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ABSTRACT: Liquid crystal elastomers combine the electrical and optical properties of liquid crystals with
the mechanical ones of polymer networks. In smectic C systems, doping with chiral mesogens induces the
formation of domains with permanent electric dipole moment, which exhibit piezoelectric properties.
Orientation of the mesogen in a uniaxial mechanical field and subsequent cross-linking produce a
centrosymmetric morphology, where the piezoelectric effects are averaged out on a macroscopic length
scale. The application of shear breaks the symmetry and induces the formation of amonodomain structure. In
this study the measurements of the direct piezoelectric effect are compared with the recently published
structural changes during stepwise shear. It is shown that the piezoelectric coefficient reaches its maximum at
a certain shear angle that corresponds to the intrinsic smectic tilt angle. The complex electromechanical
coefficient may vary up to a factor of 2 in a broad temperature, static mechanical stress and frequency
range. The response of the system remains linear, the higher harmonics contributing no more than∼10% in
any case.

Introduction

Liquid crystalline elastomers (LCEs) have attracted interest in
the last years, because they combine the orientational properties
of liquid crystals with the elasticity of conventional cross-linked
polymer networks (elastomers). The network prevents the system
from flowing in any directions, unlike low molecular weight
liquid crystals. As a result, they exhibit electro-mechanical and
electro-optical properties that can potentially surpass the ones of
conventional systems. The ease of processing makes them candi-
dates for several applications, such as flexible displays, electro-
mechanical actuators, and artificial muscles.1

In general, several types of LCEs can be distinguished, depend-
ing on the liquid crystalline phase and the position of themesogen
with respect to the network. Both side- and main-chain LCEs
with either nematic or smectic order have been synthesized.2-7 In
main-chain systems, where the mesogen is part of the polymer
network, the orientation of the director is strongly coupled to the
macroscopic network orientation.

Chiral smectic C* systems have no point symmetry and can
exhibit a macroscopic permanent dipole moment.8-11 Their
piezoelectricity is a direct consequence of ferroelectricity and is
related to the electroclinic effect.4,12-14 The origin of the dipole
moment and its orientation with respect to the director has been
discussed in previous works.12 Soft, but nonflowing piezoelectric
films can be manufactured by incorporation into a polymer
network. The electromechanical properties of cholesteric and
SmC* LCE systems have been previously investigated. Both the
direct12,15,16 and inverse17,18 piezoelectric effects in ferroelectric
LCE as well as the electroclinic effects13,14,19 have been studied as
a function of temperature, sample orientation, dc-bias and
mechanical strain.20 The reorientation of the mesogen due to
the applied electric field, especially in thin films, gives rise to
electrostriction and second harmonic generation.21

A challenge in the chiral systems is the formation of mono-
domainmorphology; otherwise the electro-mechanical effects are
averaged out.4,22 Ideally, a liquid single crystal elastomer (LSCE)
should be used. The synthesis of SmC* leads to the formation of a
chevron microstructure.23 The mesogens can be oriented using
magnetic, electric or mechanical fields.24-27 The magnetic fields,
however, can only orient the director, due the diamagnetism of
the aromatic rings, without largely affecting the smectic layers.
On the other hand, electric fields could create monodomain
samples,13 but the saturation fields are of the order of 107 V/m,
which cannot be safely applied to films thicker than a fewμm.The
remaining possibility is the application of (biaxial) shearmechan-
ical fields.25,28,29

In a recent X-ray study the conversion of a pseudomono-
domain structure, with a uniform director orientation, but conical
distribution of layer normals, to liquid single crystal morphology
in a series of SmC*-LCE under shear has been reported.30 The
shear was applied perpendicular to the director.29 It was found
that shear gradually alignsmacroscopically the smectic layers and
the order parameter of the director reaches a maximum at an
angle ∼30�. However, the formation of liquid single crystal
remains incomplete, even at high shear angles. In this study we
attempt to find the optimal processing conditions for ferroelectric
LCE, by measuring the direct piezoelectric effect as a function of
shear in one of these LCE systems. It is found that the piezo-
electric coefficient is initially zero, but reaches a maximum at the
shear angle, where the highest director order parameter is
observed. In addition, a complete temperature and frequency
dependence of the piezoelectric coefficient is presented.

