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Abstract

®
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An ionic polymer—metal composite (IPMC) is typically based on a Nafion membrane with

electrode plating on both sides and has a promising potential for biomimetic robotics, biomedical
devices and human affinity applications. In this paper, the shape memory properties of IPMC
were theoretically and experimentally studied. We presented the multiple shape memory
properties of a Nafion cylinder. A physics based model of the IPMC was proposed. The free
energy density theory was utilized to analyze the shape properties of the IPMC. To verify the
model, IPMC samples with Nafion as the base membrane were prepared and experiments were
conducted. A simulation of the model was performed and the results were compared with the
experimental data. It was successfully demonstrated that the theoretical model can well explain
the shape memory properties of the IPMC. The results showed that the reheat glass transition
temperature of the IPMC is lower than the programming temperature. It was also found that the
back-relaxation of the IPMC decreases as the programming temperature increases. The current

study may be useful in order to better understand the shape memory effect of IPMC.
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(Some figures may appear in colour only in the online journal)

1. Introduction

An ionic polymer—metal composite (IPMC) is a type of
electroactive polymer [1-3]. It is composed of an ionic
polymer membrane with two layers of electrodes chemically
plated on both sides [4-9]. Its most significant characteristics
are the electro-mechanical and mechano-electrical transac-
tions. The free cations will begin to migrate inside the poly-
mer induced by an applied electric field. The ion distributions
will cause the IPMC to generate a large bending deformation.
Meanwhile, the mobile cations will distribute if the IPMC has
a mechanical deformation. As a result, a detectable electrical
signal can be produced at both electrodes. With the cap-
abilities of resilience, inherent softness and biocompatibility,
the IPMC has the potential for use as an underwater actuator/

0964-1726/17,/045020+-08$33.00

sensor. Applications on biomimetic robotics, biomedical
devices and energy harvesters have been demonstrated [10—
18]. Shape memory polymers are materials that can memorize
a permanent shape and then later return to their original shape
under specific conditions of external thermal, electrical or
other stimulations [19-21]. They have the advantages of high
elastic deformation, low cost, low density and potential bio-
compatibility and biodegradability. Their ability to remember
multiple shapes has attracted significant attention from sci-
entists and engineers for the application of actuators, sensors
and smart devices [22].

The shape memory properties of IPMC have recently
been studied. Xie reported that annealed dry Nafion can be
programmed to memorize four different shapes [23]. The
permanent shapes were deformed at different temperatures

© 2017 IOP Publishing Ltd  Printed in the UK
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and fixed at lower temperatures. By subsequently reheating
the Nafion, the programed shapes were obtained respectively.
With the broad glass transition range, the Nafion can be
potentially programmed in plenty of unique shapes which can
be recovered at different temperatures respectively. Rossiter
et al presented the shape memory properties of Nafion-based
IPMC [24]. The IPMC was programmed at the deformation
induced by either external force or by electrical actuation.
Slow decay was also observed along with the shape memory
effect. However, to date, while experimental investigations on
the shape memory properties of Nafion-based IPMC have
been conducted, few works have been conducted with regards
to the theoretical investigation of the shape memory effect of
the IPMC. As a result, a poor understanding exists regarding
the physics of the shape memory properties of IPMC. A
faithful model is desirable to explain the thermo-mechanical
transaction phenomenon of IPMC.

In this paper, a demonstration of the shape memory effect
of Nafion fiber was firstly developed. Multi-shape program-
ming of the Nafion fiber was conducted and the Nafion fiber
was shown to be able to achieve a series of complex shapes.
Secondly, a physics-based model of the IPMC was presented.
The finite element approach was used to model the mechan-
ical portion of the IPMC. The free energy density theory was
used to analyze the shape memory properties of the IPMC.
Finally, IPMC strip samples were prepared. Experiments were
conducted to test the IPMC strip. Simulation of the model was
performed and the results were compared with the exper-
imental data.

2. Results

2.1. Multiple shape memory properties of cylindrical Nafion

Xie has reported the quadruple shape memory properties of a
Nafion strip [23]. Compared with the strip, the Nafion
cylinder with two dimensions can achieve more complex
locomotion. In the current paper, we presented the multiple
shape memory properties of a Nafion cylinder. Nafion pellets
were heated to above fusion temperature. By extruding the
molten Nafion through a brass extruder dye, the cylinder
shape of the Nafion was obtained. A Nafion cylinder with a
length of 99.87 mm and a diameter of 0.95 mm was fabricated
and used for the test. The Nafion cylinder was wrapped
around a metal rod and fixed. Triple shapes were programmed
with different loops of the Nafion wrapping around the rod in
an oven. The cylinder with original shape SO was wrapped
and programmed at 130 °C and fixed at 100 °C to achieve the
first programmed shape S1. The second shape S2 was pro-
grammed at 100 °C and fixed at 70 °C. By programming the
third shape S3 at 100 °C and fixing it at 20 °C, the triple shape
programming of the Nafion cylinder was completed.

