
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/7
/2

02
6 

8:
45

:4
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Remarkably impr
aDepartment of Chemistry, School of Chemis

of Science and Technology Beijing, Beijing, 10

edu.cn
bState Key Laboratory of Power System, I

Technology, Department of Electrical Eng

100083, P. R. China. E-mail: dangzm@tsing

Cite this: RSC Adv., 2017, 7, 22900

Received 20th March 2017
Accepted 18th April 2017

DOI: 10.1039/c7ra03274a

rsc.li/rsc-advances

22900 | RSC Adv., 2017, 7, 22900–229
oved electromechanical actuation
of polyurethane enabled by blending with silicone
rubber

Christophe Renard,a Dongrui Wang, *a Peng Han, a Silai Xiong,a

Yongqiang Wen a and Zhi-Min Dang *b

Herein we report the highly improved electromechanical actuation of thermoplastic polyurethane (TPU) by

blending with polydimethylsiloxane (PDMS) to construct a bicontinuous structure. TPU/PDMS blend films

with various PDMS loadings were fabricated through a simple solution-assisted casting method. Infrared

spectroscopy measurements confirmed that TPU and PDMS are thermodynamically incompatible with

each other. For TPU80 with 80 parts of PDMS, a bicontinuous phase structure was achieved. The TPU80

film showed greatly decreased elastic modulus and improved elongation at break compared to pristine

TPU. It also showed the highest dielectric constant among the TPU/PDMS blend films with various

contents of PDMS due to strong interfacial polarization. Most importantly, the TPU80 film exhibited

a maximum areal strain of 2.3% under an electric field of 40 V mm�1, which is about 60 times higher than

that of pristine TPU. The results described in this work demonstrate that the construction of

a bicontinuous interface structure at the micrometer scale is very effective to develop elastomers with

superior electromechanical actuation performance.
1 Introduction

Dielectric elastomer actuators (DEAs) have aroused great
interest in the past two decades due to their simple device
structure, considerable electromechanical actuation strain, and
wide range of applications in so intelligent systems.1–6 DEAs
can be simply constructed by placing one piece of elastomer
lm between two compliant electrodes. When the electrodes are
connected into an external electric eld, the insulating elas-
tomer lm will contract in thickness while expand in area under
the pressure induced by the electrostatic forces.7,8 Up to now,
DEAs with an electromechanical areal strain over 1600% have
been achieved by optimizing the elastomer composition and the
device structure.9 However, a main challenge hindering the
commercialization of such so actuations still lies in that the
considerable actuation strain can only be realized under a high
electric eld of several tens kV mm�1.1,4,8,10 To conquer the
challenge, many researchers have dedicated to fabricating
elastomers with enhanced dielectric permittivity to improve the
electrostatic pressure.8 Various ceramics with high dielectric
permittivity,11,12 conductive nanomaterials,13,14 and organic
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strong polar molecules15–17 have been chemically/physically
incorporated into the elastomers. Though the actuation of
DEAs can be improved in some extent, the increase in elastic
modulus and severe deterioration in dielectric strength limit
the practical applications of such elastomers. Over the past few
years, it is gradually realized that developing elastomers with
low modulus is a more efficient approach to improve the elec-
tromechanical actuation. For instance, it is demonstrated that
the actuated areal strain of DEAs can be largely enhanced by
blending oil-type plasticizers into the rubber matrix.18–20 Very
recently, it is reported that silicone rubbers with a bottlebrush-
like molecular architecture exhibited ultralow elastic modulus
and an over 300% areal strain under an electric eld lower than
10 kV mm�1.21 All these ndings conrmed that decreasing the
elastic modulus of elastomers to reduce the blocking force is
very promising for advanced DEAs.

