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Simulation studies of internal mechanisms in the static deflection
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Studies of voltage-induced deflections in electroactive paper (EAPap) have been carried out. On the
experimental side, measurements of bias-dependent deflections and strain, water absorption as a
function of time, and relative humidity were obtained for the cellulose EAPap actuator. In addition,
model simulations have also been carried out to probe and quantify the role of the various internal
mechanisms responsible for the deflection. Our simulation predictions yield good agreement with
the measured deflection data for the EAPap. The modeling suggests that internal ion content and its
migration, water absorption leading to a nonuniform permittivity, random variations in the
transverse piezoelectric-coupling coefficient d3;;, and the modulus of elasticity all collectively
contribute to the EAPap deflection electrophysics. It also appears that higher sensitivity, with a
minimal bias dependence, could be achieved by deliberately adding ions during EAPap processing.

© 2008 American Institute of Physics. [DOI: 10.1063/1.2891676]

I. INTRODUCTION

Electroactive polymers (EAPs) exhibit large strain in re-
sponse to an external electric field and have attracted a great
deal of attention in recent years for various applications.
These materials include dielectric elastomers, such as acryl-
ics and silicones'™ and naturally occurring bipolymer
cellulose.*” EAPs have demonstrated large shape changes
and actuation strains of up to 380%.%" No other electric
field-activated material comes close to matching such strains.
Other favorable properties include soft actuation, ease and
simplicity in manufacturing, their light weight, low power
consumption, and the ability to withstand harsh environ-
ments. Cellulose is the most abundant natural polymer of this
type, consisting of glucose-glucose linkages arranged in lin-
ear chains®” and is an inexhaustible source of raw material
for environmentally friendly and biocompatible products.
Cellulose derivatives are currently used for coatings, lami-
nates, optical films, pharmaceuticals, foods, and textiles. Re-
cently, cellulose has been discovered as a smart material that
can be used for sensor and actuator applications.9 This ma-
terial has been termed as electroactive paper (EAPap).

It is projected that EAPs will soon have a great impact in
transducer, sensor, and actuator technologies, and will find
numerous applications in robotics, prosthetic and artificial
muscle-based devices, and microscopic pumps. Space agen-
cies are seeking to reduce the size, power consumption, and
cost of instrumentation used in future deep-space
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missions.'™!" Recent research for NASA applications in-

cludes the piezoelectric bending of EAPap sensors under
conditions exceeding the harsh environments on Mars. Other
space-related applications include motors for antenna and in-
strument deployment, device positioning, and aperture open-
ing. EAPs have also been termed “artificial muscles” due to
their operational similarity to biological muscles.'>"?

Wood pulp remains the most important source in cellu-
lose processing. The electromechanical effect in wood was
first reported by Bazhenov,'* while Fukada'® experimentally
obtained the piezoelectric coefficients and demonstrated that
oriented cellulose crystallites were responsible for the ob-
served piezoelectricity. EAPap differs from most piezoelec-
tric crystalline materials from the standpoint of its morpho-
logical structure. For example, in most sensors and actuators,
the EAPap material is processed in the form of a sheet of
regenerated cellulose that morphologically has ordered and
disordered regions. The ordered domains are mostly crystal-
line, while the disordered molecules retain preferential direc-
tion parallel to the chains in the microfibrils and form surface
disorder.” It is conjectured that water molecules would typi-
cally be attached to hydroxyl groups within the large disor-
dered cellulose chain regions. Free water would then typi-
cally be found in the bulk volume away from the surfaces.