Then the Nafion cylinder was reheated. The Nafion
cylinder recovered to S2/, S1’ and SO’ upon reheating to
70 °C, 100 °C and 130 °C respectively. Figure 1 shows the
Nafion cylinder demonstrating quadruple shape memory

Figure 1. Multiple shape memory properties of the Nafion cylinder.
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Figure 2. Shape memory cycle of the Nafion cylinder.
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Figure 3. Recovering ratio of the Nafion cylinder at different
programming temperatures.

cycles. Figure 2 shows the shape memory cycle of the Nafion
cylinder in accordance with figure 1. The spiral of the
cylindrical Nafion was programmed to increase during the
programming period and decrease as the reheating temperature
increased during the recovering period. Figure 3 shows the
recovering ratio of the Nafion cylinder at different program-
ming temperatures. It can be seen that as the programming
temperature increases, the recovering ratio decreases. Rossiter
presented the spiral deformation of the IPMC strip in the shape
memory cycle [24]. The Nafion-based IPMC demonstrates a
thermo-mechanical shape memory effect but the recovery is
not complete. The reasons may be as follows: (1) the IPMC in
[24] is based on a thin Nafion membrane. Compared with the
cylinder shape of the current paper, the strip is relatively dif-
ficult to recover in a spiral deformation. (2) The cylinder in the
current study was programmed at a temperature of 130 °C,
100 °C, and 70 °C respectively in a dehydrated status, which is
higher than the programming temperature of 60 °C in the
hydrated status for the IPMC in [24]. (3) Electrodes were
plated on the surface of the IPMC in [24], which will have
some plastic effects on the deformation of the strip.

2.2. Modeling of the IPMC

The model of the IPMC is presented. The dynamics of the
IPMC strip are described based on the finite element method.
The IPMC strip is assumed to satisfy the following restric-
tions: (1) the IPMC is divided by a series of elements along
the direction of thickness, as shown in figure 4. Each element
was analyzed and modeled individually. (2) The strain along
the length direction )\ is dominant compared with the strains
Aw» A in the width and thickness directions respectively, and
Aw = Ai. The strain )\; of each element is also the main reason
causing the bending of the IPMC strip. (3) The length of the
midline of the strip is constant. Thus, as the strip bends, the
elements on the inner side are compressed and the elements
on the outer side are stretched. The size of the original IPMC
strip element is L, W, dH. In the current study, we only
consider the single shape memory effect. The IPMC was

Figure 4. Schematic illustration of the IPMC beam.

programmed at temperature 77 and cooled in room temper-
ature water. When the IPMC emerged in the water at temp-
erature 7, which is above the programming temperature
T > T, the high-temperature water molecule was absorbed
into the Nafion, and the IPMC strip recovered its original
shape. As a result, the size of the element changes from L, W,
dH to [, w, dh. The strain along the z, y, x directions can be
expressed as

l w

) )\w: 9)\h_ dh
L

w T daH
By relating the length of the element to the deformation of the
strip, the length can be rewritten as

A= ey

1= - 22 @)
where ¢ is the position of the element in the x direction, w(z) is
the deformation of the element, r is the radius of the curved

IPMC midline and is expressed as
r= i 3)
v

where -y is the angle of the curved beam and is denoted as

tan v = @ )

The nominal stress on the z, y, x directions is denoted as

EF Fy
S = — = )\W)\,SW:_: wAA7
VS dn e lan v
L Q)
w

where o, 0,,, o), are the actual stresses and F}, F,,, Fj, are the
nominal forces acting on the z, y, x directions. Based on (5),
one can obtain [25, 26]

)\1)‘w/\h =14+vC (6)

where v is the volume per water molecule, and C is the
nominal concentration of the solvent in the polymer matrix.
Gibbs first developed the theory of free-energy density to
describe the behavior of swelling gel [27]. Flory presented the
free-energy function for polymeric gels [28]. The Flory theory
was later extended to polyelectrolyte gels [29-31]. The free
energy density E of the element can be expressed as [28]

