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We experimentally investigate, in detail, electromechanical effects in liquid-crystal elastdra#ts) pre-
viously swollen with low-molecular-weight liquid crystaltMWLCs). Both polydomain(POLY) and mon-
odomain(MONO) LCEs were studied. We used a well known LMWLCn<4entyl-4-cyanobipheny5CB) as
a solvent. After swelling POLY and MONO LCE@SCE) with 5CB, shape changes were measured by
recording the displacement of the edge of the swollen LCE at different voltages, V, and temperature. With
100 um distance between electrodes, measurable shape ch@ngje0um) are observed with small volt-
ages(V~0.5-10 V). In particular, we note that, compared to unswollgi$)CEs, a dramatic-200 times
decrease of the threshold field was found for electromechanical effects in swog@Hs. While swollen
MONO LCEs showed electromechanical effects in the planar geometry, homeotropic MONO swollen with
homeotropically oriented 5CB did not. This is easy to understand because, in the homeotropic case, the
liquid-crystal preferred axis is already aligned with the field so the field has no reorienting effect. The inverse
of the response time when the field was switcbedn both POLY and MONO was proportional 7, which
is the same field dependence as the response time of LMWLCs. When the field was swoffctiedrelaxation
time showed a field dependence different from that of LMWLCs that we attribute to relaxation of the LCE
network.

DOI: 10.1103/PhysRevE.71.061702 PACS nuni)er61.30.Gd, 83.80.Va, 77.65]

[. INTRODUCTION from the well-known isotropic casg—4]. In particular, we
found that the swelling properties and temperature behavior
In the past three decades, swelling properties of isotropi¢thermomechanical propeityf volume changes were also
polymer gels in isotropic solvents have attracted much attergnisotropic{2—4.
tion and their physical mec_hanisms are now well understood Understanding the physical mechanisms responsible for
[1]. On the other hand, a liquid-crystal elastonte€E), an  thermomechanical effects in LCEs is important to make
anisotropic gel, has been recently synthesized, for which, tional materials that can work as, e.g., temperature-
swelling properties in an anisotropic solvent such as lowyen actuators or artificial musclés—7]. Another useful
molecular-weight liquid crystaldLMWLCs) are different ) ,h014 for them would be as devices that changed their
shape in applied electric fields rather than temperature, i.e.,
their electromechanical effect. In current dry LCEs, however,

*Email address: yusuf@athena.ap.kyushu-u.ac.jp very high fields are required to induce electromechanical
"Email address: cladis@alct.com effects[8].

*Email address: brand@uni-bayreuth.de In contrast to this, the electric field response of LMWLCs
SEmail address: kaitap@mbox.nc.kyushu-u.ac.jp in the parallel plate geometry is a well-known cooperative
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phenomenom9], i.e., is a voltage effect, not a field effect as are(1) 5CB enters the bulk of the LCHsge., is not confined

it is for nematic elastomers. As a result, LCEs swollen withto the LCE-5CB interfacewhere it aligns with the LCE
nematic LMWLCs could be a good candidate to observesidechains and2) the LSCE length parallel to the director
measurable shape changes at low voltages. Indeed, onlydaes not change during swelling. In Sec. II, we describe the
small voltage(~1 V) is required to change the orientation of sample preparation and experimental setup. The statics and
nematic LMWLCs. Should there be a strong enough coudynamics of the observed shape changes are discussed in
pling between the mesogenic sidechains of the LCE and LMsec, |, e.g., only a small voltag&/ ~0.5—10 ) is required
WLC molecules, the question is can the low voltage re+, gptain a measurable~1—20um) shape change and it
sponse of LMWLCs be harnessed to induce reorientation

. . . . ook about 10s to reach the maximum shape change
effects in the tethered LCE side chains to obtain measurabl : '
shape changes at low voltages? Our brief answer is ye 0 um, i.e., comparable to half the swollen elastomer thick-

However, while the voltages are small, comparable to that oPes3' Section |V contains & summary and some perspectives.
LMWLCs, the reorientation effect is also small.

