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We actuated poly(vinyr chloride) eVC) gel by apply-
ing a dc field, and found localized creeping deform-
tion, which induced swift, huge bending like a joint.
The bending angle reached ca.1500 at maximum at the
field of 1000 V mm"i with the velocity of ca. 900 s'i.
The electric current was very smatl and in the range
of 68 nA cm'2. The mechanism of reversible, marked
bending was studied using blocking and contact ele"
trodes. The gel consisted of PVC and dioctyl phthalate
(DOP), and was free of electrolytes. The concept is
simple and applicable to conventional polymer mat"
rials. It could serve for developing new classes of soft
and durable mechanically functional materials.
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1. Introduction

  Great efforts have been devoted to development and
fabrication of potential actuators from polymer gels as
intelligent materials for artificial muscles, sensors, and
controlled dmg-delivery.i'9) Stimuli sensitive polymer
gels can respond to changes in environmenta1 conditions
such as temperatureiO), light9), pHii), electric fieldi'2'S'6)and
they vary volumes and shapes. Hence, polymer gels have
received special attention as soft mechanically functional
materials. Katchalsky et al.i2) demonstrated
chemomechanical collagen gel fibers thermodynamically
capable of transforming chemical energy to mechanical
 work. Tanaka et al.9) reported the phase transition in poly･
mer gels induced by visible light. Osada et alf) actuated
a polyelectrolyte gel by applying a dc. elecuic field, In
electrical actuation of polymer gels, most investigations
were conducted on polyelectrolyte gels since they contain
ionic species that induce deformation under an electric
field. In the polyelectrolyte gels, different actuations have
been proposed, and in most cases water or salt solution
is necessary for phase transition or deformation. Appli
cations are limited in low voltage and current, as the gas,
or heat generation by electrolysis is usually unavoidable.
We studied electrically stable polymer gels as soft me
chanically functional materials that can be applied in air
or in the absence of water, completely different gel aG
tuation. Little attention was paid to electrical actuation of
nonionic polymer gels except poly(vinyl alcohol)-di
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Fig. 1. (a) Experimenta1 setup used for creeping motuon.
The gel is placed between a pair of electrodes, which is
supported by two poly(methylmethacrylate) (PMMA)
bars. The top of the gel is adjusted flat to the level of
electrodes. (b)An illustration of the side view of creeping
motion. (c)No creeping of gel with E = O Vmm`. (d)The
gel is creeping onto the anode with E = 5oo V mm'.

methyl sulfoxide gel (PVA-DMSO gel)'3), since they are
inactive in an electric field due to the absence of ionic

specles.
  We detail motions of creeping and large bending of
PVC-DOP gel and the mechanism of motion.

2. Experimental Section

2.1. PVC-DOP Gel Preparation
  Commercial grade PVC, whose degree ofpolymeriza
tion is 1000 (molecular weight = 62500) and was sup
plied by Sun Arrow Chemical Co. Ltd., vvas purified by
a conventional reprecipitation method, using tetrahydrG
fiiran (THF) and methanol. After 3 repetitive solubiliza
tions and precipitations, purified PVC was obtained. The
purified PVC is plasticized with DOP, a typical plasti
cizer. PVC was dissolved with DOP in THF solvent and
cast and kept in a Petri dish at ambient temperature for
1 weeks to completely evaporate THF and yield a physi
cally crosslinked PVC-DOP gel sheet O.75 mm thick.
PVC-DOP gel is transparent and homogeneous, contain
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ing 90 wt9/o plasticizer in the gel. No ionic components
were added. The gel maintains its shape and behaves as
an elastic nonionic gel. No leakage of DOP was observed
and the gel was stable for more than 20 months in air at
ambient temperature.

