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Abstract

The multiple-shape-memory ionic polymer—metal composite (MSM-IPMC) actuator can
demonstrate complex 3D deformation. The MSM-IPMC has two distinct characteristics, which
are the electromechanical actuation effect and the thermal-mechanical shape memory effect. The
bending, twisting, and oscillating motions of the actuator could be controlled simultaneously or
separately by means of thermal-mechanical and electromechanical transduction. In this study, a
theoretical model for the MSM-IPMC was developed and experimentally investigated. Based on
previous studies on the electromechanical actuation effect of ionic polymer—metal composite
(IPMC), a comprehensive physics-based model of MSM-IPMC which couples the actuation
effect and the multiple shape memory effect was developed. To verify the model, an MSM-
IPMC sample was prepared and used in experimental testing. The simulation results were shown
to be in good agreement with the experimental results obtained. The multiple shape memory and
recovery rate of three different polymers, namely the Nafion, Aquivion and GEFC of different
ions, which are the hydrogen, lithium and sodium, were also tested. Based on the results, it is
shown that all the polymers demonstrate the multiple shape memory effect with varying amounts
of programmable shapes. The ion type was shown to have an influence on the broad glass
transition range of the polymers, which in turn dictated the number of possible programmable
shapes for each membrane. The current study is beneficial for the better understanding of the
multiple shape memory effect of MSM-IPMC.
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1. Introduction

The ionic polymer—metal composite IPMC) has been studied
for decades due to its unique mechanoelectrical and electro-
mechanical transduction mechanisms [1-8]. Such composites
are commonly made with ionomer materials such as Nafion,
Aquivion, or GEFC. Metal layers are chemically plated to
both sides of a rectangular sheet of the ionomer. The samples
are cut to size, and the edges are trimmed to create discrete
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electrodes. Chemically stable metals, such as gold and plati-
num, are usually used for this purpose [9]. Recently, palla-
dium and graphene have also been used to plate the surface of
the polymer [3, 10-12]. When a voltage is applied on both
sides of the IPMC, the mobile ions inside the polymer migrate
to the cathode and accumulate at the boundary of the polymer,
causing the IPMC to bend [13]. Alternatively, if the IPMC is
mechanically deformed, a detectable voltage is generated on
the surface of IPMC. Many physical models have been
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developed to describe these transductions [2, 14—17]. Some
interesting characteristics of IPMC materials include its
inherent softness, resilience, and low operational power.
Many scientists and engineers have developed robotic sys-
tems using IPMCs as sensors and actuators [18-23].

Recently, it was found that Nafion, which is the inter-
mediate layer typically used in an IPMC, has multiple shape
memory effects [24]. A hybrid actuator utilizing both the
multiple shape memory phenomenon and the electro-
mechanical transduction effects of IPMC actuators was
developed by the authors [25]. The original shape of the
sample is named S0O. To program the first shape, the IPMC is
formed into shape S1, heated to temperature T1, then cooled
to a lower temperature T1’, such that T1’ < T1. The pro-
gramming process of S1 is then completed and is thusly
‘memorized’ within the range from T1’ to T1. The process
can be repeated multiple times. Different shapes S2 and S3
can be programmed within the temperature ranges from T2’ to
T2 and T3’ to T3, respectively. It should be noted that
T <T3<T2 <T2<Tl'<Tl. As the polymer is
reheated from T3’ to TI, the polymer recovers the pro-
grammed shapes from S3 to SO within their corresponding
temperature ranges. These shape recoveries are likely possible
because of the broad glass transition ranges over the recovery
temperatures. Nafion, with the ability to remember multiple
shapes, has promising potential for applications in actuators,
sensors and smart devices.

Based on the electromechanical transduction and multi-
ple shape memory effect, the authors have introduced a
hybrid soft-robotic actuator, the multiple-shape-memory ionic
polymer—metal composite (MSM-IPMC) [25]. This actuator
can perform deformations of multiple degrees of freedom by
taking advantage of these effects.