Among various elastomer candidates for DEAs, poly-
urethanes (PUs) are gaining increasing interest due to their
relatively high permittivity, great breakdown strength, easy
processability, and low cost.8,10,22 In addition, the versatility of
PU chemistry allows tailoring the elastomer's dielectric and
mechanical properties in a wide range, which might supply
more suitable elastomers for DEAs.23–25 The main limitation of
PUs as an ideal elastomer is the relatively huge elastic modulus,
which is induced by the internal high-density hydrogen bonds.
To improve the electromechanical actuation, carbon nano-
spheres,26 carbon nanotubes,27,28 graphene nanosheets,28,29 and
organic strong polar azobenzenes30 have been blended into PU
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Fabrication procedures for the PU/PDMS blend films.
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to construct composite elastomers. However, only limited
actuated strain were observed in such PU composite systems
due to their further increased elastic modulus and poor
dielectric breakdown strength. Recently, Ning et al. have
employed an organic molecule, diaminonaphthalene, to blend
with PU and disturb the formation of hydrogen bonds. The
modied PU with reduced elastic modulus exhibited a max
areal strain of 2.6%.31 Very recently, a novel type of PU-
polydimethylsiloxane (PDMS) interpenetrating network (IPN)
was prepared by chemically graing PDMS chains with PU
chains.32 It is interesting to nd that elastomers with reduced
elastic modulus and enhanced electromechanical strain can be
obtained by changing the chain length of PDMS. The optimized
PU-based IPN showed a max actuated areal strain of 7.1%.32

However, the complicate chemical synthesis compromises the
possibility of such IPN for practical DEAs.

Herein, we investigated the electromechanical actuation of
immiscible PU/PDMS blend lms prepared by a simple solution
casting method with a wide range of composition to tune the
micro-structure. A thermoplastic polyurethane elastomer (TPU)
combining the low cost, easy processing of thermoplastic
materials and elasticity of elastomers has been chosen for the
PU. We found a bicontinuous structure of the PU/PDMS blends
resulted in remarkably improved actuation strain. The
morphology, mechanical properties, and dielectric properties of
as-prepared PU/PDMS blends were studied and discussed in
detail. We attribute the remarkably improvement in electro-
mechanical actuation to the larger interfacial area in the
bicontinuous structure, which is conducive to increase the
interfacial polarization.
2 Experimental section
2.1 Materials

A polyether-based thermoplastic polyurethane elastomer (Elas-
tollan 1185A®) (density, d ¼ 1.12) was purchased from BASF
and used as received. Tetrahydrofuran (THF), toluene, a,u-
dihydroxy-terminated PDMS (Mn ¼ 90 000 g mol�1, d ¼ 0.97),
tetraethylsiloxane (TEOS), and dibutyltin dilaurate (DBTDL)
were analytical grade products and used as received.
2.2 Fabrication of elastomer lms

Plasticized TPU lms were fabricated through a solution casting
approach as represented in Scheme 1. TPU granules were rstly
dissolved in THF and stirred at room temperature to form
a homogeneous solution (10 wt%). Then a certain amount of
PDMS was added into the solution and stirred for another 2 h
before the introduction of TEOS as the cross-linker at
a concentration of 10 wt% relative to the PDMS. Aer incorpo-
ration of TEOS, the stirring speed was increased to counteract
an increasing in viscosity. Aer 1 h, the DBTDL catalyst was
further added into the solution and stirred for 10 minutes. The
resultant solution was casted onto a pre-cleaned glass plate,
degassed under vacuum at room temperature for 2 h, and
heated at 70 �C for 24 h. Plasticized TPU lms with 20, 40, 60,
80, 100, and 200 parts per hundred resin (phr) of PDMS relative
This journal is © The Royal Society of Chemistry 2017
to the mass of TPU were prepared. Neat TPU and PDMS lms
were also prepared as control. As an example, the lm made of
1 g TPU and 0.6 g PDMS corresponds to 60 phr of PDMS. The
lms are denoted as TPUx throughout the manuscript, where x
is the content of PDMS (in phr) incorporated into the TPU. For
example, the lm containing 80 phr of PDMS is denoted as
TPU80. The thickness of the lms was controlled to be ca. 40 mm.
Noting that the thicknesses of pure PDMS lms and PU200 lms
are slightly higher (ca. 60 mm) due to the strong adhesion
between the lms and the glass plate.

