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Actuation Dynamics of Polymer Hydrogel in
Electric Field

Yoshimi SEIDA

Abstract

The actuation dynamics of the strip hydrogel in electric field was investigated as the
function of electric field intensity. The electrolytic cell packed with the spherical hydrogel,
which simulated the actuation system of the strip hydrogel, was developed to investigate the
actuation dynamics of the strip hydrogel in electric field from viewpoints of the ionic and
strain/swelling distributions in the strip hydrogel. The actuation behavior of the strip
hydrogel with the characteristic motion/bending pattern depending on the electric field
intensity was analyzed based on elastic mechanics of beam bending coupled with osmotic
pressure model of the hydrogel, using the ionic and strain/swelling distribution data
obtained by the packed bed electrolytic cell system. The bending pattern of strip hydrogel
was simulated fairly well by the theoretical model using the swelling data collected by the
packed bed system. The actuation mechanism of the gel in electric field was clarified through
the series of the study.

Keywords: polymer hydrogel, actuation, Donnan equilibrium, transport phenomena, electric
field

1. Introduction

The deformation of ionic polymer hydrogels in an electric field is a well known
phenomenon that will enable the gels applicable in many engineering and medical use.
Following the discovery of the phenomenon by Tanaka ef al. in 1982 (Tanaka et al., 1982), a
lot of similar phenomena observing actuation of gels have been reported in various polymer
films and polymer gels (Osada and Hasebe, 1985; Osada and Okuzaki, 1992; Shiga and
Kurauchi, 1990; Shiga et al., 1993; DeRossi et al., 1986). Mechanism of the deformation or
the actuation is basically related to transport phenomena of ions in the gel, so has been
studied from the viewpoint of transport phenomena of ions and osmotic/swelling pressure of
gel that is influenced strongly by ionic distribution. Seida et al. has also pointed out that the
deformation occurs by a change of osmotic pressure of gel that was induced by ionic
transport inside gel (Nakano and Seida, 1995, Seida and Nakano, 1990, 1991, 1995). The
osmotic pressure will be caused by the difference in ionic concentration between inside and
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outside the gel. The change of osmotic pressure during the deformation process was also
predicted by Doi ef al. based on theoretical studies of ionic distribution at gel-solution
interface of ionic hydrogel in electric field (Doi et al., 1992). It is acceptable to consider that
the actuation occurs due to the change in ionic distribution accompanied with the osmotic
pressure change. There are, however, few experimental reports that support the proposed
actuation mechanism in the strip-gel although it is difficult to identify the ionic distribution
during actuation in the strip hydrogel. Further study from the viewpoint of the distributions
in electric field is required to understand the mechanism of the phenomena by which a
guideline for a precise control of the actuation in engineering and medical applications could
be supplied.

In this paper, the actuation dynamics of ionic polymer hydrogel in electric field was
investigated in terms of ionic and swelling distributions inside the gel. The characteristic
actuation behavior of the strip hydrogel depending on the field intensity was analyzed based
on strain and moment distributions induced by ionic transport in the gel in electric field
using the distribution data. The ionic transport and moment distribution in the gel during the
actuation were examined using an originally developed electrolytic cell with five series open-

compartments. The behaviors were theoretically analyzed by a simple elastic model.

2. Experimental

2.1 Sample

A. Particles of PAMPS gel

Poly (2-acrylamido-2-methyl propane) sulfonic acid (PAMPS) was used for the ionic
polymer hydrogel that is driven in electric field. The particles of the PAMPS gel were
prepared by free radical polymerization at 333 K for 4 hr in the presence of 5 mol% of
crosslinker; N,N'-methylene-bis-acrylamide, following the procedure reported (Osada and
Hasebe, 1985). The synthesized PAMPS gel was crushed into pieces with a diameter below 1
mm. The crushed particles were immersed in a large amount of distilled water for several
days to wash away residual chemicals. The washed particles were then immersed in a large
amount of 0.01M Na,SO, aqueous solution to replace the counter ions of PAMPS from proton
to sodium ion.
B. The strip of PVA-PAMPS gel

Interpenetrate network between Poly (vinyl alcohol) and PAMPS (PVA-PAMPS) was used
as the strip hydrogel in the present study. Mechanical strength of pure PAMPS gel was
increased by interpenetrating network of neutral PVA polymer. 15 mmol of 2-acrylamide-2-
methyl propane sulfonic acid (AMPS), 1.5 mmol of N,N'-methylene-bisacrylamide;
crosslinker, 1.8 mmol of ammonium peroxodisulfate; initiator and 1.25 g of PVA
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(polymerization degree 2000 and saponification 99.9 %) were dissolved into 30 ml mixture of
distilled water and dimethylsulfoxide (DMSO; 15 g). The solution was heated at room
temperature after cooling at 258 K for 6 h in a thin-spaced glass cell to produce PVA network
first. The AMPS monomers in the PVA network were polymerized at 333 K for 4 h by free
radical polymerization. The prepared strip of PVA-PAMPS gel was washed in a large amount
of distilled water to wash away residual chemicals and was then kept in a large amount of 0.01

M Na,SO, aqueous solution to replace the counter ions of AMPS with Na” ions.