The shape memory properties of Nafion have recently
been studied. Xie reported that annealed dry Nafion samples
can be programmed to memorize up to four different shapes
[24]. Rossiter et al presented the shape memory properties of
Nafion-based IPMCs [26]. The IPMC was programmed to
specific shapes by applying deformation through external
force and electrical actuation. There was an observable slow
decay along with the shape memory effect. Xiao et al applied
a quasi-static, nonlinear viscoelastic model using a discrete
spectrum of relaxation times to model the shape memory
effect of Nafion [27]. Xie proposed a physical theory to
explain this behavior [28]. The critical point for this theory is
that a single broad thermal transition can be regarded as the
collective contribution of numerous infinitely sharp transi-
tions continuously distributed in the broad temperature range.
Previously the authors laid out a theoretical framework in
terms of finite element based free-energy density to describe
the shape memory effect of the IPMC [29].

While experimental tests on the shape memory properties
of Nafion have been conducted, limited work has been done
concerning the theoretical investigation of the multiple shape
memory effect of Nafion. A model is desirable to quantify the
thermo-mechanical transduction.

The first goal of this study is to develop a multiphysics
model of the MSM-IPMC. A theoretical model of the

multiple shape memory effect, based upon thermal stress
analysis, was developed. It was assumed that the multiple
shape memory effect is caused by induced internal thermal
stress and memorized Young’s moduli during the program-
ming process. As the MSM-IPMC is reheated to each temp-
erature, the corresponding thermal stress is applied on the
MSM-IPMC, and Young’s modulus is recovered, which
results in the shape recovery of the MSM-IPMC. This model
was coupled with the electrical actuation model of IPMCs,
which was reported in the authors’ previous work [13, 30].
The multiphysics model of the MSM-IPMC was obtained
based on the coupled model. In-lab fabricated MSM-IPMC
samples were experimentally tested. The Dynamic Mechan-
ical Analyzer (DMA) was used to test the multiple shape
memory effect. Electromechanical actuation and the multiple
shape memory effect of the MSM-IPMC were demonstrated
simultaneously. The simulation results and experimental
results were compared. This work should provide keen insight
into the underlying physics of multiple shape memory effects.

The second goal of this study is to characterize the
multiple shape memory effect of the MSM-IPMC. Three
different ionic exchange membranes, Nafion, Aquivion, and
GEFC, with three different ions, Hydrogen (H"), Lithium
(Li"), and Sodium (Na'1), were fabricated and used for test-
ing. This makes a total of nine different combinations of
membrane and cation type for the MSM-IPMC samples. The
multiple shape recovery of the samples was qualitatively
tested. A physical understanding based on enthalpy and free
energy was proposed to describe the multiple shape memory
performance of the different samples. This work can also be
used to study the multiple shape memory effect of other shape
memory polymers.

2. Mathematical model

2.1. Modeling of the multiple shape memory effect

Several works have been reported on the modeling of the
shape memory behavior of Nafion. One theory is that the
shape memory process can be directly modeled by con-
sidering the glass transition model [27]. A temperature-
dependent relaxation time or viscosity was assumed in the
model. During the glass transition, the relaxation time chan-
ges significantly. This allows the materials to store a tem-
porary shape and recover a permanent shape.

In this study, the authors expand upon this model through
segmenting the broad glass transition region into independent
sections, as illustrated in figure 1. Through previous studies, it
was found that Nafion has multiple shape-memory properties
which can be programmed into several different shapes and
controlled through thermal or electrical inputs. Rather than
seeing the glass transition range as solely a broad region, it
can be assumed that this region consists of a consecutive
series of distributed glass transition ranges. The current
accepted range of the broad glass transition temperature for
Nafion ranges from 55 °C to 140 °C, where Nafion can be
programmed with multiple unique shapes with recovery under
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Figure 1. Illustration of the multiple shape memory effect. The
memorized shapes are identified as S1 through S3, which correspond
to the temperature ranges of T1 to T1’, T2 to T2, and T3 to T3’. The
original shape is identified as SO [31].

varying temperatures. In this work, a theoretical model based
on the above theory of segmented glass transition tempera-
tures for the multiple shape memory effect has been coupled
with the electromechanical model of the IPMC. This work
assumes that the multiple shape memory effect is caused by
an imposed internal stress with a specific Young’s modulus
‘memorized’ during the programming process. As the MSM-
IPMC is reheated to each temperature, the internal stress is
released, and Young’s modulus is recovered, which results in
the shape recovery of the sample.