Experimental Section

A schematic of the microstructure of the SmC* elastomer is
shown in Figure 1. The content of chiral dopant is 7.3 wt %. Its
synthesis and calorimetric properties have been reported
recently.30 It exhibits a broad SmC* temperature range, with an*Corresponding author. E-mail: papadopoulos@physik.uni-leipzig.de.
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isotropization temperature of 69 �C. Below 5 �C a tilted hexago-
nal smectic phase is formed and the glass “transition” is observed
at -2 �C. The thickness of the sample is ∼350 μm. The custom-
made measurement cell allows the measurement of the piezo-
electric coefficient d33 using the direct piezoelectric effect, under
well-controlled temperature conditions.12,21,31,32 The details of
the setup are shown in Figure 2. The shear angle β is increased
stepwise using the device ofFigure 2a and can reach45� in steps of
2�. The electrodes that are attached to each side of the sample are
so designed, that they apply uniform mechanical pressure, while
measuring the generated charge over a small area. This area
should be kept as small as possible, otherwise the effects are
averaged out, before the conversion of the polydomain morphol-
ogy to a monodomain one. The size of domains with uniform
layer orientation is not well-known, but electrodes with size
around 1 mm2 give better reproducibility than larger ones. The
plastic boards are dF = 5mmwide and have an de = 1 mmwide
copper stripe, resulting in a conductive overlapping area of
∼1 mm2. The large ratio of the area where force is applied to
the conductive area ensures that a uniform mechanical field is
applied to the latter, avoiding artifacts due to pressure inhomo-
geneity and local shear at the edges. The thickness of the sample is
large enough to ensure that the mechanical stress remains uni-
form even with the inevitable small electrode misalignment. The
shearing part with the sample and electrodes are finally placed
between a piezocrystal that controls the sample’s deformation
and a force transducer (BursterGmbH) thatmeasures the applied
force with high time resolution (down to 0.5 ms using the digital
output). Unless otherwise specified, sample deformation is lower
than 5% to ensure a linear response. The whole setup is kept in a
cryostat and is removed only for a few seconds when shear is
increased.Themeasurements are carriedout at∼50 �Cinorder to
ensure that the sample is in the smectic C phase. The X-ray
measurements were also performed at 50 �C.30

The pressure-generated surface charge leads to current flow.
Using lock-in amplifiers (StanfordResearch Systems SR 830) the
phasedifferences between the applied strain and generated charge
as well as mechanical stress can be resolved. The sample electro-
des are connected directly to the input of a lock-in amplifier. In
order to minimize parasitic currents a resistor of 1 MΩ is
connected parallel to them resulting to a total complex input
impedance ofZ=950kΩ // 150 pF, including connecting cables.
The coefficient d33 can be related to the measured voltage V and
force F through

V ¼ Z
dq

dt
¼ ZAed33

dP

dt
¼ Z

Ae

Af
d33

dF

dt
ð1Þ

where Ae is the conductive area of the electrodes, Af the total
(overlapping) area of the plastic boards, P the applied stress, and
F the applied force. When sinusoidal strain is applied, one gets,

using complex values for sinusoidally varying quantities and
assuming linear response

d33 ¼ - i
Af V

AeZωF
¼ AfV1

AejZjωF1
expðiðjV -jf - δÞÞ ð2Þ

where V1 and F1 are the amplitudes of the voltage and force, jV

and jf the respective phases, and δ the loss angle of the input
impedance. The lock-in amplifiers allow the measurement of the
second harmonic of both charge and force, as well. The respective
equations,where the second harmonic is also included, are shown
in detail in the Supporting Information and have been applied in
the case of high sample deformation only. At low sample
deformations the sample shows a strictly linear response.