2.3 Characterizations

The cryo-fractured surfaces of plasticized TPU lms were
observed by scanning electron microscopy (SEM) using a Hita-
chi SU8010 under an accelerating voltage of 8 kV. Gold was
sputtered onto the surfaces of samples prior to tests. Attenuated
total reectance Fourier transform infrared spectra (ATR-FTIR)
of samples were measured using a Nicolet 6700 spectrometer
equipped with a diamond crystal in the wavenumber range of
600–4000 cm�1. Dielectric constant and loss tangent of the
plasticized PU lms were measured by using an impedance
analyzer (Agilent 4294A) over the frequency range from 1 kHz to
10 MHz under room temperature. Silver paste diluted in xylene
were coated as electrodes with an area of 0.8 � 0.8 cm2 onto the
surfaces of the specimens prior to tests. Tensile measurements
were performed on an Instron 3365 tensile system under
a constant strain rate of 50 mm min�1 at room temperature.
Samples were prepared by cutting the lms into a 40 � 5 mm2

rectangular shape. The Young's modulus (Y) was determined by
the slope of stress–strain curves at the strain of 5%.

The electromechanical actuation of the lms was evaluated
by integrating them into 4 mm diameter diaphragm-type actu-
ators without pre-strain as described in our previous work.30

Graphite powders were coated onto both surfaces of elastomer
lms as the compliant electrodes. Direct current (DC) high
RSC Adv., 2017, 7, 22900–22908 | 22901
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voltage was supplied by connecting the actuators to a Boher HV
supplier under a ramping rate of 150 V s�1. The voltage signal
was monitored and recorded by using an oscilloscope (Tek-
tronix DPO2012B). The actuated out-of-plane displacement was
monitored by using a 635 nm laser position sensor (Panasonic
HL-G105) that was focused on the centre of the actuators.
3 Results and discussion
3.1 Morphological structure of the blend lms

The morphology of the TPU/PDMS blends with various PDMS
contents was carefully characterized by SEM observation. The
blend lms were cryofractured and the cross-sections were
observed. Typical SEM images are shown in Fig. 1. As expected,
typical phase separation morphologies were clearly observed for
the blends of the two incompatible polymers. Some wrinkles on
the fractured surface are clearly observed for pristine TPU,
suggesting the brittle nature of this sample in liquid nitrogen
(Fig. 1a). By adding small amounts of PDMS into the TPU
matrix, some dispersed spheres with the diameter of several
Fig. 1 Typical SEM images of cryofractured cross-sections of (a) TPU0,
(b) TPU20, (c) TPU40, (d) TPU60, (e) TPU80, (f) TPU100, (g) TPU200, and (h)
PDMS. The scale bars correspond to 10 mm.

22902 | RSC Adv., 2017, 7, 22900–22908
micrometers are formed throughout the continuous TPU phase
(Fig. 1b–d). The size of the spherical phase gradually increases
as the increasing of PDMS content. It is also observed that the
size of spheres exhibits a gradient distribution in the thickness
direction. Conventionally, larger spheres were formed in the
bottom side close to the glass substrate, which should be
ascribed to the solvent evaporation process. As shown in Fig. 1e,
the TPU/PDMS blend with 80 phr of PDMS exhibits relatively
smooth cross-section when compared to other samples. The
dispersed phase seems to show spherical shape with a smaller
averaged diameter than that of TPU60. Considering the volume
of PDMS in TPU80 is higher than that of TPU60, this observation
suggests that a continuous phase structure of PDMS was formed
in TPU80.

To conrm the bicontinuous structure of TPU80, the cross-
section was etched by toluene, which is a good solvent for
PDMS while a bad solvent for TPU, and further checked. Typical
SEM images of TPU blends aer toluene etching are shown in
Fig. 2. For TPU blends with PDMS content of 20, 40, and 60 phr,
the morphologies aer toluene etching conrm that PDMS is
dispersed in TPU matrix with a spherical phase. While for the
TPU80, many hollow tubes with diameter of several micrometers
are clearly observed aer selective extraction of PDMS (Fig. 2d),
revealing the PDMS self-organized into a continuous phase
throughout the TPU matrix.