In order to successfully and optimally use cellulose EAP
actuators, it is crucial to first understand and quantify the
actuation mechanism. Several factors contribute to a more
complex situation in EAPap. (i) First, the EAP is noncrystal-
line with internal heterogeneity and disordered regions.
Hence, many of the relevant parameters that contribute to
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piezoelectric bending and produce the dielectric forces are
not fixed, but instead vary spatially within the sample. The
first demonstration of the role of spatially nonuniform and
randomly varying parameters that could lead to substantially
larger deflections in biological piezoelectrics was given by
Williams.'® This study arose from the need to adequately
explain a previous very surprising result of unusually large
deflections observed in disordered polar textures (i.e., tendon
and bone segments). The response in that experimental work
had shown substantial deviations from the expectations
based on crystalline materials.'” The observed differences led
Johnson ez al.'® to propose a spatially varying piezoelectric
parameter ds;. Their model led to deflections in piezoelectric
biomaterials that were large and consistent with the experi-
mental observations.

(ii) The second complication arises from the variability
in water content within the EAPap. Since EAPap is a piezo-
electric material, its deflection will depend on the internal
electric field created by the external voltage. This, in turn, is
dictated by the permittivity profile. Hence, any process or
phenomena that affect the permittivity will influence the de-
flection and need to be carefully modeled. The EAPap is
known to absorb water very easily from the ambient
environment.'”?? While the relative permittivity of polar wa-
ter molecules in the unconstrained, continuum state is ~81,
this value can dramatically be reduced due to the space con-
finement effects.”” The latter is a distinct possibility in the
EAPap scenario, due to the attachment of water molecules to
the hydroxyl groups within the largely disordered cellulose
chains via absorption of the water molecules. Such attach-
ment renders them virtually immobile. The presence of water
within EAPap can thus be expected to produce two out-
comes: (a) First, the dielectric constant would be spatially
nonuniform, with strong localized reductions at the trapping
sites. (b) Second, the overall permittivity of the EAPap ma-
terial would be different from that of the intrinsic polymer
alone due to the introduction of water molecules. Thus,
Maxwell—WagnerM*26 type mixture theories need to be ap-
plied to ascertain the effective EAPap permittivity, with su-
perposition of local variability. To the best of our knowledge,
such humidity-dependent, spatially nonuniform permittivity
models have not been implemented or studied.

(iii) Next, ions are typically known to be present in the
EAPap material. This inclusion mainly occurs during pro-
cessing. Sodium, sulfur, and aluminum are the most abun-
dant. In a recent report,9 concentrations of 1693, 2868, and
392 ppm were observed for Na, S, and Al, respectively. The
presence of such ions alters the internal electric field and
hence affects the piezoelectric forces generated within the
EAPap.

(iv) A related aspect is that upon external electric field
application, ions within the EAPap can begin migrating. The
net effect can be expected to be a dynamic variability in the
electric field profile and a delayed polarity dependence of the
actuator. A humidity contribution should also result since
ionic migration is enhanced in the presence of free water
molecules.

In this contribution, we construct a model for the bend-
ing deflection of an EAPap actuator. The concepts and physi-
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FIG. 1. EAPap geometry.

cal features discussed above have been incorporated to pre-
dict the actuator deflections in response to an externally
applied dc voltage. The numerical analysis also provides a
relative assessment of the contributing factors. Finally, com-
parisons between the current model predictions and actual
experimental data obtained from an actual EAPap bending
actuator are presented for model validation.

Il. MODEL ANALYSIS

The geometry used in the present calculations consisted
of a rectangular EAPap sample with gold plated electrodes
on opposite surfaces, as shown in Fig. 1. The flat surface of
cellulose sample had dimensions of 4.8 cm (length) by
1.4 cm (width), while the thickness was about 33 um. The
gold electrodes had a length of 4 cm and a width of 1 cm
with an approximate thickness of ~200 nm. External dc
voltage applied to the electrodes created a transverse electric
field within the EAPap. The top edge was held fixed produc-
ing an effective cantilever type system. For the static analysis
of piezoelectric cantilever actuator deflections, we start with
the approach employed by Timoshenko?’ for a bimorph, two-
layer structure, and extended by others.”®** More recent
work has utilized electrical equivalent circuits.® In the
present case, the internal heterogeneity is treated by resorting
to a multilayer model, with the total thickness L divided into
N segments of width dz (=L/N). In this model, the material
parameters such as the local permittivity, piezoelectric con-
stants, and cross-sectional areas are taken to be constant
within a given planar layer, but allowed to vary from one
layer to the next. Internal heterogeneity within the EAPap is
thus included, though more complex variations, such as is-
lands and clusters within a given layer, could be incorporated
as the next level of complexity. For the segmented model, the
problem at hand boils down to finding the collective deflec-
tion of an N-layer, composite piezoelectric cantilever beam
at a given applied voltage.

