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Mechanism of bending electrostriction in thermoplastic polyurethane
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The mechanism of bending electrostriction in polyurethane films is discussed and elucidated
through a numerical calculation. The simulations are carried out on a model in which charge carriers
are assumed to be electrons injected from the cathode by the Schottky effect, and the positive
charges are immobile. Under a dc field, our simulation results show that the electrons go out of the
anode, leaving behind a large quantity of positive charge around the anode. As a result, the electric
field near the anode eventually becomes much larger than that near the cathode. The asymmetrical
electric field distribution leads to an asymmetrical stress distribution through the electrostriction
effect and thus to bending of the polyurethane film under the application of a dc electric field. The
results can also explain the gradual change in bending direction after reversing the polarity of the
electric field. © 2004 American Institute of Physic§DOI: 10.1063/1.1760837

I. INTRODUCTION model can explain some of the bending features of the poly-
urethane film under an applied electric field.
The application of an electric field to some materials can
displace charge and lead to field-induced strain along thd. THEORETICAL CONSIDERATIONS AND
thickness direction. The field-induced strain in thickness iSNUMERICAL CALCULATION

proportional to the square of the applied electric field and When an on/off series of dc voltages of 1200[Fig

this property of the materials is called electrostriction. Bend-l(a)] is applied to the polyurethane film, the current passing

Ing ellgctrostriction was reported by quai in 1967 andthrough the polyurethane film behaves as shown in Rig). 1
1970-"He reported that a polyurethane film would bend by 5 the pending displacement of the polyurethane film is

applying an electric field and its deformation was Propor-¢pown in Fig. 1c).® The thinner lines in Fig. (&) represent a

tional to the square of the electric field. Thus, bending elecy et quration in which the voltage is turned off and then
trostriction is different from normal electrostriction. In recent turned on again to its former value. In FiggbLand Xc)

years elastomeric polyurethane was found to generate Iargﬁ)ikes occur at corresponding times. A memory effect is
electric field-induced strain. However, the mechanisms leadyqted here: in bending as well as in the current, the response

ing to bending are not yet well understood and the detail$qtns to roughly its former value after the “off-on” spike.

remain uncertain. In order to utilize polyurethane as a pracyye shall have an explanation about this memory effect later
tical actuator, it is necessary to clarify its origin. on. It would be neater for the present discussion to discount
In their recent papers, Watanabeal. reported that the 5| the yoltage off-ons and therefore the response spikes, and
bending deformation might result from an asymmetric d'St”'simpIy consider a voltage input history as shown by the
bution of space charge formed by a space-charge-limiteghicyer fines in Fig. 1a) and the broad responses in Figs.
current® They measured the space-charge distribution using ) ang c) without the spikes. Then we can divide the
the pulsed electroacoustic metfiahd suggested that a pos- ¢\ rent.time -t) characteristic into three regions. In region
sible cause of the bending was the repulsion between spageyq cyrrent initially decreases quite sharply with time and
charges. However, in our opinion this may not be the COM{ne tends to a near steady state. Upon voltage inversion in
plete story because the bending disappears quickly once thegion i, the negative current increases first and then de-
applied field is removed, while the space charge distribution e 5ses with time, tending also to approach a steady value. In
can only evolve more slowly. The bending mechanism of thgion 111 a current-time characteristic similar to that in field
polyurethane film has still not been studied in more deta"'region Il is obtained following another voltage inversion.

There has not been any theoretical model that satisfactorily, s it suffices to limit the discussion to field regions | and
explains the mechanism of the bending electrostriction of thg,  aq the polyurethane film is sufficiently thin, one-

polyurethane film in a quantitative way. dimensional equations are applicable. We takexfaeis in
In this paper, a one mobile carrier model has been prog,e girection of the thickness from the cathadeO to the

posed to investigate the time dependence of current as well,nqex=a wherea is the sample thickness. Note in our

as the charge and electric field distributions across the polyzqnvention x is always measured from the cathode in each
urethane film during the application of electric field. A region Whéther Lorll.