In the first investigation of electromechanical effects in
LCEs swollen with LMWLCs in 1986, Zentel founflLO] Il. THE EXPERIMENT
tiny changes in large fields. Subsequently, Bareieal. [11]
reported their largest field driven shape change to be about
20% contraction of polydomain elastomer swollen in 6CB  The LCE materials used here were invented and synthe-
(hexyl-cyanohexyl-biphenylwhen both, the elastomers and sized by Finkelmann and co-workdrs6—-19. The structure
6CB, were isotropic. In our study, we find no electrome-of LCESs involves mesogenic groups chemically tethered as
chanical effect when 5CB is isotropic. side chains to a cross-linked polymer netwpt6—18. The

In 1994, Kishiet al.[12] reported quantitative results on ingredients and procedure of the LCE synthesis have been
shape changes of swollen polydomain LCEs under a dc eleadlescribed in our previous papket|.
tric field (0.3 V/um). Kishi et al's geometry has similarities Polydomain LCEs are produced in which there are do-
to our geometry but in the elastomer/LMWLC that we study,mains with different director orientations, denoted by a unit
a maximum 13% contraction is observed in fields rangingpseudovectom [17]. But then it was discovered that apply-
from 0.01-1 Vjum. ing a large enough strain could reorient the domains giving

Changet al. [13] studied electro-optic effects in nematic rise to a uniform director orientatiofii7,19. Then mon-
gels obtained by photo-crosslinking a well-orientedodomain samples, i.e., liquid single crystal elastomers
LMWLC. They found that relatively high voltages were re- (LSCE9, were successfully made using two cross-linking
guired to observe a small director reorientation. For our pursteps with the second cross-linking step performed on a
poses, the relevant feature of this paper is that they were abiretched filn{18]. These films turned out to have a spatially
to account for all their effects by invoking only LMWLC uniform A parallel to the stretching directioR,in Figs. 1.
elasticity with the network effects taken care of by a nearly Figure 1b) is a snapshot in thg-y plane of the swollen
constant fieldEy=V,/d~0.11 V/um with sample thickness LSCE sample in zero field. Its sample dimensions kgre
d) applied perpendicular to the applied figld0.3 V/um). =270 um andl,=45 um. [,=300 um was the same before
To obtain fits to their data, they had to assume a characteand after swelling. During swelling, 5CB invades the SLCE
istic length scale of~1 um for their gels, which were ho- about three times fastén than Ln [3,4].
mogeneous samples, @2n and 125um with a 3° pretilt In Fig. 1(c), the director field is sketched for each of the
(the director is not exactly perpendicular to the field directiontwo types of interfaces. The gray scale bar above each sketch
before the field is appliedAs is well known, in a parallel- depicts the optical contrast observed looking “down” on the
plate geometry, well-oriented nematic LMWLCs have nosample(X-y plang. In the LSCE, the director configuration
length scale. As a result, electric field reorientation effectsjs taken to be antisymmetric. This is in contrast to the usual
not depending on sample thickndss first ordey, are a volt-  case for a Fréedericksz transition in a parallel plate geometry.
age effect not a field effect. A consequence of antisymmetric boundary conditions is that

Recently, Courtyet al.[14,15 demonstrated a fairly large the LMWLC director at the center of the LMWLC has two
electromechanical response in an LCE embedded with a lowompeting effects for reorientation so is constrained to be
concentration of carbon nanotubes. They needed a large aparallel toX even in a very large field at the LCE center.
plied field (order of ~1 V/um) to generate a strairg, of To match the boundary conditions at the LSCE-5CB in-
order~0.1%. These results raise the possibility that, if longterfaces, there must be sevegai+1/2 line defectde.g., the
range orientational order of elastomer sidechains argotted line marked “a” in the bend-splay schematic of Fig.
“strong” enough to reorient nonmesogenic rodlike objects1(c) and the thick black line in Fig.(b)] some of which will
there could be an even stronger and lower voltage effegnove in a field aligningillE.
between LMWLCs “embedded” in a swollen LCE and the Shape changes are measured by observing the displace-
LCE sidechains also with long range orientational order. ~ment of the bend-splay interface between the swollen LSCE