To evaluate the morphology evolution of the blends as
a function of the volumetric inclusion of PDMS, the content of
PDMS in phr was converted into volume fraction. As shown in
Fig. 3, TPU80 corresponds to a PDMS volume content of 48%
which is very close to 50%. This can explain well why the
bicontinuous structure is obtained for this sample. When the
content of PDMS goes beyond 50%, the phase inversion occurs.
In Fig. 1f, it is clear that TPU spheres of several micrometers are
uniformly dispersed in the PDMS matrix. In this sample, the
volume fraction of PDMS is 53.6%. By comparing the
morphologies of TPU60, TPU80, and TPU100, one can learn that
Fig. 2 Typical SEM images of cross-sections of (a) TPU20, (b) TPU40, (c)
TPU60, and (d) TPU80 after etched by using toluene. The scale bars
correspond to 10 mm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The relationship between the volume content and the weight
content of PDMS in the blends.

Fig. 4 Infrared spectra of TPU/PDMS blend films in the wavenumber
range of (a) 3200–3500 cm�1, (b) 1500–1800 cm�1, and (c) 900–1150
cm�1. Lines display the positions of different chemical bonds are
drawn in the figure to guide the eyes. The subscripts s and b represent
stretching and bending, respectively.
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the composition range to construct the bicontinuous phase is
quite narrow for such TPU/PDMS blends. For TPU200 lm, the
morphology of its fractured surface is quite similar to that of
pure PDMS. Some cracks can be seen on the surface, suggesting
the brittle fracture occurred when immersing in liquid nitrogen.

To verify if any interactions exist between TPU and PDMS
chains in the blends, infrared spectroscopy was performed on
the thin lms using an attenuated total reectance system. The
spectra of the TPU blends with different PDMS loadings are
shown in Fig. 4. Characteristic peaks corresponding to specic
chemical bonds on TPU and PDMS chains are labeled in the
gure. Negligible shi in the position of the characteristic peaks
was observed, revealing the immiscibility between the two
polymers at any given composition. It should be mentioned that
the slight shi for the stretching vibration of C–O is attributed
to the masking effect induced by the intense stretching vibra-
tion of Si–O–Si in PDMS, as proved by the ether linkage peak of
siloxane in TPU200. However, the specic displacement of the
N–H stretching vibration to lower wavenumber in TPU200

suggests the breaking of some TPU's hard segment domains
into smaller ones induced by the connement from the PDMS
continuous phase. Such poor interactions between the PDMS
and the PU have been well demonstrated in the literature
dealing with such binary blends.33,34
Fig. 5 Stress of TPU/PDMS blend films as a function of strain under
uniaxial tensile. The stress–strain curves of pristine TPU and PDMS
films are also exhibited for comparison.
3.2 Mechanical properties

Uniaxial tensile tests were performed to evaluate the mechan-
ical behaviour of the blend lms, which should be greatly
affected by the various morphologies.36 Typical stress–strain
curves for each sample are summarized in Fig. 5. All the lms
show the characteristic behaviour of their dominant phase. For
blends with PDMS contents lower than 100 phr, the introduc-
tion of PDMS decreases the Young's modulus and the stress at
break of TPU, without a severe reduction in elongation at break.
While for the PDMS dominant lms, the elongation at break is
rather low due to the discontinuity of highly stretchable TPU
phase. TPU200 performed poorly as an elastomer which may be
caused by the synergetic effect of low content of TPU and the
This journal is © The Royal Society of Chemistry 2017
decrease of hard segment domain size in it as reected by the IR
spectrum (Fig. 4a).37 Surprisingly, the monotonous decreasing
trend in the stress and strain at break of the blends by contin-
uous incorporation of PDMS is disrupted for TPU60 and TPU80.
It is suspected that the distribution of PDMS inclusions inside
RSC Adv., 2017, 7, 22900–22908 | 22903
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the TPU for TPU60 could locally form the bicontinuous structure
as for TPU80. As compared, the blend TPU80 with the bicontin-
uous microstructure exhibits the best elongation at break and
a moderate Young's modulus. Key data of mechanical proper-
ties of the TPU/PDMS blends are listed in Table 1. On the basis
of these results, TPU80 seems promising for electromechanical
actuation.38,39
Fig. 6 (a) Dielectric loss tangent and (b) relative dielectric constant of
TPU/PDMS blends at room temperature.
3.3 Dielectric properties