E:E5+Em+Ep+Eion Q)

where E; is the stretching free-energy, E,, is the mix free-
energy, E, is the polarizing free-energy, and Ej, is the ion
transporting free-energy. Since no ions in the water move
inside the matrix of the polymer, the mix free-energy is
Eion = 0. Assuming that the dielectric constants of the non-
polar polymer and nonpolar water are equivalent, the free
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Table 1. Dimensions of the IPMC samples.
Item L (mm) W (mm) 2h (mm) Hot Cold Thermometer
IPMC 1 51.07 9.94 0.57 water water
IPMC 2  37.05 9.94 0.57
IPMC 3 22.16 9.94 0.57
energy polarizing the polymer is W, = 0. Based on Flory’s
theory, (7) can be rewritten as [28] n
E= %NkT()\,z + X2+ A2 — 3 —21og M\, A
_ M vC log(l + L) + X (8) D.I.
v vC I +vC water
where N is the number of polymer chains divided by the IPMC
volume of the polymer element, k = 1.38 x 10723 JK ! is —-—-—+--- Camera
the Boltzmann constant, 7 is the absolute temperature, and x
is the enthalpy constant during the mixture of the polymer
matrix and the solvent. The differentiation of (8) can be =

written as [26]

OE kT 2 3
— ="M+ = - =
8/\[ V( V( l( D2) /\1)

37 D? 3 3yD?
+|=L1og|1 - =+ =+ 9
[ g( A?) YRS ]] @

D2

where D is the ratio between the strain in the z direction and
the strain in the x and y directions respectively, and is
expressed as

po MMy
)\w /\h
After the deformation of the element in water, the mixture
system free energy density of the polymer and the water is
expressed as
G =E\;, Ay, Aw)lwdh — Fi(I — L)
—F,(w— W) — F,(dh — dH).

(10)

(1)

The free energy combines the enthalpy and entropy. The
mixture system tends to be stable as the polymer and the
solvent are mixed. When the whole system reaches a steady
status, a key assumption is that the system free energy
achieves the minimum. The differentiation of the free energy
G reaches the minimum. With a small variation, the strain ),
Aw» A, can be expanded to A + 0N, A, + 0N, Ay + N
The mixture system free energy density is rewritten as [26]
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Figure 5. Experimental set up for the shape memory properties.
To achieve the minimum of (12), the first-order differential
functions of (12) are assigned zero. One can obtain

o
o\

_ OE
o\,

_OE

S = =
O

9SW

Sh 13)

By integrating the length direction stress of the element, the
total length direction stress on the IPMC strip can be
expressed as

U:f_}; azdtzj:}; /\f;\hdt.

By relating the bending moment on the IPMC strip to the
induced stress, one can obtain

(14)

M
1

o (15)
where [ is the moment of inertia of the strip and I = 2/3wh3.
Based on the linear beam theory, the relation between the
displacement w of the strip and the bending moment M can be
denoted as [32]

Pwi@ M
2 v (16)

where Y is the Young’s Modulus. By combining (14), (15)
and (16), an ordinary differential equation (ODE) of w(z) is
obtained. The boundary conditions of the ODE are w(0) = 0
and dw (0) /0z = 0. By solving the ODE, the deformation w
(z) of IPMC can be obtained. MATLAB was used to solve
w(2).
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Figure 6. The thermo-mechanical shape of IPMC at different temperatures.

2.8. Experimental verification

Experiments were conducted to study the shape memory effect
of the IPMC. Three IPMC samples were utilized for the
experiments. The dimensions are shown in table 1. The sample
was curved in a fixture and held in place during the pro-
gramming period. The first step was to immerse the IPMC strip
in a hot water bath with the programming temperature 7,
ranging from 50°C-70°C. Then it was cooled in room
temperature water at the fixing temperature 7t of 20 °C. Finally
the fixture was removed and the IPMC sample was fixed at the
curved shape. A back-relaxation of the IPMC sample was
noticed after the fixture was removed and the back-relaxation
deformation was different at different programming tempera-
tures. Figure 5 shows the experimental set up for the shape
memory study. The sample was clamped vertically at one end
and immersed in a water tank at different temperatures 7, from
20 °C-80 °C. The tank could be filled with hot water and cold
water to the desired temperature. A thermometer was used to
measure the temperature of the water during the experiments.
The tip displacement of the sample was measured with the grid
paper attached to the water tank. The IPMC was measured
every 10 min after the water was reheated to the next temper-
ature. The experiments were repeated three times.

Figure 6 shows the deformation of the IPMC strip at dif-
ferent temperatures under the programming temperature 7}, of
60 °C. The thermo-mechanical shape memory effect was pre-
sented. It can be seen that as the reheating temperature increased,
the programmed IPMC gradually relaxed back to its original
shape. Shahinpoor presented the radius of the curvature p, of
IPMC beam as [33]

2 2
p o LT (17)
2w
The radius of the curvature p, is in turn related to the maximum
tensile (positive) or compressive (negative) strains, which can be
expressed as

(18)

The shape recovery ratio of the IPMC sample can be expressed
as

ST 100%
& — &

= (19)
where ¢, is the strain under current temperature, €, is the strain at
the fixing temperature of 20 °C and ¢, is the strain at the final

reheat temperature of 80 °C. Similar definitions were presented
in [23, 34].