Here, we investigate electromechanical effects in monand the embedding LMWLGAI,=6) with applied voltage.
odomains and polydomains of specific liquid crystalline elas-Only a small effect is observed at the twist interfaces as the
tomers after they have been swollen with a well-known low-director remains alway&@nd only in the X-Z plane. In other
molecular-weight liquid crystal. Two important observationswords, n,~0 everywhere and the whole sample looks dark
from our previous swelling study2—4] of this special system when polarizer and analyzer are crossed paralldl. to

A. LCE sample preparation

061702-2
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FIG. 2. \Woltage dependence of the displacem&nT=26 °C.
The distance between electrodes is 100. (a) In POLY, &poLy
=(20.87+£0.16—(22.38+0.43exp(-V/2.88+0.17. (b) In planar
(P) MONO, 6byono=(20.00+£0.12-(22.12+0.32exp(-V/3.38
+0.10. Insets: expanded version of the graph to show the threshold
for the LCE shape changevi -'~0.6 V for POLY (a) and
FIG. 1. (a) Experimental setup. An alternating electric fiel, VEMONO~0.6V (b).
=(0,0,E), is applied to the sample cell. The distance between the

ITO electrodes is 10@m. The LCE is embedded in LMWLC (5CB) that was homeotropically aligneiFig. 1(b)] at the

(5::?)' V\;g”? 5CB lis Ogen;edz ghotmemo}rppi%attahe ellecttmdi;)' 't electrode surface. The cell gap was controlled by a 260
rotatesm In a splay-bend mode 1o h& inside the elastome! Iymer(Mylar) Spacel’.

Snapshot, crossed polarizers oriented 45° to the picture edges, 8PIn the experiments, an alternating electric field of fre-

th llen LSCE wh the directat, is IX. The two kinds of . . .
e Sworlen where the directar, is Ix. The two kinds o quencyf=50 Hz with rectangular waveform is applied be-

interfaces between the homeotropically oriented LMWUack S
regions and the LSCEgray region are (1) the bend-splay inter- tween the electrodes, i.e£=(0,0,E,) at constant tempera-
ture T=26 °C controlled to +0.1 °C by a temperature

faces|iX and(2) twist interfaces|y. We interpret the nearly vertical e
dark line running through the LSCE ifb) as anS=+1/2 line  regulator(CHINO Digital Controller DB500.
defect implying an antisymmetric configuration for 5CB in the elas-

tomer which suppresses the usual Fréedericksz transition in B. Electromechanical effect measurement

LMWLCs. Measurements are made in the middle of the bend-splay Measurements of the electromechanical effect were made

interface shown as a dotted squa(®. Director schematics of the . . . ; .
interfaces with gray scale above each showing the optical contradtS'nd 2 polarizing optical microscop@likon EG00WPOL

between crossed polarizers set 45fitm the X-y plane. The dotted on which a charge-coupled-d_ewce caméﬁ’i)NY_XC-?!é)

line markeda denotes thes=-1/2 disclination line that we track Was mounted. For monodomain LGESCE), the directom

and which moves ta’ when 3 V is applied as discussed in the text. Was set parallel to thi direction. The mechanical deforma-
tion and temporal changes of the electromechanical effect

The polydomair(POLY), planar monodomaifP-MONO) ~ Were captured py a computer. Here, we used an image cap-
and homeotropic monodomaifH-MONO) LCE films we  ture so_ftware(Suo_n Image Shape changes are meas_ured by
prepare are~(25.0+1.0 um thick with area~300 um observing the displacement of the bend-sp_lay interface
X 150 um. P-MONO is obtained by slicing the LSCE paral- P€tween the swollen LCE and the embedding LMWLC
lel to A and H-MONO is obtained by slicing perpendicular to (A1x=9) with applied voltageFig. 1(b), Fig. 2].