A method for predicting the static behavior of a piezo-
electric cantilever actuator for an arbitrary configuration of
elastic and piezoelectric multilayers has been reported by
DeVoe and Pisano.’' It allows for variations of the elastic
and piezoelectric parameters within each constituent segment
of an N-layer cantilever beam. The deflection and the overall
radius of beam curvature are obtained from the equations of
motion for each segment and applying steady state require-
ments. Though the details are given in Ref. 31, a brief outline
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of the piezoelectric multimorph method is as follows. In
equilibrium, the sum of the forces F; and moments M; within
the ith layer must sum to zero. Thus,

i=N

> F,=0, (1a)
i=1

and,
i=N
EMi:Flt1/2+F2(tl +l2/2)+

i=1

i=N-1
+FN( > +rN/2) =0. (1b)

i=1

In the above, #; is the thickness of the ith layer. The indi-
vidual moments are related to the radius of curvature r as r
=(I";l;)/ M;, where I'; and I; are the effective modulus and
second moment of inertia, respectively, of the ith layer. Com-
bining Egs. (1a) and (1b), one gets

i=N
(m)[E 1“,.1[] =F\1,/2+ Fyt; +1,/2) + -+ +
i=1

i=N-1
+FN< 2 tl +tN/2> ZO, (2)

i=1

which can be cast in the following matrix form:
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=N
Ur=3| 2T, || 12+ (1) + 1,/2)
i=1

i=N-1
+(E tl+tN/2>] [Fl FZFN]T, (33)

i=1
i.e.,
1/r=[D] [F], (3b)

where [F| F, ....Fy]" denotes the transpose of a force vec-
tor (i.e., it is a column vector comprised of the various forces
F;), and [ D] denotes the row vector containing the I';, 1;, and
t; terms of Eq. (3a). Equating the piezoelectric strains at the
interface between the ith and (i+ 1)th layers results in

ds B+ F/(SiT) — 1/ (2r)
=dyy i1 By + + Fint/ (S Uipn) + 111/(27) (4)
where d,; is the transverse piezoelectric-coupling coeffi-
cient and S; is the area of the ith layer. This formulation thus
allows for internal variability in the material parameters such
as dj) ;, t;, and S;. Combining the above equations yields the

following final matrix expression involving the radius of cur-
vature r for the composite piezoelectric cantilever beam:

[AJlF]-[B)/(2r)-[C]=0, (5)

where the matrix [A] is

1/8,T, - 1/S,T, 0 0 0
0 18,0, - 1S, 0 0
A= 0 , (6a)
0 0 1Sy Ty =18y 0
l oo 1 l

while B is a column vector containing the various thickness
values ¢; as

B=| - |, (6b)
L1 +1,
0

and the column vector [C] is given as

dsi ((E,~ Ey)

dsi 5(E3~ E)

C= . (6¢)

d3y n-1(Ey— Ey-y)
0

Solving Eq. (5) yields the radius of curvature and hence
the beam deflection dx given as dx=L?/(2r), where L is the
total length of the cantilever beam. The net deflection thus
depends on the internal electric field E; as expressed in vec-
tor [C] and needs to be evaluated for each layer self-
consistently. For the simpler case of a spatially uniform and
constant piezoelectric coefficient ds;, the above formulations
simplifies down to the more familiar form:*'

1 2dyDA'C*
1. 2DA (7a)
r 2-DA™'B
where,

(E,-E))

(E3-E,)
C*= e . (7b)