An application example is shown in Figure 3. The sample is
already sheared; otherwise the piezoelectric coefficient is nearly
zero. The generated charge and, hence, the voltage are propor-
tional to the applied force, or mechanical stress. The quantities
that will be used below are the piezoelectric coefficient and the

Figure 1. Structure of themain-chain SmC* elastomer.A chiral dopant
is added to 7.3 wt % in order to induce the formation of domains with
permanent electric dipole moment, making the elastomer ferroelectric.

Figure 2. Measurement of the direct piezoelectric effect on the SmC*
elastomer. (a) The shearing part (viewed from above) allows shearing
the sample up to β=45� in steps of 2� using a screw. (b) The electrodes
are designed so that the effects are not averaged out due to the
centrosymmetric morphology. The total conductive area is de

2 =
1 mm2, whereas the overlapping area of the plastic boards is dF

2 =
25mm2. (c) The shearing part, the piezo crystal and the force transducer
are in a cryostat whose temperature is controlled by nitrogen gas. The
electrodes and the output of the force transducer are connected to lock-
in amplifiers, one of which controls the piezo actuator. The amplitudes
of the generated voltage and force, as well as their phase shifts with
respect to strain, can be acquired with high accuracy.

Figure 3. Direct piezoelectric effect. A sinusoidal mechanical field at
f=100Hz is applied to a sample that has been sheared at β=22� and
the generated ac voltage is measured. From their ratio the piezoelectric
coefficient can be calculated. The static mechanical stress is 0.15 MPa.
Nonlinearity effects are not observed up to this value of static mechan-
ical stress.
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mechanical stress, which do not depend on the geometry of the
sample and the experimental setup. The results are stable in this
stress and temperature range at least for a few days.

Results and Discussion

The aimof this investigation is the detailedmeasurement of the
dependence of d33 as a function of sample shear. In a previous
report, the reorientation of the LCE sample upon shear deforma-
tion was investigated by X-ray diffraction.30 To allow compar-
ison to our results, a sample of the same composition and the
same shear geometry and experimental conditions as in the X-ray
study is used.

The main-chain mesogens in the LCE under study possess an
electric dipole moment with a component normal to the director.
The macroscopic spontaneous dipole moment is proportional to
the angle θ formed by the director nB and the smectic layer normal
kB (Figure 4a). Therefore, the tilted chiral smectic phase exhibits a
spontaneousmacroscopic dipolemoment along theC2 symmetry
axis (z-axis in this case) and is ferroelectric. Polarization density
and sample dimensions are, thus, closely interrelated through the
angle θ, giving rise to the electroclinic effect.12 The existence of
domains with different orientation of the smectic layers and,
hence, polarity averages out the electromechanical effects. The
goal of this work is to find the optimal processing conditions
leading to a high macroscopic orientation of the dipoles and,
hence, high polarization. The first necessary condition is the
orientation of the director, which is done during cross-linking.
However, even though the director is oriented, the spontaneous
polarization vectors are conically distributed.When the sample is
sheared, the smactic layers start to align along shear direction.
Even though polydomain morphology still exists, the total

polarization density is nomore equal to zero and, thus, ferroelec-
tricity can be observed on macroscopic scale (Figure 4b). The
dependence of the piezoelectric coefficient as a function of shear
angle is presented in Figure 4c. As expected, before the applica-
tion of shear, themeasured piezoelectric coefficient is nearly zero.
The polarity of the generated charge depends on the shear
direction; using the geometry of Figure 2a and 4b, a negative
charge is generated at the front surface, when the sample is
pressed.

