive modulus was measured
by using an Instron 5883 according to ASTM D395. A coin-type sample
(29 mm diameter and 12.5 mm thickness) was compressed at a rate of
1 mm min−1 to 25% compression.

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