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ABSTRACT: Bimorph-structured NIPA/NIPA–PMDP gel was fabricated from a NIPA gel containing a polymer

surfactant (PMDP) by an electrophoretic method. The gel showed clearly bending motions when heating in 1M NaCl

solution. Directions of the bending motions can be changed by switching from pure water to the salt solution. It was

verified that the NIPA–PMDP gel was more active material to the stimuli and NIPA gel was less active one in the

bimorph structure, which resulted in the bending motions. [DOI 10.1295/polymj.37.858]
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Stimuli-responsive hydrogels, which show dramatic
volume change in response to change in environmen-
tal conditions such as temperature, pH, concentration
of salt, light, and electricity, have been extensively
studied in fundamental and applied aspects.1–10 One
of promising applications of hygrogels is soft actua-
tors. Osada, et al. demonstrated the possibility of hy-
drogel actuator or artificial muscle in which electrical
energy can convert into mechanical one.5 Bending
motions are crucially important for the actuators.
The bending motions are easily realized with bimorph
structure in which one side (active material) changes
in volume in response to stimuli and the other side
(inactive material) does not as demonstrated with a
conductive polymer.11 Hu, et al.12 first proposed and
demonstrated a class of environmentally responsive
materials based on the spatial modulation of the
chemical nature of gels. They synthesized an internal-
ly heterogeneous or modulated structure by limiting
the interpenetration of one gel network into another
gel network. A bimorph-structured gel or bigel strip,
one of their three simple applications, bends to a circle
in response to a temperature increase or an increase in
solvent concentration.12 The study demonstrated the
clear concept of bimorph-structure of hydrogels for
bending motions. However, few studies have been
reported so far on other fabrication method of the
bimorph-structured hydrogel probably because of the
difficulty of adhesion of two kinds of hydrogels. In
contrast, bimorph-structured actuators of conductive

polymers have extensively been investigated13–16 after
Baughman suggested a potential application of con-
ductive polymers to artificial muscles and novel actua-
tors.11 Jager et al. reported a possibility of single-cell
manipulation by a microactuator prepared with poly-
pyrrole.14 Recently Lu et al. have reported that �-
conjugated polymer actuators have enhanced their
lifetime up to 1 million cycles and the switching
speeds of 100ms for fast cycle.15 In the conductive
polymer actuators the bimorph structures are easily
fabricated because the conductive polymer films are
real solid states. Even usual adhesion methods are
applicable for the conductive polymer actuators.
Recently we have created N-isopropylacrylamid

(NIPA, Figure 1a) gel system containing a polymer
surfactant poly(2-(methacryloyloxyl)decylphosphate)
(PMDP, Figure 1a).10 The gel system shows rapid vol-
ume change by stimulus of temperature as well as la-
ser beam irradiation. Structurally the gel system con-
tains the trapped micelles of PMDP inside the NIPA
networks. An electrophoretic approach could make
the gel system into two parts of the gel, i.e. NIPA-like
and NIPA–PMDP-like gel parts (Figure 1b).10 Based
on our previous studies, we suggest a strategy to
create bimorph structures of hydrogels and verify
it. Herein we report a novel and convenient fabrica-
tion of bimorph-structured hydrogel system which
would provide a guiding principle for fabrication of
bimorph-structured actuators.
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EXPERIMENTAL

Materials
N-isopropylacrylmide (NIPA), N,N0-methylenebis-

acrylamide (MBA), ammonium persulphate (APS),
tetramethylethylenediamine (TEMED) were used as
received from Wako Pure Chemical Industries, Ltd.
Poly(2-(methacryloyloxyl)decylphosphate) (PMDP)
was synthesized from 2-(methacryloyloxyl)decyl-
phosphate (MDP) which was synthesized according
to a previous report.17 An oil-soluble dye, Yellow
AB, was obtained from Tokyo Kasei Kogyo Co., Ltd.

Preparation of Bimorph-structured Gels
The bimorph-structure of the hydrogels was pre-

pared as follows: NIPA–PMDP gel was synthesized
in a capillary (2.0mm in diameter) and withdrawn
from the capillary according to procedure previously
reported by us.10 The NIPA–PMDP gel was washed
with pure water by immersing for 24 h. Two sides of
the cylindrical gel were contacted with two electrodes,
and electric voltage of 10V was applied for 15min

along the width of the cylindrical gel, as shown in
Figure 1b. Dye-solubilization experiments were car-
ried out to confirm migration of the PMDP. Yellow
AB was used as an oil-soluble dye.
For comparison, the bimorph-structure of hydrogels

was fabricated by two-step synthesis. In the first step,
NIPA gel was synthesized in a capillary (1.3mm in
diameter).10 The cylindrical NIPA gel was withdrawn
from the capillary, and inserted into another capillary
(2.0mm in diameter). NIPA–PMDP gel was synthe-
sized in the NIPA gel-inserted capillary as the second
step. Finally the bimorph NIPA/NIPA–PMDP gel
actuator was withdrawn, and extensively washed with
pure water by immersing. Observation of the bending
motion of the bimorph-structured hydrogel was car-
ried out by heating/cooling or switching medium
from pure water into salt solution. The typical obser-
vation was as follows: The actuating properties of the
bimorph NIPA/NIPA–PMDP gels were observed in
a beaker when heating or cooling by temperature-
controllable thermoelectric device. The bending of
the gel in pure water or in 1M NaCl solution was
recorded by a digital camera.