2.2. Experimental Setup
  Applying a dc. voltage up to 1000 V mm'i niggered
the motions of the gel. Fig.1(a) shows the experimenta1
setup used for the creeping motion. We observed creeping
and bending with a CCD camera under a microscope and
the images were recorded by a video recorder at a rate of
30 frames s-1 and analyzed by using a personal computer
(Fig. 2). The current was measured using an ampere me
ter (Advantest Crop, R8340A UItra High Resistance Me
tcr). The measurements were conducted in air at room
temperature,

1.0ptiedmicroscxpe 8.Lamp
2. CCD caniera 9. Saniple holder
3. Camera adapbor 10& 11. Mectrodes
4. Video reoorder 12. Current meter&
5. Monitor d.c source
6. Mictvsoope stqge 13. J.J. Jalter
7. Sample (PVC-DOP gel) 14. PC

3. Motions of Creeping and Joint-Like
  Bending Hg. 2. Experimenta1 setup used for the measurernent of

bendng motion and cumnt.

3.1. Creeping Motion
  A stripe of the gel, 1O mm long, 1O mm wide and O.75
mm thick was cut, and first the gel was placed between
a pair ofelectrodes (aluminum foil, 5ptn thick). When an
electric field (dc. and 500 V mm") was applied, the gel
is crept out onto the anode asig.1(c) and 1(d)) and held
deformation as long as the field was on (Fig.1(b)). De-
formation was restored as soon as the field was turned

off. Creeping is similar to pseudopodial-flow-induced de
formation of biological cells such as an amoeba. Fig3

2",o,w.s.,thfie,,Pdm&cillu:rl,e)sinof,,u,rrpeinE(l.fli.o.n.thfe,s.ugebyoopf
 ge,,L･,lreg,2,lgT,e?euamm'-iY'?･:'elli,2d,,?･zp.o,rt,`s,n,a,:'zw,l',th,,.a,p,
 fupnl,},a7,g,c:e,gp,i･gece,2(&mR,:':qgr?,as,zd.,y.iEh,,if,rf,f:,.i.g
ship between creeping area andcurrent density (A cni5
was.,linear (Fig.5). The gel started creeping above 90 V
mm . The rate gifcreeping motion was fast. The creeping

 X.!',eO.:,lgty.iettt･sienEfgas.),･eiilolS･:,:,X,ti:90:rr,i-÷i¥',,Wtiethmm･rthepittg,
electric field applied was far below the break down volt
age (ca. O.3 MV mm'i). Strain reached more than 1300/o
of the thickness of the gel.

3.2. Joint-Like Bending
  For using creeping to bending, we changed the experi
menta1 set-up (Fig.7(x)). Here the gel was cut into a stripe
with a size of 10 x 7 x O.75 mm. Thin aluminum foil,
5pm in thickness, partly covered both sides of the gel
surfaces as a pair of electrodes leaving 5 mm uncovered
and exposed in air. The gel was fixed horizonta11y be
tween two holder plates. In Fig.7(x), five samples (Sam-
ple la/lb/lc/ld/le) were prepared. In Sample la, each
surface of the gel was covered with a thin aluminum foil
(contact electrode). ln Sample lb, anode surface of the
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gel covered with an aluminum foil and whole cathode
was blocked with a polyethylene thin film insulating the
gel from the aluminum electrode folocking electrode). ln
Sample lc, half of the cathode was blocked with a poly
ethylene thin film (partly blocked electrode). But in Sam
ple ld, halfof the anode surface was blocked. In Sample
le, the whole anode was blocked. ln Sample 1eq when an
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-g. 7. (x) Fabrication ofPVC-ooP geVpolyethylene lami
nate systems. (y) The bending motion of a PVC-DOP gel
induced by the application of an electric field(500Vmm').
The overlapped image was composed ofthe beggining im
age and another one taken after 60si5s in the Sample 1alld,
The bending angle reached 8or after 60s/5s in the Sample
la/ld, respectively.