As the sample is sheared the piezoelectric coefficient rises and
reaches a maximum at∼20� shear angle, close to the angle where
the highest director order parameter is observed with X-rays.30

The director order parameter is defined as the product S=SnSd,
where Sn is the nematic and Sd the domain order parameter, both
defined by the second-degree Legendre polynomial. Further
shear leads to a decrease of the coefficient. This effect seems to
be related to breakup of the sample structure into domains,
resulting to the decrease of the director order parameter. A real
monodomain structure is, therefore, not obtained. Theoretical
studies have shown that the director in half of the domains has to
move along a long path, before being aligned.25 It is possible that
the layers are rotated so that the static polarizationPBS is nomore
exactly normal to the sample surface and the electrodes, decreas-
ing the average charge, when pressure is applied.

The application of LSCE as electromechanical actuators
requires detailed knowledge about the influence of external
conditions on the piezoelectric coefficient. The samples used for
this series of measurements are prepared by shearing the sample
at 22�, where the piezoelectric coefficient is maximum. The
frequency dependence is shown in Figure 5. A clear decreasing
trend with increasing frequency is observed (Figure 5a), despite

Figure 4. Effects of shear. (a) The director nB is initially oriented, but theLCE exhibits a centrosymmetricmorphologywith conical distribution of layer
normals kB. The direction of the spontaneous polarization PBS in each domain is normal to both nB and kB. (b) After shearing a pseudomonodomain
structure is obtained, with an almost uniform smectic layer normal and polarization orientation. Only 10% (suggested by X-rays) retain the
opposite polarity. (c) The conversion to pseudomonodomain structure is reflected on the increase of the piezoelectric coefficient. In both
independent measurements (circles, two different samples) a clear maximum around 15-20� is observed, coinciding with the maximum director
order parameter (crosses).30 The measurements are carried out at f= 100 Hz, 0.004 strain amplitude, under a static stress of 0.05 MPa (static strain
of ∼0.005).



Article Macromolecules, Vol. 43, No. 16, 2010 6669

the almost constant absolute value of the elasticmodulus over the
three decades of frequency (Figure 5b). This result is not related
to the resonance of the system; the resonance frequency calcu-
lated by

fR ¼
ffiffiffiffiffiffiffiffiffi
E=F

p
=2h ð3Þ

for a free-standing film,33 where E is the elastic modulus, h the
thickness of the sample, and F the density, gives a value of ∼140
kHz, well above the measurement range. The mechanical loss
angle |jf |, however, increases dramatically above 10 Hz and
shows that the large dissipation of mechanical energy at high
frequencies is responsible for the decrease of the measured
piezoelectric coefficient. It is remarkable that the phase angle
between stress and charge jV - jf - δ has an almost frequency-
independent low value<10�, due to the strong coupling between
the networkand the smecticmicrostructure inmain-chainLCE.22

The piezoelectric actuator should also maintain its properties
under external stress. The (dynamic) piezoelectric coefficient as a
function of static mechanical stress is shown in Figure 6. It is
constant up to stress of ∼0.3 MPa, corresponding to a static
deformation of about 3%, but then decreases dramatically
approaching zero. The second harmonic generation in LSCE
due to electrostriction effects has been shown to affect signifi-
cantly the electromechanical properties of such systems.12,21

However, in this system the second harmonic of both the
generated stress and charge remain lower by about 1 order of
magnitude than the first harmonic (Figure 6b). The decrease of
the electromechanical response is, therefore, attributed to the
distortion of the monodomain morphology due to the large
(more than 5%) static sample deformation. On the other hand,
the application of large deformation at higher frequencies does
not affect the morphology, probably due to the long sample
relaxation times. Compared to inorganic piezocrystals, the soft
LCE actuators can bear much larger strain.