N [4]. The samples are embedded in LMWLGsisotropic

solvents for swelling between two transparent indium tin [1l. MEASUREMENTS AND DISCUSSIONS

oxide (ITO) electrodes with very clean SiO surfaces as
shown in Fig. 1a). The SiO coating is to avoid complica-

tions arising from charge injection. In this study we use the As described in our previous communicatiof8, the
well-known nematic LMWLC, 4-n-pentyl-4-cyanobiphenyl equilibrium swollen state of (S)CEs swollen with 5CB is

A. Low-voltage-driven shape changes

061702-3



YUSUF et al. PHYSICAL REVIEW E 71, 061702(2009

achieved after about 2 h. After swelling, the dimensions of [ ]
dry P-MONO perpendicular tofi, I,~150um and I, ! ' |
~25 um change to~270 um and ~45 um respectively, . . . . .
while the dimension parallel ta, |,, does not change. The . . . . ‘/ OFF
POLY sample swells isotropically in all three dimensions by ' . . 1
a factor of about 1.8. ' \
In Fig. 2, the solid lines are fits to .
Spor(V) =20.87 — 22.38 exp- V/2.9), (1) . > <V>
for the swollen POLY and . . . . . . .\.sWouen
Z LCE
Svono(V) =20.00 — 22.12 exfp- V/3.4), (2) i !
for swollen P-MONO, as a “guide to the eye.” yor

The insets in Fig. 2 show relatively small threshold val-
ues,Vy, for the onset of the observed electromechanical ef-
fect: VL'~ 0.6V for the swollen POLY samplgFig. 2(a)]
and ViMONO— 06V for the swollen planar P-MONO . .
sample[Fig. 2(b)]. Note also that while reorientation at the
threshold is sharp for POLYsuggesting a subcritical bifur- .
cation, it is quite smooth for P-MONO. That is, the bifurca-