(Ey=Ey-1)
0
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The applied voltage V across the two opposite sides of
the EAPap can be expressed in terms of the electric field
E.(x)=E(idx) within each lateral slice of thickness dx as

i=N

V| = 2 AE(x)dx}. (8)
i=1

The electric displacement vector D(=¢E) in terms of the per-
mittivity e satisfies the relation

Sivi€iriEi1 =SigE + 0, (9a)
1.€e.,
Ei+l :RiEi+Ti’ (9b)

where Q; is the charge within the ith segment (possibly due
to ions such as sulfur or sodium), R;=(S;&;)/(S;;1€:41), and
T;=0;/(S;11€i41)- In general, the permittivity & will be a vari-
able due to the nonuniformities in the water content of each
internal segment. For example, absorption from the two sur-
faces under humid conditions can be expected to increase the
water content, and the net permittivity would then be that of
a polymer-water mixture. Binding of water molecules within
disordered regions of the EAPap can further complicate the
permittivity profile, by causing local reductions due to the
space confinement effects on water. Coming back to the
question of the internal electric field calculations, the cumu-
lative voltage drop across all of the N segments must add to
V. Hence, one gets

i=N
V=2 Ef;=Et) + (R\E, + Tty + (Ry{R\E, + T}
i—1

+ D)t + -+ +. (10)

The electric field profile (i.e., the E; values) can be fully
obtained from Eqn. (10) for given thicknesses f;, cross-
sectional areas S, local charge Q;, and permittivity &;

The expressions for permittivity to be used for the elec-
tric field calculations can be obtained from the Maxwell—-
Wagner theory%*26 of mixtures. According to this theory, the
permittivity &,,;,(x) of a mixture at a location x is given by

8mix(x) = 8host{[zghost + 8water(x)]
- 2p[shosl - 8water(x)]}/{[28host + Swater(x)]
+p[8host - swater(x)]}’ (1 1)

where p=volume fraction of water molecules at location x;
Clearly, from Eq. (10), as p—0, & (x) — &0 and as p
— 1, enix(x) = &yaer- The permittivity of water is roughly
8ley, where the free-space permittivity g, equals 8.85
X 107! F/m. Typically, the water content within the EAPap
is not well characterized and can change dynamically with
the ambient humidity. Even for a fixed humidity, the slow
absorption of water can lead to a time-varying change in the
volume fraction p and hence the local permittivity. Finally,
even if the fraction p was known with certainty, the degree of
water molecule attachment within the disordered regions of
the EAPap is uncertain. Given all of the above difficulties in
fixing the internal permittivity, here a number of model spa-
tial profiles will be chosen to predict qualitative trends and
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assess the relative impact of water content in EAPap on its
piezoelectric deflection.

lll. EXPERIMENTAL DETAILS
A. Preparation of cellulose EAPap actuator

Figure 1 shows the cellulose EAPap geometry and con-
figuration as a bending actuator. The fabrication process in-
volved dissolution of the cellulose fiber into solution and
making a sheet by using a spin coater. Gold electrodes were
deposited on both sides of the cellulose film by means of
physical vapor deposition. The thickness of gold electrodes
was extremely thin (~200 nm), so that their stiffness was
negligible compared to that of the host paper. The size of
sample was 48 X 14 mm?. Separate measurement confirmed
the presence of chlorine ions within the EAPap sample.
Though quantitative assessments of the ionic density were
not made, their role in affecting the observable strain and
deflection can be expected. This aspect is discussed in detail
later in the context of the modeling results.

B. Bending displacement measurement

The displacement of the EAPap actuator tip was ob-
tained by using a computerized displacement measurement
system, as shown in Fig. 2. The EAPap actuator was sup-
ported vertically in an environment chamber that controlled
the humidity and temperature. Function generator (Agilent
33220A) controlled by a computer sent the excitation voltage
to the actuator and produced a bending deformation. The tip
displacement of the EAPap actuator was measured by the
high precision laser Doppler vibrometer (LDV), an Ometron
VS100, mounted on an optical table and the signal was con-
verted to the displacement through the LABVIEW software in
the computer. Simultaneously, the current probe (Tektronix
TCPA300) measured the input current supplied from the
function generator. The maximum resolution of the LDV was
50 nm.