Finally, the observed temperature dependence is quite unusual
for chiral smectic LCE exhibiting phase transitions34 and is more
similar to inorganic systems. The peak of the piezoelectric
coefficient in the first heating run (Figure 7a) just before the
smectic to isotropic transition is followed by a sharp irreversible
decrease to zero. Since the director distribution becomes isotro-
pic, cooling the sample below TSI does not induce spontaneous
polarization, without reorienting the sample using mechanical
fields. The DSC and X-ray results30 are in good agreement with
the observed transition temperature of 71 �C. In contrast to
previous studies34 no resonance is observed, the phase difference
between strain and charge showing only weak temperature
dependence (Figure 7b). This result shows that the network
relaxation times in this temperature range are much shorter than

Figure 5. Dependence of electromechanical properties on frequency.
(a) The absolute value of the complex piezoelectric coefficient d33 (solid
symbols) drops by a factor of 2 from its static value up to 400 Hz. The
respective elastic modulus E (open symbols) has a weakly increasing
trend with frequency. (b) Phase differences between charge and strain
(jV - δ, squares), stress and strain (jf, circles) and charge and stress
(jV-jf- δ, triangles). The latter is almost zero and varies onlyweakly
with frequency and no resonance is observed. All measurements are
carried out using strain amplitude 0.004, shear angle β = 22�, static
stress P0 = 0.06 MPa.

Figure 6. Nonlinearity of the direct piezoelectric effect. (a) Dependence
of the piezoelectric coefficient on static stress. The strain amplitude is
0.004, β= 22�, f= 100 Hz. A strong decrease is observed, when static
stress P0 exceeds ∼0.3 MPa. (b) The ratio of the amplitudes of the
second and first harmonics of force (solid symbols) and charge (hollow
symbols) is quite lowup to stress amplitudes of 0.3MPa.The same trend
is observed for shear angles β in the range 18-32� (not shown).
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the time-scale of the experiment (10 ms), in agreement with DSC
that gives a Tg value around -2 �C.

Conclusions

The electromechanical properties of a SmC* LCE have been
characterized as a function of shear, external stress, frequency
and temperature. The study shows that shear processing is an
effective way to produce electromechanically active liquid crystal
eleastomers from uniaxially oriented films. The exact shearing
parameters are crucial for the production of optimal samples.
Incomplete conversion of the polydomain to monodomain
morphology leads to the averaging out of the observed effects
in large samples. The maximum piezoelectric coefficient d33 is
observed at shear angles of 18�. At this shear angle, the smectic
layers and thus the dipole vectors still undergo realignment and
thus at higher shears higher values of the permanent polarization
are measured. On the other hand, the X-ray studies revealed that
at slightly higher shear angles the system breaks up into domains
of two independent director orientations. The piezoelectric co-
efficient therefore seems to be dependent on both the smectic
layer structure and the director order parameter.

The response of the system to external pressure remains
practically linear up to strain of 3% and stress of 0.3 MPa, so
the contribution of higher harmonic remains below ∼10% in all
investigated cases. The piezoelectric coefficient does not change

bymore than a factor of 2 within a broad frequency, temperature
and static deformation range. In addition, the loss angle (between
stress and generated charge) maintains an almost constant low
value. For these reasons, this SmC* LCE can be used as a soft
electromechanical actuator for frequencies below the kHz range,
at temperatures ranging from the glass transition up to the
smectic to isotropic transition.

Supporting Information Available: Text giving the deriva-
tion of nonlinear term of the piezoelectric coefficient. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 7. Temperature dependence of the electromechanical effects. (a)
The piezoelectric coefficient d33 (solid symbols) in the first heating run
increases until the SmC* to isotropic transition temperature TSI. A
sharp irreversible drop is observed afterward. The elastic modulus E
(open symbols), on the other hand, shows a decreasing trend, with only
a small step at TSI. (b) The phase differences between charge and strain
(jV - δ, squares), stress and strain (jf, circles) and charge and stress
(jV- jf - δ, triangles) are weakly affected by temperature. The strain
amplitude is 0.004, shear angle β=22�, f=100Hz. The static stress is
P0∼ 0.10 MPa, corresponding to a static strain of ∼0.01.