Figure 7 shows the comparison of the experimental results
and simulation results of the shape recovery of different IPMC
samples. The temperature varies from 20 °C-80 °C. It is found
that the model can well describe the experimental data. Based
on figure 7, it can be seen that as the temperature constantly
increases, initially the shape recovery increases gradually and
then it rises rapidly. Finally, the sample slowly recovers its
original shape. The shape recovery decreases as the program-
ming temperature increases, which is in good agreement with
figure 3. It was also noted that the reheat temperature of the
glass transition is lower than the programming temperature.
Compared with the shape recovery ratio of the Nafion cylinder
shown in figure 3, it can be seen that the shape recovery ratio
of the IPMC strip is generally lower than that of the Nafion
cylinder. One explanation is that the plastic deformation of the
metal electrodes plated on the surface of the IPMC strip during
the programming phase inhibit its recovery.

Figure 8 shows the back-relaxation deformation of the
IPMC samples at different programming temperatures. When
the fixture was removed from the IPMC sample, back-
relaxation occurred and there is a difference between the
desired shape with the fixture and the actually programmed
shape without the fixture. It was found that as the program-
ming temperature increased, the IPMC samples have a
decreasing back-relaxation. Considering the results of
figure 6, it is demonstrated that by increasing the program-
ming temperature, the fixed shape of the IPMC is closer to the
desired shape, and less close to its original shape when the
IPMC recovered.

3. Discussion

3.1. Application of thermo-mechanical transaction

IPMCs have received significant attention as soft biomimetic
actuators/sensors [35, 36]. Tremendous work has been con-
ducted on their application in the fields of biomimetic
robotics, biomedical devices and human affinity applications,
such as underwater robots, active catheters and underwater
soft sensors [13, 37]. Although the shape memory properties
of the Nafion-based IPMC have been experimentally inves-
tigated, little work has been done on its potential applications
or demonstrations. In this paper, a demonstration that uses the
thermo-mechanical shape memory properties of Nafion fiber
was presented. The demonstration has shown the capability of
Nafion fiber to achieve a series of complex shapes with
multiple shape programming. These results indicate that the
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actuation responses of IPMC.
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8 conductivity on the transduction behavior of IPMC [47], the
% 40 ] cation redistribution which results in electrostatic stress [48-51],
7 _ the effect of the electrodes on the charge dynamics of IPMC
[ -g—=- - [52], and the interference between the IPMC surface electrode
20 L. o = | and the membrane [53, 54]. The mechano-electrical transaction
of IPMC has also been studied [55], for instance, underwater
0 ) . ) ) , . , object tracking [56, 57], energy harvesting [58, 59], surface
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(c)

Figure 7. Comparison of the simulation and experimental results of
the IPMC shape recovery at different programming temperatures: (a)
IPMC 1; (b) IPMC 2; (c) IPMC 3.

electrode sensing [60, 61] and parametric effects [62]. Most of
the models are based on the ionic immigration induced by an
electric field for actuating, and the concentration variation of
ions results from Nafion deformation for sensing. Regarding the
thermo-mechanical transactions of IPMC, the ion migration is
not the major factor which results in the deformation of the
IPMC. To explain this phenomenon, the free energy density
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theory was utilized. The volume swelling/shrinking of the
Nafion membrane and the temperature variation results in the
shape recovery. Through experiments, the results show that the
proposed model can well describe the thermo-mechanical
transactions of Nafion-based IPMC. The current study is bene-
ficial for identifying the mechanism behind the shape memory
feature of IPMC.

4. Methods

4.1. Sample preparation

IPMC strip samples were prepared for the experimental
validation. The surface of the Nafion'™-117 membrane sheet
was polished and the membrane was immersed in 3%
hydrogen peroxide (H,O,) to eliminate organic impurities and
in 1 M sulfuric acid (H,SO,4) to remove the metallic impu-
rities. Then the membrane sheet was plated with platinum
metal particles by being immersed in a platinum complex
solution (Pt(NH3),Cl, - H,0), and after that it was immersed
in a sodium borohydride solution (NaBH,). To lower the
surface resistance, the sheet was suspended in the solution
with hydrazine (NH,NH, - H,0) and hydroxylamine hydro-
chloride (H,NOH - HCl) added to the solution. After the
plating process, the sheet was soaked in a solution of lithium
chloride (LiCl) for the ion exchange.

4.2. Parameter identification

To perform the simulation of the theoretical model, the para-
meters need to be identified. Some parameters can be measured
directly, such as the dimensions of the IPMC sample and the
temperature. Some are physical constants, such as the Boltz-
mann constant. The rest need to be identified, such as the
enthalpy constant. In the current study, the parameters of the
model were identified based on the experimental results using
the least-square method in MATLAB. For each programming
temperature, the parameters were identified separately.
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