IV. RESULTS AND DISCUSSION
A. Experimental observations and data

The actual bending displacements of the EAPap actuator
obtained as a function of time are shown in Fig. 3 for two
different voltage amplitudes. Two aspects are evident from
the data. First, the response is roughly linear, with twice the
displacements obtained in going from 1 V to the 2 V exci-
tation. Second, a slight time-dependent change in displace-
ment occurs for both amplitudes. The variation is relatively
slow and is perhaps indicative of ionic movements inside the
sample. This aspect will be discussed in greater detail in the
context of the simulation results. Such movements alter the
internal electric fields and their gradients, leading to observ-
able changes in the overall actuation forces. As already men-
tioned, chloride ions were detected in these samples, though
their density was not quantitatively measured. Hence, slow
changes in the cantilever deflection with time appear quite
credible and reasonable.

Next, experimental data on water absorption by the cel-
lulose material in humid environments are shown in Fig. 4.
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Three samples were used, and measurements were repeated
for each sample to provide more data points. These observa-
tions are presented in terms of the weight gain of the EAPap
for different values of the relative humidity within the ex-
perimental chamber. Each data point represents a steady state
condition after which net water absorption by the EAPap
ceases. The curve of Fig. 4 is quadratic and indicates that at
any finite (nonzero) humidity level, the actuator does contain
water molecules within the cellulose matrix. This is an im-
portant inference and points to changes in internal polariza-
tion due to the contributions associated with the water di-
poles. It can also change the internal mobility of ions. Later,
in our discussions of the simulation results, this point is re-
visited.

Finally, measurements of the actuator displacements as a
function of the applied bias for a fixed humidity, as well as
the deflections for different humidity values for a fixed volt-
age, were obtained. The results are shown in Figs. 5 and 6,
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FIG. 2. (Color online) Displacement measurement
system.

™

PC/ Lab view

respectively, for the three samples. The deflection with ap-
plied voltage can be fitted to a parabolic curve in Fig. 5, with
a slight nonlinearity at higher biasing. Furthermore, the mea-
sured displacements were in the 100-400 um range. The
curve of Fig. 6 is less nonlinear, with displacements mea-
sured in the 160—230 wm range. The calculations presented
in the next section quantitatively examine the displacements
at different applied voltages. Various mechanisms and inter-
nal processes were invoked in the model calculation. It is
shown that general agreement with experimental data and
qualitative trends becomes possible only with contribution
from internal ions, water dipole, and random spatial fluctua-
tion comprehensively taken into account.

B. Modeling results and discussion

Equal surface areas of each sectional layer in the dis-
cretized numerical model lead to zero diagonal elements of

(b)

FIG. 3. Waveforms of applied voltage

and the corresponding measured dis-
placements. (a) Applied voltage ampli-
tude of 1V, (b) waveform for 2 V
pulse amplitude, (c) time-dependent
displacement for the 1 V pulse, and
(d) (d) time-dependent displacement for
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the matrix A. The only way of producing a mathematically
correct, physical solution is to allow for spatial variations in
the modulus parameter. This is reasonable, given the hetero-
geneity and noncrystalline nature of the material. Hence, a
random Gaussian distribution for I' with a 10 GPa mean
value (corresponding to the modulus for Oakwood) and a
standard deviation of 1 GPa was assumed.