mechanism for bending based on electrostriction consider- ~ \va assume there are two kinds of charges in the poly-
ations is discussed. Numerical calculation shows that thigethane film. The positive and negative charge densities are

ep(x,t) and—en(x,t), whereeis electronic charge ang, n
¥Electronic mail: zhou.yan@polyu.edu.hk are number densities. The positive charges are immobile and
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1200] @ - : wheree is the permittivity of polyurethane. The electric field
E(x,t) is calculated from Poisson’s equation

Jd
s&E(x,t)ze[p(x,t)—n(x,t)] 3)

°r I ", and the circuit condition

Applied Voltage(V)

faE(x,t)dx=Ea, (4)
0

1200+ wherea is film thickness. The cathode is a=0 and the

40 60 80 100 anode ak=a. _

Time(min) Since the applied average electric fididis constant
throughout the chargingregion |) or reverse chargingre-
gion Il) process, the spatial integration of EHd) gives

ot
N
o

1 (a
J(t)zafoj(x,t)dx. (5)

be injected from the cathodex£0) by Schottky emission
and drift to the anode x=a) when the internal field

\\ The negative charge carrieslectrons are assumed to
/N

Current(x100nA)

E(x,t)=<0. As the boundary condition, the Schottky current
N o is taken as

N (0= AdexpBLIE(OD]) - 1), ®)

0 éo 40 60 80 100 where AxT? exp(—egdg/kT) and Bg=(e/2kT)(e/me).
Time(min) The constantpg is the barrier height for electron injection at
E(0t)=0.
The time derivative of the positive charge density is ex-
pressed as

06

1
E p(X!t) == ;n(X,t) + [N - p(xit)]
02
X Ape exp(BpeV|E(X,1)]), (7)

whereAprxexp(—edp /kT), Bpe=(e/kT)(e/ w&)*? andgp

is the energy depth of positive charge carriers at zero field.

On the right-hand side of Ed7), the first term represents

recombination with characteristic time and the second

term denotes Poole-Frenkel charge generation from sites of

i ) number densit\N. Then the rate of change ofx,t) follows
Time(min) from Egs.(1) and(3).

FIG. 1. (a) Time profile of the application of voltage across the polyurethane For numerical calculation, we divide the sample into

(PU). (b) The charging and reverse charging currents under the applicatior= 600 equal parts in the direction of thickness, anid re-

of the or_1/of_f electric field(c) The pen_ding displacement of PU film under placed byx,=(k—1)Ax, whereAx=a/m andk=1,2,...m

the application of the on/off electric field. +1. The densities(x,t) andp(x,t) are approximated by the

average values, and py in the kth division, respectively.

. . The fieldE and the curreng are the values at each division

the mobile charge c:alrrler_s_ are negaljetectrons. The nega- boundary. The derivatives are replaced by the difference quo-

tive charge carviers’ mobilitieq are assumed to be uniform tients while integrations are approximated with the trapezoi-

across the film. The diffusion constant of electrons is aSyal rule. Quantities at time-+ At are calculated by incre-

sumed to be zero and any time-dependent polarization of thl%enting corresponding values at tineby the first order

Bending Displacement(mm)

1 | ] Il !

0 20 40 60 80 100

film material is rTengecjted for simplicity. _ Taylor expansion terms int.5=8
~ When a positive field, whose average valudisis ap- Now we are in a position to discuss bending of the film
plied, the current flowing in the film is under an applied field. We assume that it is an electrostriction
9 effect arising from the development of a nonuniform distri-
IO=jxD+e—EXD), (1) bution of E(x,t) across the film thicknes&(x,t) produces
stresses irnx direction as well as in other directions with
j(x,t)=uen(x,t)E(x,t), (2 magnitudes proportional t&2(x,t). Let they direction be
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FIG. 2. (a) Diagram of the polyurethane filn{b) The schematic bending
diagram. 4L d
pointing along the length of the film and the stress acting per ° % w© % & 7 80
unit area on a strip of ardadx normal to thex direction and Time (min)
located ax [Flg' 2(a)] IS eXpressed as FIG. 3. The calculated-t curves(a) in region | and(b) region II.
O-yy(xlt)ngz(X!t)' (8)
Here ¢ is an electrostriction coefficient of the film material )
and is a positive constant, aibds film width. The system of _ |—_ (12)
forces oyy(x,t)bdx acting on various locations of the film 2R’
cross section may be integrated into a resultant fér¢e From Eqs.(11) and(12), we get the displacement
and a momenM (t)
L2
a = —
F(t)=J oy (X, )b dx, ©) d=2v MM, (13
0
which is the final equation we use to calculate the film dis-
a . . .
— lacement in the simulation.
Mt=fx X,t)— t)}b dx, 10 P . . .
® 0 tayy ) =yt (19 Finally we discuss the memory effect displayed by the