2.2 Apparatus and experimental procedure

Two types of electrolytic cells were
used to investigate the actuation
mechanism of the strip hydrogel in
electric field. Cell(A) depicted in Fig.
1 was used to evaluate the actuation
behavior of the strip hydrogel as a
function of electric field intensity. The
strip of PVA-PAMPS gel that was
swollen in the 0.01 M Na,SO, aqueous
solution (10 mm width, 20 mm length
and 1mm thickness) was suspended
at the center between rod and plate
types of Pt-electrodes in the Cell(A)
filled with 0.01 M Na,SO, aqueous
solution. Time course of bending
angle of the strip hydrogel was
measured with a video camera after
applying DC electric field
across the strip hydrogel. The
bending angle (6) of the strip

hydrogel was defined as is
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Fig. 2 Electrolytic Cell(B)
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Cell(B) depicted in Fig. 2 was used to estimate both ionic and strain/swelling (osmotic
pressure) distributions in the strip hydrogel along its thickness during the actuation in electric
field. The Cell(B) consists of five open compartments that are separated each other using
poly(propylene) mesh sheets. Plate type Pt-electrodes were placed at both sides as shown the
layout in Fig. 2. The particles of PAMPS gel swollen in the 0.01M Na,SO, aqueous solution
were packed into each compartment uniformly with packing height of 30 mm. The Cell
packed with the PAMPS gel was immersed in a bath filled with a large amount of 0.01M
Na,SO, aqueous solution. This packed bed simulates the strip hydrogel, thereby the width of 5
compartments (packing beds) corresponds to the thickness of the strip hydrogel. Time
courses of both the packing height and the concentration of counter ion in the particles of
hydrogel at each compartment were measured after applying dc electric field across the
packed bed. The concentration of counter ion in the particles of hydrogel at each compartment
was analyzed by means of atomic adsorption spectroscopy after decomposing the hydrogel
with 30 wt% H,0, at 363 K following the procedure reported (Seida and Nakano, 1991).

3. Results

The time courses of bending angle of the strip PVA-PAMPS hydrogel are shown in Fig. 3
for the series of electric fields. The strip hydrogel showed characteristic bending pattern
depending on the intensity of applied electric field. The strip hydrogel bent slowly toward the
anode monotonically up to a saturation angle in the case of small electric field of 1.7 V/cm.
On the contrary, a peak of bending angle appeared before reaching a saturation angle that is
smaller than the peak angle in the case of large field intensity (> 1.7 V/cm). The initial rate of

bending increased depending on

25 , , the increase of electric field
. EF. [Vicm]

intensity. When the field intensity
was below 1.0 V/cm, the
actuation of the strip hydrogel

was not induced. Figures 4(a),

| rad |

(b) and (c) show the time course
of packing height of the PAMPS
gel at each compartment in the
Cell(B). The hatched areas in the
figures show distribution of

0

packing height width referred to
100

200 300 500  the lowest packing height at each
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Fig. 3 Actuation behavior of the strip PAMPS-PV gel increased with time from cathode
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Fig. 4 Time courses of packing heights at each compartment in electrolytic cell(B).

to anode side. The distribution of packing height along the cell width reached a steady state
in a few hours. The distribution in the steady state as well as the transient state depended on
the applied electric field intensity. The change of packing height prevailed near the anode
with increasing the field intensity. Fig. 5 shows the concentration distribution of Na" ion; the
counter ion, inside the packed gel at each compartment in the Cell(B) (the results in the
case of field intensity of 5 V/cm). The concentration of Na’ ions decreased with time from

cathode to anode side.

4. Discussion

The PAMPS gel swelled at the 0.1
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present system, Na" ion (0.01M) is the Fig. 5 Concentration distribution of Na" in the Cell (B)
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dominant ion, thereby the swelling of the PAMPS gel is to be controlled depending on the
concentration of Na" ion at each compartment in the Cell(B).

The mechanism of bending of the strip hydrogel could be interpreted based on the
Donnan equilibrium theory and the elastic mechanics from viewpoint of stress distribution
inside the gel. Fig. 6 indicates the dependence of the AI7 on the concentration of both
counter (C4,) and co-ions (Cp,) inside ionic polymer hydrogel, which was calculated based
on the Donnan equilibrium theory (Doi et al., 1992). The decrease of counter ion inside the
gel (C4,) results in the increase of A/7 (Starting point of the arrow in the figure corresponds
to the initial condition in the system under study). In the strip system, the concentration of
Na' ion (the counter ion) will decrease at cathode side of the gel in electric field as was
predicted in Fig. 5. The osmotic pressure A/T increases followed by swelling of the gel at the
region where the C,, decreases, which results in the bending to anode side in the case of
strip hydrogel. The Donnan mechanism in electric field plays the significant role in
producing the ionic distribution inside gel. The change in swelling (osmotic pressure of the
gel) depending on the ionic concentration inside the hydrogel is the key mechanism of the
bending.