The dielectric properties of the TPU/PDMS blends were tested
by using an impedance analyser in the frequency range of 102 to
107 Hz at room temperature. The dielectric constant and loss
curves versus frequency are summarized in Fig. 6. In Fig. 6a,
strong loss tangent peaks at low frequency side (below 1 kHz)
can be observed for all the blend samples, which should be
ascribed to the well-known interfacial polarization. This is also
proved by the observation that no strong loss tangent peaks in
the spectra of pristine TPU and PDMS. The interfacial polari-
zation comes from the space charges trapped on interfaces of
TPU and PDMS phases.22 At frequency range of 104 to 107 Hz,
TPU/PDMS blends showmonotonically descending loss tangent
as the increase of PDMS content. This should be well-
understood by the decrease of polar group numbers packing
in the blends and the resulting reduction of dipole orientation
polarization. All the blends show relatively low loss tangent
values (<0.1) in high frequency side, which is acceptable for
electromechanical actuation applications.1,4

The relative dielectric constant of the blends is shown as
Fig. 6b. As expected, the introduction of PDMS with low
dielectric constant (�3.0@1 kHz) decreased TPU's dielectric
constant at the measured frequency range. Surprisingly, TPU200

showed quite low dielectric constant even lower than the pure
PDMS. This may be caused by the poor interface between
dispersed TPU phase and PDMS matrix, on which some
microvoids within trapped air are formed. Except TPU200, other
blend samples exhibit reasonable dielectric constant curves.
The dielectric constant at 1 kHz of the blends are also listed in
Table 1. It can be observed that the TPU80 reached the highest
value of 5.1 among the binary blends. Considering the content
of PDMS in this sample is even higher than in TPU20, TPU40,
Table 1 Dielectric loss tangent (tan d) and relative dielectric constant
(3r) at 1 kHz, along with the Young's modulus (Y), stress and strain at
break (smax and lmax) and the calculated electromechanical sensitivity
for the different blends

Samples
tan d@1
kHz

3r@1
kHz

Y
(MPa)

smax

(MPa)
lmax

(n.a)
b

(MPa�1)

TPU0 0.05 5.8 42.0 45.9 5.20 0.14
TPU20 0.04 3.9 14.7 24.0 4.91 0.27
TPU40 0.04 3.7 12.4 16.1 4.09 0.30
TPU60 0.05 4.6 11.5 25.0 4.47 0.40
TPU80 0.05 5.1 8.7 29.4 6.16 0.59
TPU100 0.11 3.9 6.5 6.9 5.19 0.60
TPU200 0.09 2.7 2.9 0.20 0.50 0.93
PDMS <0.01 3.0 0.6 0.26 0.82 5.00

22904 | RSC Adv., 2017, 7, 22900–22908
and TPU60, the relatively high dielectric constant should mainly
benet from the interfacial polarization.

To clarify the effect of interface on the dielectric constant, we
estimated the contact area of PDMS phase and TPU phase in the
blends. Using the isoperimetric inequality involving the surface
area of an enclose surface with a given perimeter, the productJ�
P was taken to reect the interfacial contact between the inclusion
and the volumetric dominant phase. P is the sum of perimeter of
all the quasi round inclusions observed in cross-sectional SEM
images, which is obtained by calculating the product of their
averaged perimeter and number following eqn (1):

P ¼ n
Xn

i¼0

pi

n
(1)

where n is the number of quasi round inclusions and pi is the
perimeter of the inclusion i and was obtained from the observed
diameter of the inclusion (D) in Fig. 1 using:

p ¼ pD (2)

While the sphericity J, which denes the compactness of
a round object, can be calculated following the eqn (3),

j ¼ p
1
3ð6ViÞ

2
3

Ai

(3)

where Vi and Ai represent the volume and surface area of the
round inclusion, respectively. For TPU80, considering the
continuous structure of the inclusion as an addition of spheres,
This journal is © The Royal Society of Chemistry 2017
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the perfect spherical structure is supposed and the J was
assigned to 1 to simplify the calculation. We further assumed
that the ellipsoid shapes of dispersed phases in TPU40, TPU60,
and TPU100 led to J values of 0.8, 0.9, and 0.8, respectively, by
considering the deviation from perfect spheres.35 To obtain
a volumetric representation of the areal interfacial contact,J�
P is further integrated in the whole thickness of the lm and
divided by its volume and nally denoted as J � Pvol (mm