tion here is imperfect, which is the usual case for Fréeder- .
icksz transitions when the director is not exactly
perpendicular to the applied fielgretilt). .
To compare this to dry LCEs where director reorientations
are a field effect, we need to convert volts to field. In dry .
LCE, the displacement is observed at aboul V/um =
[8,14]. Therefore, by assuming that the threshold field for
swollen L(S)CE is about 0.5 V/10Qwm (cell thickness is
100 um), it is about 200 times smaller than that of dry LCES.  F|G. 3. Schematic picture for the electromechanical effect of
Figure 3 shows schematic pictures for the mechanism of CE swollen with LMWLC without a voltagétop) and with (bot-
the electromechanical effects of the swollen LCE. Applyingtom). On the bottom, the LCE network has been stretched in the
an electric field to an LCE swollen with LMWLC, when the direction of E and shrunk perpendicular ®. Here, the dark and
LMWLCs director reorients parallel to the field. This induces open ellipses indicate LMWLC and mesogenic side chain mol-
the reorientation of many mesogenic sidechains that in turecules, respectively. The line indicates the polymer network.
change the network shape making the sample thicker @&ong
and thinner perpendicular to the bend-splay interfacand its extraordinary optic axis rotates to meet that of the SLCE
very little (if at all) on the twist interfacebecausen,=0  [IX. Loosely speaking, the sample optically thickens on going
independent oE). from homeotropic 5CB to the LSCE similar to a lens in
Thus the electromechanical effect is induced by the coopisotropic systems.
erative effect with LMWLC. The mesogenic side chains in  There are only singular solutions for a nematic director to
swollen LCEs can effectively couple with each other viarotate w/2 in a finite distance. Hence, the need fSr
LMWLC molecules dispersed in networks. Therefore a rela=+1/2 defect linedFigs. 1b) and 1c)]. At the line marked
tively weak electric field triggers a macroscopic shapea, the birefringence abruptly increases. This we attribute to a
change. Dividing the maximum displaceméntd0 um, i.e.,  defect line at the elastomer edge in contact with 5CB. The
~20 um at each interfageby the zero field sample length line markedb is the double image of the defect line nearly in
(~300 um), contractions of about 13—14% are foufeg., the same focal plane aswhenV=0.
see Fig. 4 for swollen P-MOND The distance betweemandb is about 15um. Applying a
Figures 4 are optical micrographs at large magnificatiorvoltage of ~3 V, this distance shrinks by about 10n, a
of P-MONO without a field(V=0) and in a field(V=3 V). shifts toa" (~10 um to the right of itsV=0 position andb
Homeotropically oriented 5CB is black for polarizers crossedshifts tob” (~1 um) and thickens as it moves out of the
at any orientation. To obtain extinction in well-oriented ho- focal plane ofa’. When the field is turned of8 V), a moves
mogeneous samples, the polarizer and analyzer must & the 5CB birefringent region narrows so the defect double
crossed parallefor perpendiculdrto i. Maximum intensity  image is now focussed above the focal planeof
is achieved when they are crossed 45° to this special direc- In Fig. 5, both LMWLC and LSCE have been prepared
tion. The very bright region between the elastomer and théomeotropically. In the equilibrium swollen state, we pointed
LSCE is where 5CB starts to reorient from beilzgfar from  out that the LMWLC molecules should be parallel to the
the Bend-splay interface to b inside the elastomer. This LSCE sidechains inside the interfacial region. When an elec-
bright region is a result of 5CB’s increasing birefringence agric field is applied, no electromechanical effect can be ob-

061702-4
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FIG. 4. Large magnification optical micrographs of P-MONQO's
bend-splay interface wittibottom and without(top) an applied
voltage. Average director schematics are shown for each picture ’r ]
above the picturéV=0) and below forvV=3 V. Polarizer and ana- (b) P-MONO
lyzer crossed 45° to the micrograph edges and also of the 0 L . . . .
LSCE. -0 -8 6 -4 2 0

T-Ty (K)

served because there is no reorientation of the LMWLCs [~ ¢ Temperature dependence of the displacerim field
molecules and the mesogenic sidechains inside the interfacigl/zso'v)'_ (@ In POLY, dpo y=22.21+0.08T-Ty). (b)

. . In
region[Figs. 5a) and §b)]. P-MONO, 80r0=20.09+0.16T~Ty).

B. Question: Bulk or surface effect?

In swollen P-MONO, field-induced shape changes are opwhere the director of the LMWLC changes its orientation

served in the vicinity of the swollen LCE-LMWLC interface from beingliz to IIx. While. the electromechanical response
we have observed so far is measurable and reproducible, we

would like to understand better how to make it larger.

One reason limiting the effect could be the smecticlike
properties of this SLCE3] constraining the 5CB inside the
elastomer. Another could be constraints on 5CB because of
the antisymmetric boundary conditions of the geometry as
depicted in Fig. Ic) and evidenced by the presence of the
S=+1/2 wrapped around the elastomer in tfieZz plane
[the thick vertical line referred to in Fig.()].

10pm For applications requiring a larger effect, then, we need
more experiments with different LCEs and different
geometries.