where 7,(t) = F(t)/ab is the mean stress acting on the film's response before and after an off-on action in either
Yy 9 region | or Il. Because the charge density distribution in the

cross section of areab. F(t) stretches the film whilév (t) .
) ; . . olyurethane film evolves only very slowly, we assume that
provides the bending moment leading to the bending behav: . .
It remains the same before and after the off-on action of the

iors here investigated. In this paper we assume for simplicity . B
that the pure bending theory is applicable. Thus the action o"f‘pp“ed voltage. Then from Eqél)—(5), we can see that the

. . electric field distribution and the total current flowing
M(t) bends the film to a curvatuf(t) given by through the film will maintain the same values. The bending

Y displacement of the film is calculated from E{8), (10),
M(t)= =1, (1) and (13) in our calculation; it will also maintain the same
values as before the off-on interruption. This explains why

where | is the second moment of area aNdis YOUNg'S o cirrents and the bending exhibit a memory effect.

modulus. In calculating we take the neutral plane at mid
thicknesdthe dotted line in Fig. @)]. Figure Zb) is the film

bending’s schematic diagram in whithis the film lengtha || RESULTS AND DISCUSSION
is the film thickness, and is the bending displacement of _ _
the film. Because experimentally>d, it is reasonable to The values of some parameters which we use in the cal-

neglect the expansion of the film for simplicity. Thus the culation are listed as followss=6.20<10"** C°N"'m~?
relationship betweeR and displacement can be expressed (e/e,~7.0), a=1.30x10 *m, T=300K, E=9.23
as X 10° VIm, u=5%x10"°m?V~1s ! andN=10"2m 3. By
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FIG. 4. Calculated space-charge distribution cu@eand calculated elec-
tric field distribution curve(b) in the polyurethane film in region | &t
=1 min.

FIG. 5. Calculated space-charge distribution cu@eand calculated elec-
tric field distribution curve(b) in the polyurethane film in region | &t
=18 min (before reversing the polarity

comparing the experimental current with the injection cur-larger than the stress near the cathode and the part near the
rent, we are led to choose 2000 7 A/m? as the value of anode of the film will elongate more than the part near the
As. cathode; hence the film will bend from the anode to the
The simulatedJ-t curves in field regions | and Il are cathode. This conclusion agrees with the experimental re-
shown as thicker lines in Figs.(& and 3b), respectively. sults. Figures & and 3b) are the calculated charge and
They are roughly similar to the experimental ones and havelectric field distributions at=18 min. From Fig. &), we
the same order of magnitudeee Fig. 1L The thinner lines can see that the current has reached a near steady state at
show a continuation of the theoretical response, should the=18 min. At this time, positive charge accumulates near the
applied voltage remain the same for a longer time. anode along with a small amount of negative charge near the
When the dc voltage of) =1200V is applied to the cathoddFig. 5@)]. The electric field near the anode is shown
polyurethane film att=0 min, the negative and positive in Fig. 5b). It is not easy to see by using a similar intuitive
charge densities are assumed to be equal across the film daealysis as before that the film will also bend from the anode
to charge neutrality. The charge distributiop(x,0) to the cathode. One has to rely on a calculation of bending
=¢[p(x,0)—n(x,0)]=0 and the electric field E(x,0) moment from Eq(11) to affirm that it has the same sign as at
=—(U/a) is homogeneous, equal to the average electri¢=1 min and hence the same bending direction.
field across the film. We take charge injection to occur in the  Because the space-charge distribution can only evolve
next time step. Figure 4 shows the charge and electric fieldlowly, we use the charge distribution tat 18 min of field
profiles att=1 min. Comparing the initial charge and elec- region | as the initial charge distribution for field region Il in
tric field distributions with those dt=1 min, we can see that our simulation[Fig. 6a)]. In Fig. 6 note that the cathode is
there are some negative space charge accumulated near gt#l labeled asx=0 and the anodg=a as before. Accord-
cathode along with both positive and negative charges accung to the equatiorf SE(x,t)dx=—U and the initial charge
mulated near the anod€&ig. 4(a)] and that the electric field distribution, the initial electric field distributiofFig. 6(b)] is
near the anode is noticeably larger than the one near thebtained. From Fig. 6 we can see that the electric field near
cathoddFig. 4(b)]. According to the bending electrostriction the cathode is much larger than the one near the anode. It
equation[Eg. (8)], the field-induced stress perpendicular to explains why the film bends to anode sidlee former cath-
the thickness direction of the polyurethane film will be ode first when the polarity of the electric field is reversed.
inhomogeneou$The stress near the anode will be somewhatFigure 7 shows the charge and electric field distributions in