electric field was applied to the gel, it bent joint-like to
the anode side and reached the maximum steady state.
The action was completed within 60 s at the field ranged
from 300 to 1000 V mm". The bending angle
reachedca.1OOO at maximum at the field of 1OOO V mm'i.
During the application of the field, the motion was sus
tained as constant after it reached steady state. The steady
current was 66 nA cm'2 at the field strength of 500 V
mm" (Fig.7). By removing the field, the gel was restored
completely to its original position in 30 s. The bending
and restoring cycle was reproducible, showing that the
gel is a good elastic body under the experimenta1 condi
tions. Sample lb showed no bending with v.e, ry small and
irregular current (ca. 26 nA for 1OOO V mm ). The result
suggests that bending requires sufficient charge injection
from cathode. In sarnple 1c, no strain was observed in the

g8uin"dPaftOe?O&"alll,IIIii']alR,odnMo"fCPo8Tav'iellilbllgeextfiE'm"afi
current (ca.46 nA). This result suggests insufficient
charge injection from cathode. But in the case of Sample
ld, the bending was completed within 12 s at the field
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ranged from 200 to 1000 V mm". The bending angle
reached ca.1500 at maximum at the field of 1OOO v mm'i
with a maximum rate of9or s'i. In Sample 1e, no bending
was observed with very .gmall and irregular current (ca.
29 nA for 1000 V mm ). However, charge injection,
which could be concluded to depend on the area of cath
ode and the electric field strength. The disuibution of
injected charges depends on insulation of anode side.
These results strongly suggest that charge injection oo
curred on the cathode and caused bending (Sarnple ld)
on the anode by forming asymmetric distribution of in
jected charges. In Sample ld, the level of asymmetric
distribution of injectedcharges was the largest among
samples studied, and hence very swift bending occurred.
Fig.8 shovvs the dependence of bending deformation
(degi) qud current (iAA) on the applied electric field (V
mm ) m bending of the gel.                       The bending angle (deg.)
increased proportionally to the square of the applied field
only in the region from 300 to 500 V mnii and saturated
in the high field above 600 V mm". But strain was not
observe.d, gt the field strength below 2oo V mrri' and 1OO
 V mm in Sample la and ld, respectively. The current
increased with increasing applied vohage. Fig.9 com-
pares current (nA) observed among different samples
studieg, in bending of the gel. The bending velocity (de

 f{,ee.',.}i9.f,fiegi,"8,r2a.ie,g,Y,kthdi2CU2as,.:':･gas,p//:d.,vo,i3g.e
s in sample 1alld.

4. Proposed Bending Mechanism

  wnen either side of the electrode was insulated the

bending was completely depressed, and when the cathode
was partly insulated slight deformation was observed.
wnen the anode was partly insulated, depression was not
observed. From these results, we propose a tentative
bending mechanism of PVC-DOP gel (Fig.10). Charges
(electrons) injected from the cathode ofthe electrode into
the gel migrate toward the anode and disappear by dis
charging. Before discharging on the anode, the accumu
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Ng. 10. The schematic illustration of bendng mechanism
of PVC-ooP gel.

lation of charges promotes electrostatic adhesiveness of
gel onto the anode surface, and creeping deformation on
the anode appeared (Fig.1). If the discharging rate on the
anode is as swift as that on the cathode and no asymmet
ric charge distribution is exerted in the gel, neither bend
ing nor asyrnmetric creeping motion can be expected.
However, deformation induced in the gel is not a simple
bending, but the bending induced by creeping deforma
tion very much localized at the tip of the anode electrode
(Fig.10). Negative charges in gel accumulated at the an
ode tend to spread contact with the anode, generate eleG
trotactic strain by pulling the gel surface onto the other
side of the aluminum electrode, and finally the gel is bent
to the anode. wnen the field is off, the stickiness of the
gel onto the anode disappeared by discharging, and the
gel returns to its original shape by its intrinsic elasticity.
The increase ofan electric field leads 1arger deformation
of the gel. Belg,w the field of 200 V mm" (Sample la)
and 100 V mm (Sample ld) charge accumulation were
not enough for strain generation and lead the results
(Fig.8).
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5. Conclusions

  Nonionic homogeneous PVC gel was found to ereep
or to be bent by applying an electric field with a very
smal1 electric current. The asymmetric distribution of in-
jected charges is suggested for the interpretation of elec-
trically induced motion. The concept of electrotactic
deformation seems to be simple and applicable to con-
ventional polymer materials. We anticipate that this strat-
egy could serve as a method for developing new class of
soft and durable mechanica11y functional materials to pre-
pare micro machines, micro valves, actuators, and arthi-
cial organs in medical engineering.
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