�1).
The calculated interfacial contact and the 3r at 1 kHz for various
TPU/PDMS blends are shown in Fig. 7. It is conrmed that the 3r
is proportional to the interface contact area in the blends,
indicating the contribution of interfacial polarization to high 3r

in such polymer blends is really huge. More importantly, it is
found the bicontinuous micro-structure is conducive to
improve the interface area and the 3r of the blends, which
potentially boosts the electromechanical actuation.40 By corre-
lation with Fig. 1, the smallest size of PDMS spheres inside the
bicontinuous structure leads to the highest interfacial contact
by increasing the number of spheres. Considering the research
involving the increase in interphase compatibility between TPU
and PDMS,41–43 one may expect that the introduction of some
compatibilizer could either, reduce the content of PDMS to
create the bicontinuous phase, or the size of the PDMS spheres.
Thus, addition of a compatibilizer could increase the interfacial
contact between TPU and PDMS at a given content, inducing
higher electromechanical strain comparing to the current
system without any compatibilizer.
3.4 Electromechanical actuation

To predict the actuation performance of TPU/PDMS blends
under a DC electric eld, the electromechanical sensitivity (b ¼
3r/Y) is calculated by using the Young's modulus (Y) and the 3r

taken at 1 kHz.17,30 The results are listed in Table 1. The ob-
tained data prove that increasing b values are obtained as the
increasing of PDMS contents in the blends, which suggests that
the reduction in Y is more effective for the improvement of
electromechanical actuation. The TPU200 and neat PDMS
possess the highest b values. However, based on the results of
Fig. 7 Variation of the relative dielectric constant and areal interfacial
contact between TPU and PDMS (J � Pvol) as a function of the PDMS
content in the blends.

This journal is © The Royal Society of Chemistry 2017
tensile tests, the stretchability of these two samples is rather
poor. Therefore, it is doubtful that if high actuated strain can be
achieved for these two lms.

To verify the validity of the prediction, the experimental
actuation of the TPU/PDMS blend lms was examined by
fabricating them into diaphragm-type actuators as represented
in Fig. 8a.30 Fig. 8b displays the experimental displacement of
the lms as a function of the driving electric eld. The experi-
ments were stopped at the electric eld strength of 90 V mm�1 if
no electrical breakdown occurred before. Except the TPU200 and
pure PDMS with poor mechanical properties, all the blend lms
performed better than pristine TPU. At a given electric eld,
improved actuated strain can be induced by blending the PDMS
and the TPU together even at the lowest content of PDMS (such
as TPU20). Furthermore, a continuous reduction in required
applied electric-eld to reach the maximum actuated displace-
ment, following a known trend induced by the reduction in the
elastic modulus, can also be seen in Fig. 8b.

In addition, the electromechanical actuation behaviour of
the blend lms could be classied into two categories
depending which polymer acts as the dominant phase. In
PDMS-rich blends, the addition of TPU cannot largely increase
the actuated displacement. For the TPU200 lm, it can be easily
understood by taking the seriously deteriorated elasticity into
account. However, this is not the case in the TPU100. Thus, we
suppose that the relatively low actuated strain for the PDMS-
rich blends is partially caused by the low compatibility
Fig. 8 (a) Schematic representation of a diaphragm-type actuation
test, and (b) electric field induced displacement for different TPU/
PDMS blends.

RSC Adv., 2017, 7, 22900–22908 | 22905
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Fig. 9 Continuous electromechanical actuation of TPU80 film under
a cyclically linearly changed electric field from 0–35 V mm�1 with
a ramp rate of 150 V s�1.
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between the PDMS phase and the compliant electrodes applied
onto it. Indeed, even the pure PDMS lm behaves worse than
those values reported in literature using other type compliant
electrode materials.39,44,45 However, the study on the compliant
electrode was beyond the scope of this work. Moreover, the
degree of crosslinking affects the actuation response of PDMS-
based DEAs as shown in the literature.4,19,21 Therefore, the
current condition of crosslinking should be one reason for such
low actuation.