The packing height in the packed bed system (the Cell(B)) corresponds to the swelling
volume (osmotic pressure) in the strip hydrogel along its thickness under a condition free
from its internal stress restriction. Elastic theory of beam bending was applied to interpret
the bending pattern of strip hydrogel (Timoshenko and Young, 1968; Tamate and Abe, 1978).
Suppose a strip hydrogel which bends depending on its internal stress distribution along its
thickness (Fig. 7(a)). The bending angle of the strip defined in Fig.1 can be determined by
the balance of both force and moment working on the strip. According to Hooke's law

6 AT1/RT
4 [X10-3mol/]

CB,g 10° 10‘1 CA,g [mOl/l]
[mol/]

Fig. 6 Bird’s eye view of (C, ,, Cy,) dependent of A/7 for the system of K,=1 X 10® mol/1 and Cp=10” mol/L
A=Na’, B=S0,”
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(0 = Ee), the strain, ¢, at each point along thickness direction of the strip is given by Eq. (2).

€w=%2fﬂ o
where [, and [, are the length of strip at position x in the strip under mechanically balanced
steady state and the length in state free from internal stress restriction along the thickness of
strip, respectively. The stress and the moment working on the strip should be balanced

simultaneously as a whole to satisfy the following Eqs. (3) and (4) based on elastic

mechanics.
x=ds x=dg x=ds (1. -
f oy dx = J- Ee dx = f E —( SX - S’x) dx
x=0 x=0 x=0 ls,x
x¥=ds ((x+ a)0 - I
- plar @8-ty
x=0 ls x 3)
x=dg x=dg x=dg (ls .- l; x)
f oy (x+ a)dx = J- Ees (x+ a)dx = f E~——""2(x+ a)dx
x=0 x=0 x=0 ls,x

- (x+ a)dx=0
x=0 ls,x (4’)

where x+a and E are the radius of curvature of the bending and Young's modulus,

_ fxzdSE ((c+ @) - 15,)

respectively. Eqs. (3) and (4) can be expressed by Eqs.(5) and (6) respectively in discrete
form. The packing height data in the packed bed system that corresponds to the length in
state free from internal stress restriction in the case of strip can be applied.
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The bending angle 8 of the strip will be estimated by Eq. (7) using only the packing height
data, I’,; that is observable in the packed bed system
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Fig. 7 Correlation diagram between the strip hydrogel and the packed bed system
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Fig. 8 Simulated bending behavior.

Fig. 8 shows time courses of bending angle  simulated by Eq.(7) using the results in Fig.
4. In the small field intensity (1 V/cm), the bending angle increased monotonically up to a
steady state one. On the contrary, the bending showed a maximum value/peak and turned
back to a steady state angle in the case of strong field intensity (3, 5 V/cm). Even though the
results in Figs. 3 and 8 are different each other in both time scale and magnitude of bending
angle due to the difference in the size of sample between the packed bed and the strip, the
simulated time course of bending corresponds to the bending behavior of the strip PVA-
PAMPS gel fairly well in its trend. When the change of strain distribution occurs beyond the
center of the strip (Figs. 4(b) ad (c)), the peak of bending with a steady state bending angle
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appears.

From these results, it was found that the bending behavior of strip of ionic polymer
hydrogel depends on ionic distribution along its thickness. The production of the ionic
distribution is the specific phenomenon observed in ionic hydrogel that is placed in electric
field (the “ionic” means the gel contains immobilized ionic group). The distribution pattern
depends on the strength of electric field, thus the specific bending pattern appears as a
function of the electric field.

5. Conclusion

The dynamics of bending behavior of ionic polymer hydrogel in an electric field was
investigated theoretically as well as experimentally in terms of ionic and swelling
distributions inside the gel. The bending behavior of the gel depends on its internal swelling
(stress) distribution that is induced depending on the ionic distribution inside the gel. The
bending behaviors were simulated fairly well as a function of electric field based on the
theoretical elastic model.
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Nomenclature
a: radius of the bending
C concentration
d: thickness of the media
K, Donnan ratio
I length
N: the number of compartment
x: position on the x-y coordinate
¥ position on the x-y coordinate
&: strain
0. stress
AIT osmotic pressure

Suffix

i compartment No.
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M: ionic group in the gel
b: packed bed system
s strip system

state free from stress

0: initial condition
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Appendix

From Eqgs. (5) and (6), following equations (al) and (a2) are derived.

0<Adp(1'—%)+a+Adp(2'—%)+a Adp(N’—%)+a>_N

4+ e 4+

lel lp,Z lp,N
-0 (al)
O O )
Lps L2 Loy
N g
S (-
(060 Y ) (Do (wl D
- T L, Loy
. (AdPW— %Ade+ aN) -0 (a2)

Eqs.(al) and (a2) respectively are expressed using the summarized parameters, A, B, C and
D shown in the main text as follows.
AaB + BO- DN =0 (a3)

5 (ad)

From Eq.(a3), Eq.(a5) was derived and the Eq.(a5) was introduced into Eq.(a4), resulting in
Eq.(7).

_ DN - B6 (a5)
T A6

d
Aa*6 + 2Bab + CO - D(—p+ a>N= 0

a

2 B
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