Downloaded 28 Mar 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



298 J. Appl. Phys., Vol. 96, No. 1, 1 July 2004 Zhou, Wong, and Shin

T T 1 T T T M T T T T T T T - M
: ‘o Dro: (a Col
: =] '8 ‘g
oL =y £ =
; i< © 4
; : 18O N
: : - : :
24 + . ”E
o= : 3 :
£ : x 2l ]
Q 18F — B :
2 : 8 :
2 : o :
£ : sl .
@ L N . ) B
g 2r ) 5
V) : (] :
2 : S :
s st N 4 _
Q : :
o} 4 ol \ d
i 1 1 1 1 1 J 1 i 1 1 1
0.000 0.025 0.050 0075 0.100 0125 0.000 0.025 0.050 0.075 0.100 0125
Distance (mm) Distance (mm)
-5000 T T N T v T T T 15000 T r T T T T T T T g | Ee—
: : @ (b H
%5 i% 8 : ® :‘g 1
2: B £ e
-10000 L & N £ 10000 15 £
Q! : O :
= : : 2 :
45000 | i £ 5000 - i
£ ' S
Z <
ko] : =
@ 20000 4 ic 0 1
w Q
Q 2
g r g
@ 25000 | ] L;ﬁ 5000 | ]
& :
-30000 f | i -10000 |- i
35000 ) ! ! ] L L -15000 I I 1 1 ! L
0.000 0.025 0.050 0.075 0.100 0.125 0.000 0.025 0.050 0075 0.100 0125

. Distance(mm)
Distance(mm)
FIG. 7. Calculated space-charge distribution cu@eand calculated elec-
tric field distribution curve(b) in the polyurethane film in field region Il at
t=28 min.

FIG. 6. Space-charge distribution curya) and calculated electric field
distribution curve(b) in the polyurethane film in field region Il at
=18 min (after reversing the polarity