The internal stress, which is caused by the deformation of
polymer chain at the glass transition temperature, is released
on the MSM-IPMC during each shape recovering process.
The expression of the internal stress can be expressed as [32]

RT
o =y (ai - %) (M
C

1

where i refers to each individual shape memory process, N is
the total number of the shape memory process, 7(¢) is the
temperature, p, is the density of the polymer, R is the gas
constant, M is the molecule weight of the polymer and «; is
the extension ratio. L, W and 2k are the length, width and
thickness of the MSM-IPMC sample, respectively. The «; can
be denoted as

Oé,'=1+6,‘ (2)

where ¢; is the programmed strain of the polymer at each
shape memory process. As the MSM-IPMC is reheated to a
previously programmed temperature, the previously stored
Young’s modulus is applied accordingly. The Young’s
modulus can be expressed as

N
ORSEEDY YP((% - 1)) )

l

where Y“? is the equilibrium Young’s modulus, Y7 is the
nonequilibrium Young’s modulus, a is the coefficient related
with the shape memory process, 7; is the reference temper-
ature corresponding to the programming temperature at each
shape memory process. Using linear beam defection theory,
the tip displacement w, of the IPMC beam element relating to
the longitudinal coordinate direction, z, can be denoted as

d*wy(z, 1)  M(z, 1)
dz? Yl

“4)

where [ is the moment of inertia of the IPMC actuator and

=2/ 3WH, By relating the induced stress o(=Ah, z, f) to the

bending moment, one can obtain

+hM(z, t)
1
Combing equations (3)—(5), the tip displacement wy

induced by the multiple shape memory effect can be

expressed as

o(£h, z,t) = 5)

N p,RT (1) 1
Zi b, MC (ae — F)Lz
Zh(qu + Z,N Y4 exp (a(% - 1)))

i

we(L, t) = (6)

2.2. Modeling of the MSM-IPMC

This work extends upon previous developments from the
authors which combines models for the resistance change
effect of surface electrodes and the charge dynamics of the
IPMC. The model utilized principles of metallic micro-
structure to describe the surface resistance change of the
IPMC while simultaneously coupled with the Poisson-Nernst-
Planck equations for describing the transport phenomenon
and charge density within the polymer [13]. The system of
equations is solved by finite element methods [13]. To sum-
marize the work in brief, the deformation w,(L, s) caused by
the actuation effect under the voltage V(s) can be obtained by
solving the following equation in the frequency domain as
[13]

wu(L, 5)
e U@ 16+ (14 55)
RY () J()K (s)
x sinh (A(s)h)V (s) @)
with
DW,h,R,
J(s) = —
(s) Y
(42 ShAWD 4 ) cosh (A(s)h))(% - —ng?(s))
K(s)
2 sinh (A (s)h)
K =W
) 22 (s)
RTAG) |
-+ 2h cosh (A(s)h)( G, —éA(s))
B+
AW = [
B— 2uF?Cy

where « is the proportional coefficient that relates the charge
density at the boundary of polymer to the induced stress [33],
Y is the Young’s modulus, s is the Laplace domain variable, D
is the diffusion constant, F is the Faraday constant, C, is the
constant anion concentration, R is the gas constant, £ is the
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Figure 2. Quadruple shape memory properties of the MSM-IPMC.
The programming takes place during t < 100 min, where the applied
programming stress and temperature ranges are shown. The shape

recovery is shown during t > 100 min [31].

absolute dielectric constant, W, is the width of the surface
electrode, h, is the thickness of the surface electrode, Z is the
charge number, p is the mobility of cations, R, is the resist-
ance of the surface electrode. The reader is referred to Ref.
[13] for the derivation of equation (7).

By solving equation (7), the deformation w,(L, s) of the
IPMC under the voltage can be obtained. MATLAB was used
to obtain the numerical solution for w,(L, s5). Then w,(L, s),
which is in the frequency domain, was converted to the time
domain w,(L, 1).