Figure 1. a) Chemical structures of gel monomer (NIPA) and polymer surfactant (PMDP). b) Fabrication method of bimorph-

structured hydrogel. Solid lines are polymer networks of NIPA gel and black dots are PMDP micelles.
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RESULTS AND DISCUSSION

The molecules of the polymer surfactant, PMDP,
were moved to the anodic side by an electrophoretic
manner. Thus, the bimorph NIPA/NIPA–PMDP gels
were prepared. To confirm the bimorph-structure dye-
solubility experiments were carried out for the cylin-
drical gels before and after the electrophoretic treat-
ment. In this experiment Yellow AB was chosen as
an oil-soluble dye which is insoluble in pure water
but soluble in the hydrophobic moiety of surfactant
micelles. We reported previously the micelle forma-
tion of the PMDP in the NIPA–PMDP gel.10 Figure 2
shows microscopic images of the NIPA–PMDP gels
containing the solubilized dye molecules before and
after the electrophoretic treatment. The gel before
the treatment showed entirely yellowish color, indicat-
ing that entire domain of the gel contains PMDP
micelles, as shown in Figure 2B. On the other hand,
the gel after the treatment, however, showed yellow-
ish color in one side, but not in the other side (Figure
2A). It is indicated that only the yellow-colored side
contains the PMDP micelles. Adsorption of the Yel-
low AB powder is also consistent with the considera-
tion. The side containing PMDP micelles should be
more hydrophobic, thus more Yellow AB powder
adheres on this side. The experimental results visually
confirmed the bimorph-structure of the gel in which
one side is NIPA–PMDP-like, another side is NIPA-
like gel.
It is considerable that the polymeric surfactant

PMDP micelles, even unimers hardly migrate through
the NIPA gel networks without the electric field.
Therefore no release of the PMDP was observed even
after repeated volume changes of the NIPA–PMDP.10

The PMDP micelles and unimers should be dynami-
cally equilibrated.18 It is easily imaged that the PMDP
unimers could migrate through the gel networks under
a sufficient electric field, since the size of the unimers
is similar to proteins which migrate easily in conven-
tional electrophoresis.19 The segregated PMDP mole-

cules inside the NIPA gel do not diffuse back because
of the entanglement of the polymer chains with the gel
networks.10

Figure 3 showed bending motions of the bimorph-
structured NIPA/NIPA–PMDP gel. Initial shape of
the gel after the electrophoretic treatment was coiled
depending on the experimental conditions of electro-
phoresis. The gel stretched partly first after the medi-
um changed from pure water into 1M NaCl solution
because the NIPA gel shrunk more rapidly than the
NIPA–PMDP gel when the charged ions penetrate
into the gel network. The polymer surfactant PMDP is
ionized in the gel network, therefore an electrostatic
shield influences much more in the NIPA–PMDP
gel than in the NIPA gel which is non-ionic network.
The gel would bend along opposite direction due to
the same reason when the medium changes from salt
solution to pure water. The partly stretched gel started
to bend further when it was heated to 60 �C above the
phase transition temperature of NIPA gel (�34 �C).
The NIPA–PMDP gel shrinks much more rapidly than
the NIPA gel in both pure water and salt solution
above the phase transition temperature.10 The gel con-
tinued the bending motion with increasing heating
time to result in a multi-coiled shape. The coiled gel
can be stretched again to the initial shape after cooling

Figure 2. NIPA–PMDP gels after (A) and before (B) electro-

phoretic treatment.

Figure 3. Bending motions of the bimorph-structured hydro-

gel.
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to 10 �C for 40min. It is noteworthy that the bimorph-
structured NIPA/NIPA–PMDP gel could change the
bending direction when medium changes from pure
water to salt solution, or from salt solution to pure wa-
ter at constant temperature.
In the pure water the bimorph-structured NIPA/

NIPA–PMDP gel showed similar bending motions
when heating. In the gel NIPA–PMDP part should
be more active side and NIPA part should be less ac-
tive one. To verify it we fabricated similar bimorph-
structure by two-stepped synthesis. In this fabricated
gel one side is exactly NIPA–PMDP gel and the other
side is exactly NIPA gel. This bimorph-structured
NIPA/NIPA–PMDP gel showed similar bending
motions both in pure water and 1M NaCl solution
when heating above the phase transition temperature.

CONCLUSIONS

We have succeeded in fabricating the bimorph-
structured NIPA/NIPA–PMDP gel by an electropho-
retic method. The gel showed clearly bending motions
when heating in 1M NaCl solution. Directions of
the bending motions are changed by switching pure
water to the salt solution. In the bimorph structure
the NIPA–PMDP gel was more active material and
NIPA gel was less active one, which resulted in the
bending motions. These experimental results could
provide a guiding principal for realizing feasible soft
actuators.
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