Simulations were begun by assuming the EAPap to be
uniform, with neither water nor ions present and a constant
piezoelectric parameter ds;. For a 20g, permittivity, the de-
flections obtained from simulations with 0—3 V applied bi-
asing were in the 0.6—1.7 um range. These values are about
two orders of magnitude lower than those of the experimen-
tal data. In order to refine the model, the permittivity profile
was chosen to be spatially variable, as a next step. It was
taken to be centrosymmetric and to have a concave-up, para-
bolic shape with a minimum relative permittivity (=&,y;,) of
20. In effect, this amounts to the assumption of water absorp-
tion in the EAPap from the two opposite surfaces and its
gradual diffusion toward the center. Consequently, regions at
the center of the EAPap were taken to remain at the initial
“water-free” permittivity value. The results are shown in Fig.
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0.10
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2
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FIG. 5. EAPap actuator displacement as a function of applied voltage at
80% relative humidity.
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FIG. 6. Displacement vs relative humidity at an applied external bias of
2 V.

7 and deflections increased by almost an order of magnitude.
This result underscores the importance of a nonuniform per-
mittivity profile and role for water within the EAPap. How-
ever, in Fig. 7 the highest values occur at a relative permit-
tivity of 40 (=g&,m.) and subsequently exhibit a decreasing
trend for further e, increases. This aspect does not agree with
the experimental results and suggests that further refinements
to the model are required.

The above simulation results were obtained using a pi-
ezoelectric constant |ds,|=7 X 10712 m/V. However, one ex-
pects the transverse piezoelectric-coupling coefficient to vary
throughout the EAPap, due to the inherent hetrogeneity. This
spatial nonuniformity is associated with the variability of the
water content and the molecular composition of the polymer.
In order to probe this aspect, simulations were performed
again for a parabolic relative permittivity profile with &,
=40, but with a random ds; distribution around a 7
X102 m/V mean and a standard deviation of 1
X 10712 m/V. This improved the deflection results, as shown
in Fig. 8, though close agreement with the available data was
still lacking.

20
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FIG. 7. Simulation results with &,,,;,=20 and different & values.
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Next, different ion density profiles were implemented
and analyzed to assess their contributions and role in produc-
ing EAPap deflections. This affects the electric fields within
each layered segment. The simulations discounted any per-
mittivity modifications from water molecules, used a random
d3; distribution, and yielded the results of Fig. 9. The intro-
duction of ions increased the deflections, bringing the overall
predictions closer to experiments. This result confirms the
role of ions in contributing to deflections.

Figure 9 shows that the deflection increases with in-
creased ion concentration in the EAPap sample. However, a
very high (and perhaps unrealistic) concentration makes the
displacement exceed measurements and also leads to a di-
gression from the experimental voltage-dependent trend. For
instance, at the ion density N;=10% ¢cm density, the deflec-
tions are predicted to be almost independent of the applied
bias. This contradicts the experimental voltage dependence
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FIG. 10. Displacement results for two different values of uniform ion den-
sity in the EAPap sample.

and suggests that the actual samples probably did not contain
very large internal ion concentrations. This is indeed true
based on the measurements of ionic contents in cellulose
EAPap. When the ion contents were determined using induc-
tively coupled plasma mass spectroscopy, the characteriza-
tion revealed only small amounts of Li* ions (84 ppm). As
the next progressive step in our modeling study, a parabolic
permittivity profile was incorporated next, in addition to in-
ternal ions. The results, shown in Fig. 10, reveal an increased
overall displacement but the continued absence of strong
voltage-dependent deflections.

Given the important role of ions indicated in our simu-
lations, and the inherent nonuniformities within the EAPap
material, simulations were next carried out using a variable
ion density profile. lonic migration driven by the applied bias
forms the physical basis for this spatial ionic variability ar-
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FIG. 11. Simulation with two linear ion density profiles. (a) Ion profiles and
(b) corresponding deflection as different applied voltages.

gument. With anions moving to the anode and positive
charges toward the cathode, one can reasonably expect more
ions to accummulate at the outer surfaces of the EAPap and
fewer ions to remain near the center. To zeroth order, this can
simply be represented by a linear centrosymmetric profile for
the ion density. Numerical simulation results for two differ-
ent values of Ni,, (but a fixed number of total ions within
the overall volume) are presented in Fig. 11. The plot shows
that as Ni,,;, decreases (i.e., as the linear ion profile curve get
steeper) for a fixed number of total ions, the deflection in-
creases as well.