Based on the wy(L, f) induced by the multiple shape
memory effect and w,(L, 1) induced by the actuation effect,
the total tip displacement w/(L, f) of MSM-IPMC can be
obtained as

wi(L, t) = ws(L, t) + w,(L, 1). ®)

3. Experimental investigation

3.1. Multiple shape memory effect model validation

The multiple shape memory effect was tested by Dynamic
Mechanical Analysis (DMA). An MSM-IPMC sample of
20 mm in length, 4.95 mm in width and 0.18 mm in thickness
was used for the test. The selected sample dimensions were
based on acceptable electromechanical performance. The
ionic exchange membrane used was Nafion. Figure 2 shows
the quadruple shape memory properties of the MSM-IPMC.
The original shape of the sample was identified as SO.
External stresses were applied to the sample under their
respective programming temperature ranges. Three different
shapes S1, S2 and S3 were programmed at the temperature
range 130 to 85 °C, 85 to 55 °C and 55 to 20 °C, respectively,
by applying uniaxial stress in the DMA. The deformation of
the sample was measured in terms of the strain, which can be

Table 1. Parameters of the multiple shape memory model.

Model parameter Value
Density of the polymer, p, 874 kg m~?
Gas constant, R 831Tmol™! - K
Molecular weight, Mc 3.07 x 10° gmol ™'
Equilibrium Young’s modulus, Y7 200 MPa
Nonequilibrium Young’s modulus, Y% 1.19 kPa
Shape memory coefficient, a 1.32
Simulation
140 - Experiment
s3
120 1
sz
100 1
£ 804
»gi 60 - 5t
7
40
20 1 sof
04
100 125 150 175

Time (min)

Figure 3. Comparison between simulation and experimental results
for the multiple shape memory effect [31].

expressed as

AL
g = —

L ®

where ¢ is the strain, AL is the relative deformation of the
sample, and L is the original length of the sample. During the
recover process, the sample was reheated. As the temperature
increases, the sample recovered to the programmed shapes
S2/, S1’ and SO’ at corresponding temperatures 55 °C, 85 °C
and 130 °C. The recovered shapes S2/, S1’ and SO’ are in
agreement with the programmed shapes S2, S1 and SO. This
indicates that the sample exhibits multiple shape memory
effect. Quantitative analysis of the shape recovery was also
performed in the following sections.

The model presented in section 2 was simulated using
MATLAB. Table 1 shows the parameters of the multiple
shape memory model. The nonequilibrium Young’s modulus,
molecular weight, and shape memory coefficient were fitted
with the least-squares method. Figure 3 shows the comparison
between the simulation and experimental results of the mul-
tiple shape memory effect where the simulated model is in
good agreement with the experimental results. This suggests
that the proposed model of memorized internal stresses can
adequately represent the multiple shape effect of the
MSM-IPMC.

3.2. Validation of the MSM-IPMC model

To validate the MSM-IPMC model in equation (6), the MSM-
IPMC samples were tested. Three MSM-IPMC samples with
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Table 2. Equivalent weight of Nafion, Aquivion, and GEFC membranes.

Equivalent weight

Membrane  Manufacturer ~ Structure (g/eq)
Nafion DuPont Perfluorovinyl ether groups terminated with sulfonate groups onto a tetra- 1100
fluoroethylene backbone
Aquivion Solvay Short Side Chain (SSC) copolymer of Tetrafluoroethylene (TFE) and Sulfonyl 840
Fluoride Vinyl Ether (SFVE)
GEFC GEFC Perfluorinated backbone and sulfonate side chains 1000
(a) (b)

O=—CF

~. \//

/>

Figure 4. Polymer structures of different membranes [31]: (a) Nafion and GEFC, and (b) Aquivion.

Table 3. Dimensions of the MSM-IPMC membrane samples.