Since it is our belief that the polyurethane film’s bending
field region Il at an intermediate time=28 min. The posi- results from the asymmetric stress in different parts of the
tive charge density near the cathode has decreased while tfien, we have calculated the bending displacement to test
positive charge density near the anode has increased. Thehether it can reach agreement with the experimental mea-
electric field near the anode has increased from negative surement$Fig. 1(c)]. In the quantitative calculation, we treat
positive. During the process, the electric field magnitudethe polyurethane film's bending as a pure bending problem.
near the cathodéhe former anodgeis always larger than the We calculate the stress, (x,t) in different divisions of the
one near the anodghe former cathode and a calculation of film according to Eq.(9) since E(x,t) are known from the
the bending moment shows that the bending is in the samabove. Then we calculate the momen(t) caused by the
direction as before the polarity of the electric field is reversednhomogenous stress by EG.0) and finally the bending dis-
att=18 min. The positive charges near the anode will conplacement of the film's free end by E(L3). The results are
tinue to increase while the positive charges which are forshown in Fig. 9; again only the thicker lines are to be com-
merly accumulated near the cathode decrease. As time gopared with the experiment. The shapes and bending magni-
on, a new charge layer forms at the anode and the formeudes agree roughly with the experimental results except that
charge layer diminishes at the cathode. Eventually the filnthe maximum bending displacements are a little larger than
will change its bending direction and bend from the anode taneasured in both regions | and Il. We think the discrepancy
the cathode. Figure 8 shows the charge and electric fieldhay come from the pure bending treatment, among others.
distributions in field region Il at=60 min. From Fig. &), Since we only aim to validate the bending mechanism of the
we can see that the current has nearly reached a steady stéiten, we think it is reasonable for the simplified calculation.
at this time. At this state, there is only a small quantity of In our simulation, the key features as observed in experi-
negative charge near the cathode but a larger amount of posiients are reproduced, naméb the tendencies of the cur-
tive charge near the anode. The polyurethane film will thugent in regions | and Ii(b) positive charges accumulate near
bend from the anode to the cathode due to the asymmetribe anode and a small amount of negative charge near the
field distribution in the film. The profiles of the charge and cathode at near steady stildc) and furthermore, the cal-
electric field distributions are similar to the ones in field culated temporal change of the displacement of the film also
region | att=18 min(see Fig. 5. A similar bending response agrees fairly well with the experimental results. The discrep-
will be repeated in field region llI. ancies between simulation and experiment may be attributed
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FIG. 8. Calculated space-charge distribution cu@eand calculated elec- G- 9. Calculated bending displacemefdsin region | and(b) in region
tric field distribution curve(b) in the polyurethane film in field region Il at 1.
t=60 min.

calculated the bending displacement during the application
to our assumption of negligible polarization and diffusion of the electric field. The simulation results agree well with
effect, of zero mobility of the positive charge, as well as thethe experiment. The model may be further improved by con-
use of pure bending theory. Thus it is not unreasonable tgidering nonzero mobility of positive charge carriers, diffu-
suppose that the inhomogeneous charge distribution argion of charge carriers, and polarization of the film material.
hence inhomogeneous electric field distribution in the film is

a possible origin of the bending behavior. 1H. Kawai, Oyo Butsuri36, 484 (1967).
2H. Kawai, Oyo Butsuri39, 869 (1970.

3M. Watanabe, T. Hirai, M. Suzuki, and Y. Amaike, Appl. Phys. L&,
IV. CONCLUSIONS 2717(1999.

. . . 4M. Watanabe, N. Wakimoto, H. Shirai, and T. Hirai, J. Appl. Ph9s,
We have considered a model for the electric field- 2494(2003. ppl. PHye.

induced bending behavior of polyurethane film. This model®k. s. Lam, Y. W. Wong, S. L. Tai, Y. M. Poon, and F. G. Shin, Proc. SPIE

consists of negative charge carriers and immobile positive 5051 526(2009. _ _

charges with Schottky injection and Poole-Frenkel charge Té?ﬂ;nse;o’ Y. Suzuoki, T. Mizutani, and M. leda, Jpn. J. Appl. PI3g.

generation. The.sw_nula_ltlon_ result; show that the mhomog(.aaK. Kaneko, Y. Suzuoki, T. Mizutani, and M. leda, Jpn. J. Appl. PI3g;.

neous charge distribution in the film causes an asymmetric 8 (1990.

electric field distribution which leads to inhomogeneoussKhKageko, \(( gg;uoki' Y. Yokota, T. Mizutani, and M. leda, Jpn. J. Appl.
; : : : Phys.31, 11 (1 .

;tress in the_ cross segtlon of the polyurethane film, resul'tmg;l Su. Q. M. Zhang, and R. Y. Ting, Appl. Phys. L&t 386 (1997,

in the bending behavior. We have presented an analysis ofpriyate communication with K. S. LAM of the Department of Applied

the evolution of the measured current and also quantitatively Physics, The Hong Kong Polytechnic University, Hong Kpng

Downloaded 28 Mar 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