A ten-fold improvement in the maximum displacement is
observed for TPU80 when comparing to TPU0, while reducing
30% of the applied electric eld. The highly improved electro-
mechanical actuation is the result of the synergetic effect of
dielectric andmechanical properties. Both of them benet from
the bicontinuous structure as discussed previously. Such an
improvement may be interesting for designing other type
composite elastomers with bicontinuous structures towards
advanced DEAs.46

The measured actuated displacement was further converted
into the areal strain (SA) which is dened as follows:

SA ¼ lA � 1 (4)

lA ¼ A

A0

¼ p
�
R2 þ d2

�

pR2
¼ 1þ d2

R2
(5)

where lA is the ratio between the area at an actuated state (A)
and the initial area (A0) of the lms, R is the radius of the dia-
phragm actuator, and d is the measured displacement. The
measured max SA for the TPU80 lm was listed in Table 2 and
compared with other similar DEA systems. The TPU/PDMS
blend lm with a bicontinuous structure developed in this
work exhibited a max SA which is comparable to the literature
results. It should be mentioned that for most of DEAs the max
SA values are always achieved under an electric eld very close to
electrical breakdown. However, TPU/PDMS blends in this work
showed the max SA at an electric eld far below the breakdown
due to their great insulating properties. As listed in Table 2, the
TPU80 lm performed better than most of other types of all-
organic PU-based elastomers when we compared the SA at the
Table 2 Experimental electromechanical actuation performance of all-

Elastomers Actuator form Ma

TPU0 Diaphragm 0
TPU80 Diaphragm 2
TPU/disperse red 19 (1 phr) Diaphragm 0
TPU/diaminonaphthalene (30 phr) Circular disc 2
TPU/poly(ethylene glycol) 600 (80 phr) Circular disc 5
TPU/gelatin–glycerol (1 : 0.5) Circular disc 5
Polyaniline/poly(copper phthalocyanine)/
PU (14/15/85)

Not reported 10

PU/ionic liquid/poly(3,4-
ethylenedioxythiophene):poly(styrene
sulfonate) (40 wt% ionic liquid within
PU)

Unimorph 0

a Calculated based on the thickness strain using A/A0 ¼ t/t0 � 1 under an

22906 | RSC Adv., 2017, 7, 22900–22908
electric eld equals to 50% of the electrical breakdown strength
(Ebd).

We also tested the cyclic actuation performance of the TPU80

lm. Under a cyclically linearly changed electric eld with
a ramp rate of ca. 150 V s�1, the TPU80 lm showed quite stable
actuation response aer rst few activation cycles (as shown in
Fig. 9). The stabilized actuated displacement is around 390 mm
(or SA ¼ 3.8%) at 35 V mm�1, which is slightly higher than the
results presented in Fig. 8. Based on the cyclic actuation results,
it can be expected that this TPU/PDMS blend with the bicon-
tinuous structure is a good candidate for DEA in long-term
practical applications.
4 Conclusion

Elastomer lms composed of TPU and PDMS were prepared
through a simple mixing and solution casting approach. The
morphology of as-prepared elastomers can be well tuned by the
volume fraction ratio of the two incompatible components.
organic PU-based DEAs

x SA (%)
Electric eld@max
SA (V mm�1)

SA@50%
of Ebd (%) Ref.

.04 60 �0.1 This work

.3 42 2.3 This work

.8a 57 0.1a 30

.6 20 1.3 31

.2 3 1.2 47

.2 0.55 3.0 48

.2a 20 2.1a 49

.3 2 0.2 50

isochoric condition.

This journal is © The Royal Society of Chemistry 2017
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When the volume ratio of TPU to PDMS approached 1 : 1,
a bicontinuous structure was obtained. The bicontinuous
structure remarkably enhanced the interfacial polarization and
the dielectric constant of the blend lm, that also give rise to
a highly improved electromechanical actuation strain. Under
the same measurement conditions, the TPU/PDMS blend lm
with the bicontinuous structure showed a max areal strain of
2.3%, which is about 60 times higher than that of bulk TPU lm.
More importantly, the highly improved actuation strain can be
maintained aer 50 cyclic actuation tests. These results
demonstrate blend elastomers with micrometer-scale bicon-
tinuous structures are very promising for developing high-
performance electromechanical actuators.
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