Item W (mm) L (mm) 2k (mm)
Nafion 10.39 34.87 0.18
Aquivion 10.01 41.15 0.18
GEFC 9.92 36.12 0.29

different ionomer membranes, Nafion, Aquivion, and GEFC,
were used. The properties of the membranes are presented in
table 2 [34, 35]. Nafion contains perfluorovinyl ether groups
terminated with sulfonate groups onto a tetrafluoroethylene
backbone. As per the manufacturer Solvay, Aquivion is based
on the Short Side Chain (SSC) copolymer of Tetra-
fluoroethylene (TFE) and Sulfonyl Fluoride Vinyl Ether
(SFVE). The GEFC membrane has a perfluorinated backbone
and sulfonate side chains similar to Nafion [35, 36]. The
polymer structures of the membranes are shown in figure 4. It
can be noticed that Aquivion has a shorter side chain com-
pared with Nafion and GEFC. The sizes of the MSM-IPMC
samples were measured and are shown in table 3.

Before the test, the samples were all programmed to
several shapes. The original shape of the sample is identified
as S0. The first shape S1 is memorized by folding the strip
lengthwise around a rod, which was programmed at 85 °C
and fixed at 70 °C. The second shape S2 is memorized by
folding the strip lengthwise around the rod in the opposite
direction, where the programming temperature is 55 °C and
the fixing temperature is 22 °C. Figure 5 shows the exper-
imental setup for the shape recovery process. A signal gen-
erator (SDG1025, Siglent) is used to provide the input signal
for the electromechanical effect, which is amplified by a
power amplifier (LVC-608, AE Techron, Inc.). Through the
clamp contacts, a voltage input of 2V amplitude and 1 Hz
frequency is applied to the sample. The water is heated from
room temperature (22 °C) to 90 °C using an immersion heater
(3656K169, McMaster-Carr). To measure the water

temperature, a circuit is developed based on a thermal resistor
(PRTF-11-2-100-1/8-6-E, Omega®). A laser sensor
(optoNCDT-1401, Micro-Epsilon) is used to measure the
displacement of the sample. The voltage, current, displace-
ment and temperature were measured simultaneously through
the DAQ (NI SCB-68, National Instruments) and were
recorded using the LabVIEW 8 Software.

Figure 6 shows the experimental results of the GEFC
sample. It is observed that as the temperature increases, the
voltage decreases while the current increases. Based on the
results, it can be concluded that the electrical impedance of
the MSM-IPMC decreases as the temperature increases. This
property can be potentially used for thermal feedback control.
Similar results were also found in the authors’ previous study
[25]. According to the displacement result, the sample shows
the multiple shape memory effect and the electrical actuation
effect simultaneously. The overall slow bending response of
the sample resulted from the multiple shape memory effect.
Increasing the temperature results in the sample recovering
from S2 to S1’, where the sample visibly bends toward one
side. As the temperature continues to increase, the sample
then recovers to its original shape SO’, where the sample
bends toward the other side. Meanwhile, the sample has an
oscillation motion induced by the electromechanical actua-
tion. It can be noted in the displacement curve in figure 6 that
the peak to peak displacement increases with increasing
temperature. This is possibly due to increased ion migration at
higher temperatures, thermal expansion of the microchannels
within the polymer itself, or a combination of effects. This is
an area of further exploration.

Figure 7 shows the comparison between the experimental
results and simulated results of the displacements of the
MSM-IPMCs, which are based on Nafion, Aquivion, and
GEFC membranes in Li*-form. The results show that the
model accurately describes the actual displacement of the
different MSM-IPMCs. All three samples demonstrate the
capability of the multiple shape memory effect. It was also
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Figure 6. Measured displacement, temperature, current and voltage of GEFC sample. The full experiment is shown on the left with a

magnified section shown on the right for better visualization [31].

found that the sample of Aquivion has the largest displace-
ment, which is ~8 mm; the sample of Nafion and GEFC have
relatively small displacements, which are ~2 mm and ~3 mm
respectively. One contributing factor to the sample displace-
ment differences is due to the longer length of the Aquivion
versus both the Nafion and the GEFC samples. Another
possible contribution is that Nafion and GEFC have a per-
fluorovinyl ether side group and a sulfonate end group.
Aquivion has the sulfonyl fluoride vinyl ether as the side
group, whose molecule chain is shorter. This short side chain
enables the polymer to have a lower equivalent weight, which
potentially causes a higher conductivity [34]. Furthermore,
the Ion Exchange Capacity (IEC) of Aquivion is higher than

the other two membranes, as shown in table 4. This also
indicates the potential that Aquivion has better electro-
mechanical performance than Nafion or GEFC.