The above result captures both an important physical
mechanism and points to an inherent dependence on both
duration and magnitude of the external biasing. The latter is
in keeping with experimental observations, wherein the de-
flection was actually seen to change with time (e.g., data of
Fig. 3). We also conjecture that entry of water molecules into
the EAPap over time further facilitates ion migration. Water
absorption by the EAPap over time is corroborated by the
dynamic weight changes observed experimentally as in Fig.
4. This hypothesis is also in agreement with measured de-
crease in deflections of the EAPap with increasing weight,
associated with the increased inertia of the sample.

In order to make the spatially nonuniform ion density
model more realistic and to have a smooth continuously dif-
ferentiable profile, the ion distribution was changed from a

J. Appl. Phys. 103, 064912 (2008)

TABLE I. Best-fit parameters used.

Ni (m) 33% 10 3.3% 1013 33% 101
Bias voltage (V) 1 2 3
Nipn (M) 1Xx10" 5Xx10'8 1x 10"
Emax 60 65 65
Emin 20 20 35
Deflection (mm) 0.122 0.185 0.33

linear to a parabolic, concave-up, centrosymmetric shape.
Simulations were performed to include parabolic permittivity
variations, and the parameter values varied for best-fit de-
flections with applied bias. Table I lists the resulting values.
The voltage-dependent deflections are given in Fig. 12. For a
1 V applied bias, the ions can be expected to start migrating
toward the edges and the permittivity can be assumed to
attain a rough parabolic profile due to the water absorption. It
may be recalled that experimental values were obtained un-
der 80% humidity conditions, and so water absorption must
occur. With a 2 V applied bias, with the sample still within
the humid chamber, the EAPap would continue to absorb
water strongly. Hence, the permittivity at the edges would
increase, and further ion migration would be expected to
translate into a decrease in Ni,;, Accordingly, a lower Ni;,
value (as was used in Table I) seems appropriate for simula-
tions with increasing bias. With a 3 V bias subsequently ap-
plied to the same sample, water saturation at the edges of the
EAPap could reasonably be expected. Thereafter, the relative
permittivity &,,,, at the edges would not be expected to in-
crease any further, but e,;, at the center should get aug-
mented. The values of Table I were chosen on this qualitative
basis and seen to lead to satisfactory agreement with mea-
sured data. It may be mentioned that the 3 V case shows a
slightly greater error margin. This might be due to other fac-
tors not taken into consideration, such as nonlinear material
response, anisotropy of the piezoelectric parameter, and ran-
dom fluctuations superimposed on the parabolic profiles used
here.

0s
+  simulation results
¢ experimental results
D4t * 4
g +
= 03¢ J
g
(5]
£
3
g_ 02} Py 4
0
O
0.1 ¥ 4
D I I I 1 1
1 2 3
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FIG. 12. Results of comprehensive simulations with parabolic ion profile
and best-fit parameters. Measured data are also shown.
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V. CONCLUDING SUMMARY

Studies of voltage-induced deflections in EAPap were
carried out. Experiments were indicative of the hygroscopic
nature of the cellulose material, and voltage-dependent de-
flections were measured. Model simulations were also car-
ried out to probe the role of the various internal mechanisms
and provide insights into the deflection electrophysics. The
theoretical treatment, based on a layered model for EAPap,
included a comprehensive treatment of ionic content, its spa-
tial variations, changes in permittivity, and the random pro-
file for the piezoelectric parameter. Our simulations yielded a
good agreement between the predicted EAPap deflections
and the measured data. In summary, internal ion content and
its migration leading to internal spatial variability and a time-
dependent behavior, water absorption leading to a nonuni-
form permittivity, random variations in the transverse
piezoelectric-coupling coefficient ds;;, and the modulus of
elasticity were all shown to contribute toward determining
the final deflection of the EAPap. The calculations also sug-
gest that higher sensitivity, with a minimal bias dependence,
could be achieved by adding ions during EAPap processing.
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