C. Temperature dependence of shape changes

Figure 6 shows the temperature dependence of the dis-
placements in an electric field(f=50 Hz andv=50 V). In
the swollen POLY, as temperatuiieis increased, the dis-
placement increases very slightlyjpo v=22.21+0.08T
-Tw) [Fig. 6@], whereTy, is the phase transition tempera-
ture for the nematic-isotropic transition in 5CB. In the swol-
FIG. 5. (a) Optical micrographs in crossed polarizers showing!€n P-MONO, the displacement also increases slightly with
that there is no electromechanical effect when both the LSCE andmond(T)=20.09+0.18T-Ty,) [Fig. 6b)]. In these two sys-
the LMWLC are homeotropically oriented, H-MONO sample. tems, a maximum relative contraction is achieved at a tem-
(b)Schematic ofa). The LMWLCs are represented by dark ellipses. perature just before the nematic-isotropic phase transition

V0
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temperaturély,. In the isotropic phase, no displacements are L0¢ (a) oLy 10V
observed. 08k 20 |]

As a reorientation of the LMWLC molecules does not E Y
occur when the LMWLC is isotropic, it cannot drive a shape

change. In our previous papd&-4|, we have found that the
apparent nematic-isotropic phase transition temperature of
the swollen LCEs is~80 °C for POLY and MONO. When
5CB is in its nematic phase, the contraction of swollen
L(S)CE in a low electric field(E~0.5V/um) is about
20 um at maximum. While 5CB goes isotropic i,
~34.5 °C, the liquid crystalline parts of the LCE network
are still in their nematic phase untit80 °C for POLY and
MONO. In this case it is still possible to have a small
contraction, but the application of a high electric field is
necessary.

In summary it can be stated that electromechanical effects
observed in swollen (S)CEs are a consequence of the co- il
operative effects of the LMWLC embedded in the swollen 1(sec)

L(S)CE with the sidechains and the network of the LCE.

However, the effect is much smaller than expected. We have FIG. 7. Voltage dependence of the normalized displacemignt
suggested that this could be because of the boundary cofft the shrinking(switchingon) process for swollen POLYa) and

straints on homeotropically oriented 5CB and the LCE interP-MONO (b) samples. The dotted lines are best fitsdp,t,V)

faces and also the smecticlike properties of the elastomerd XAt/ 7o)

“infecting” 5CB. This can be tested by redoing the experi- _ :

ment with homogeneously oriented 5CB, which would mini—'oliglro'l.o v f[F|g. f(b?.]molﬂoihe ZWO”en \;’I\éONOb the
mize both the necessity for defect lines and reduce the po olid line is a fit to Lho,™ =0.34+0.06 ¥ |g__9( )] .
sibility of antisymmetric boundary conditions at the LSCE- his r_esu_lt is consistent with the response behavior of ordi-
5CB interfaces. Another test would be to redo the experimenfd'y liquid crystals. In the swollen P-MONO sample, the
with another LSCE with less pronounced smecticlike fea €SPONSE time for the shape changes is slightly higher than
tures[3] that in the swollen POLY samples. This effect could be due

' to the fact that the rotation of the LMWLC molecules and the

mesogenic sidechains is resisted by the elastic network, an

normalized 8,

normalized 8,,,

D. Space-time graphs and response times

1
To quantify the shape change dynamics of the swollen

L(S)CE in an applied electric field, we analyzed the data 08l
obtained from space-time plots.

Figures 7 and 8 show the voltage dependence of the nor-
malized displacemens,, in the shrinking (switched on)
and the stretchingswitchedoff) processes, respectively, at
fixed temperatureT=26 °C and frequencyf=50 Hz. The
dotted lines in these figures are best fits &,(t,V) 0.2%
=& exp—t/1,) and 8,,(t,V)=8.+ 5 exp(—t/ 7o) for
switchingon andoff the external field, respectively. It means
that only a single process plays a role for the response, which
may be due to reorientation dynamicsiof