3.3. Glass transition of different samples

The glass transitions of different membranes with different
ions were studied. In this study, three different ionic exchange
membranes were used, Nafion, Aquivion and GEFC. Each
membrane has three different ion forms, Hydrogen H),
Lithium (Li*) and Sodium (Na™t). Nine different samples in
total were utilized for the test. By soaking the membranes in
hydrogen chloride (HCI), Lithium -chloride (LiCl) and
Sodium chloride (NaCl) for the ionic exchange, the
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Table 4. Ion exchange capacity of each membrane material.

Membrane Ion Exchange Capacity (meg/g)
Nafion 0.97 (£0.01) [Reference 35]
Aquivion 1.25 (£0.01) [Reference 34]
GEFC 0.95 (£0.01) [Reference 35]

membranes in H' form, Li" form and Na' form were
obtained respectively. Prior to testing, the samples were
annealed in an oven at 150 °C for 4 h to remove the residual
stress/strain from the polymer processing step. The glass
transition range of each sample is first measured separately.
The mechanical properties of the samples were tested in
DMA. The tangent of § which is the ratio between the loss
modulus E’ and the storage modulus E’, was then obtained.
By measuring the start and end temperature of the tangent of §
curve peak, the broad glass transition can be derived [24].

Based on the experimental results, it was found that the
membranes with the same ions have a similar glass transition
range. Figure 8 shows an aggregation of the broad glass
transition ranges for all membranes tested, sorted by ion type.
The membranes in H-form have the shortest glass transition
range, which is from ~50 °C to ~90 °C, the glass transition
range of the membranes in Na*-form is the longest, which is
from ~55°C to ~160 °C, and the Li*-form membranes are
between them, which is from ~55 °C to ~140 °C. It was also
found that the H-form membranes have the lowest second
glass transition temperature. The second glass transition
temperature of the Nat-form membrane is the highest. To
explain this, the enthalpy and free energy of each ion were
considered. This possible explanation is presented in the
discussion section.

3.4. Shape recovery

The multiple shape memory effect was tested for each sample.
Based on the obtained glass transition range of the different
membranes (figure 8), the triple shape memory effect of the
H"-form MSM-IPMC, the quadruple shape memory effect of
the Li*-form MSM-IPMC, and the quintuple shape memory
effect of the Na-form MSM-IPMCs were all tested. The
number of shapes selected for each membrane type was based
on the total number of shapes the authors were able to pro-
gram within their given glass-transition region. Figure 9
shows the quintuple shape memory process of the Na*t-form
MSM-IPMC. The results show that the sample has a reco-
verable multiple shape memory effect. To quantitatively
analyze the multiple shape memory effect, the shape recovery
rate of each sample during the shape memory process was
calculated. Assuming the sample recovers from shape y to
shape x, the shape recovery ratio Ry, of shape x can be cal-
culated as

Sy — Sx/

Rf = 100% x
Sy — Sx

(10)

where S,, S, are the strain at x and y during the shape pro-
gramming process. S, is the strain after recovery.

The shape recovery of the Na*-form MSM-IPMCs was
within the scope of 80% to 100%. The quintuple shape
memory effect of the Na-form samples was demonstrated
with the programming temperatures of ~45°C, ~70°C,
~95°C and ~125 °C respectively.

3.5. Reversibility

In previous work, it was found that the multiple shape
memory effect of the Nafion was reversible [24]. However,
limited work was done regarding the reversibility of the
membranes. The DMA was used to test the reversibility for an
Aquivion sample containing Na™ ions (figure 10). During the
programming process, the sample with its original shape SO,
was programmed at the temperature of 95 °C for shape S1 and
60 °C for shape S2. Then during the recovery process, the
sample shows its reversibility between SO, S1 and S2 based
on the temperature variation. The recovery sequence is from 1
to 9. It can be seen that the sample has good reversibility.

4. Discussion

4.1. lonic effects on the membrane

The multiple shape memory effect of the ionic membranes
used in this study likely results from the molecule chain
motion of the membrane. From both the mathematical model
proposed, and through experimental confirmation, this study
analyzes two types of glass transition ranges. The first glass
transition corresponds to the short-range segmental motions
within a static electrostatic network where the multiple shape
memory takes place. The second glass transition corresponds
to the long-range molecular mobility due to the destabiliza-
tion of the electrostatic network. The temperature range of the
first and second glass transition regions are shown in figure 8.
It was noticed that the H"-form membranes have the lowest
glass transition temperature, while the Na*-form membranes
have the highest. The glass transition temperature of the
Li*-form membranes is between the two other types but is
closer to the latter. With a wider first glass transition region,
the amount of possible programable shapes increases as
shown with the quintuple shape memory effect of the
Na"-form MSM-IPMCs.

This can likely be attributed to the enthalpy and free
energy of the different ions and can be explained as follows.
When the membrane was heated, the enthalpy and the free
energy of the membranes would be expected to increase. The
enthalpy and free energy of the ions contribute to the total
enthalpy and the free energy of the membrane. As the
enthalpy and the free energy increase, the electrostatic net-
work of the membrane starts to destabilize when the temp-
erature is above the first glass transition range. Thus, the
membranes with H 4 ions, whose enthalpy and free energy
are the highest at around ~1500 kJ molfl, are the first to have
the destabilized electrostatic network and have the lowest
glass transition temperatures compared with the other two
ionic form membranes [37]. The glass transition temperatures
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Figure 8. First and second glass transition ranges of membranes with different cations [31], H', Li*, and Na™.
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Figure 9. Quintuple shape memory process of the Na* form MSM-
IPMC. In the left half of the plot, the programming stress and
temperature ranges are shown for shapes SO through S4. The right
half of the plot shows the shape recovery [31].
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Figure 10. Multiple shape memory reversibility process of testing
Na™ form Aquivion. Two shapes S1 and S2 are programmed at
temperatures 95 °C and 60 °C respectively. The temperature is then
adjusted to cycle between shapes S1 and S2 before returning to
shape SO and subsequently followed by S1, S2, S1, and back to
SO [31].

of Li*-form and Na"-form membranes are higher, where the
Na-+-form membrane is relatively higher than the Li*-form
membrane. This has a good agreement with the enthalpy and
free energy of Li* and Na™ ions, where the Li" is relatively
higher than the Na™ at roughly ~685 kJ mol~' and ~500 kJ/
mol respectively [37]. This may offer an explanation to why
the shape recovery of H"-form membrane is lower than the
other two membranes.

5. Conclusions

In this study, the MSM-IPMC was theoretically modeled and
experimentally investigated. A theoretical model was pro-
posed to describe the multiple shape memory effect of the
MSM-IPMC, which was then coupled with an IPMC elec-
tromechanical model to obtain a complete physics-based
model. The model was then validated through experimental
analysis where the MSM-IPMC was able to successfully
demonstrate the expected multiple shape memory properties.
By comparing the simulation results of the model and the
experimental results, it is found that the proposed model
accurately describes the shape memory and electromechanical
effects of an MSM-IPMC. The work in this paper is valuable
for understanding the physical principles of the multiple
shape memory effect.

The multiple shape memory effect was tested for three
membrane types (Nafion, Aquivion, and GEFC) with varying
ion forms. The experimental testing of glass transition
temperature, shape recovery and reversibility were presented.
All the samples were able to demonstrate the multiple shape
memory effect with a differing number of capable program-
able shapes. This number was based on the obtained glass
transition range for each respective ion type. It was found that
the membranes with the H" ions have the lowest glass
transition temperature and shape recovery, followed by
membranes containing Li™ ions, while membranes containing
Na® ions had the highest of the two properties. A theory
based on the enthalpy and free energy is proposed to explain
this phenomenon. Furthermore, the shape recovery can be
used to study the distribution of the quickly cycled transition
temperatures of the membranes. The method is also valuable
for the study of other shape memory polymers.
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With the electromechanical and thermomechanical
actuation, the MSM-IPMC actuator is capable of deform-
ability and maneuverability of multiple degrees of freedom—
the complex twisting, bending, and oscillating motions—with
thermal and electrical control simultaneously or separately.
This work is beneficial to future developments in soft-robotics
and biomimetic studies.
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