In Fig. 7, with increasing applied voltagd,, in both

0.6r

04} £/

normalized &,

081

swollen POLY and P-MONO samples decreases more vf’ 06!
rapidly. g o
In Fig. 8, when the voltage is switcheaff, §,, in the Té 04l o
swollen POLY increases rapidly when the initial voltage is g ; o
below 8 V, and there is almost no change above BAg. 02
8(a)]. In swollen P-MONO, there was a relatively small (b) P-MONO S
change ofs,, when the field is switchedff [Fig. 8b)]. 0 e —
Figures 9 and 10 show the voltage dependence of the 0 2 4 6 8 1012 14 16
response times for the swollen POLY and P-MONO samples, £ (sec)
when the field is switchedn andoff, respectively. FIG. 8. \Voltage dependence of the normalized displacergnt

In Fig. 9, the inverse of the response tim(d_S/Ton) iNin the stretching switching off) process for swollen POLYa) and
swollen POLY and P-MONO are clearly proportional \té. P-MONO (b) samples. The dotted lines are best fitssigyt,V)

In the swollen POLY, the solid line is a fit to P =8,+ 8 exp(—t/ 7of).
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FIG. 11. Oscillations shown by a swollen LSCE at low frequen-
cies (0.2 H2 displayed as a space-time plot=26 °C andV
=10 V.

constant value of 1;}"°N° (~0.35 is also observed with

increasing voltagéFig. 10b)]. Below 8 V, the inverse of the
relaxation time 1#5.M°Nincreases in voltage.

In ordinary liquid crystals, the relaxation time is indepen-
dent of the initial voltage when the field is switchedf.

FIG. 9. Voltage dependence of the inverse response time offowever, in swollen (S)CEs, in the present study we found
swollen POLY (a) and P-MONO(b) samples when the field is that this behavior is valid only above8 V; below 8 V it

switchedon. T=26 °C.

has a pronounced voltage dependence. We suggest that the
behavior observed below 8 V is due to the electromechanical

effect that is larger in P-MONO due to the stretching procesgnergy stored in the(S)CE network in the interfacial region
during the LSCE preparation that endows the network withand also in the bulk of swollen(5)CE.

smectic features.

As one might expect from the results given in Figs. 9 and

Figure 10 shows the inverse of the relaxation timesl0, a dynamical response can be observed in the form of
(1/744) for swollen POLY and P-MONO samples. In the periodic oscillations of shape changes in swollen MONO

swollen POLY, at first 1 Of?LY'

ncreases with increasing ap- (LSCE) samples, when a sufficiently low frequency

plied voltage (until ~8 V), and then goes to a constant <1/7 :°NY) is applied. An example is shown in Fig. 11 at
(~0.45 above 8 V[Fig. 10a)]. In the swollen P-MONO, a T=26 °C andv=10 V.

0.6
':\ o L] L] .
E 0.4 - . .
5 1"
£ 02 g
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0
04l o
;§/ coc o ° ° ° °
&g o
Yozt .
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0 1 1 1 1 L
0 5 10 15 20 25
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IV. SUMMARY

We studied the electromechanical effects ofSICEs
swollen with LMWLC and found the following main results.

The threshold field for electromechanical effects in swol-
len L(S)CEs is comparable to that of LMWLC and thus
about two orders of magnitude smaller than that of dry
L(S)CEs. The inverse response times after switclonghe
external field for both swollen POLY and MONQ.SCE)
samples show a quadratic dependence on the field strength.
This is consistent with the inverse response time for ordinary
low molecular weight liquid crystals. From this observation
we conclude that the liquid crystal features dominate the re-
sponse of swollen (S)CEs when the field is switchedn.
When the field is switchedff, the inverse of the relaxation
time is independent of voltage above 8 V and depends on

FIG. 10. Voltage dependence of the inverse relaxation time ovoltage below 8 V for a sample thickness-e.00 um. This
the swollen POLY(a) and P-MONO(b) samples when the field is pronounced voltage dependence can be interpreted as being
switchedoff and the electrodes shorte@i=26 °C. In the shaded due to the electromechanical energy stored in ti8)CE
regions above 8 V the relaxation time is constant.

network.
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