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In order to determine the mechanical properties of polyaniline/polyvinyl alcohol composite gels used in strain sensors, both
microstructure and macroscopic mechanics experiments are conducted on the specimen. Firstly, the preparation process for this
material will be explained. Then, the microstructure of this material showing the wrinkles and small holes caused by water loss is
discussed. Based on the static tension test, the final equivalent elastic coefficient and relaxation time are obtained. Then, the fatigue
parameters like the asymptotic temperature increment, asymptotic dissipation, and energy tolerance to failure are determined by

the thermal-graphic technique.

1. Introduction

The viscous goo is extremely easy to adhere to the surface of
conveying mechanisms, and so adhesion resistance is pro-
duced [1, 2]. In order to overcome the interference of
rheological properties from non-Newtonian fluids, a kind of
polyaniline/polyvinyl alcohol composite gels used in strain
sensors is proposed in this paper [3-7]. This kind of flexible
sensor has a high piezoelectric ratio and good material
toughness and anisotropy. Therefore, it could realize high-
precision acquisition of multidimensional information and
improve the control efficiency of viscous material trans-
portation, which would provide technical support for the
establishment of intelligent packaging equipment for thick
sauce and viscous food [8-14].

Some researchers have focused on the composite hydrogel.
Xu [15] suggested a kind of novel polyaniline/polyvinyl alcohol
composite hydrogel which was made by the freezing-thawing
and in-situ polymerization approach. The results showed that
the polyaniline/polyvinyl alcohol composite hydrogel had
good cytocompatibility and indicated that the composite
hydrogel could be heated to about 23°C under sunlight with
good hydrophilicity. Wang et al. stated that the graphene
flexible pressure/strain sensor has better performance than the
normal ones, like a wide measurement range, high sensitivity,

and nano-size [16]. In order to solve the frequent failure of the
conductive hydrogels based on the flexible sensors in a low-
temperature environment, a novel fabrication of a freezing-
tolerant and stretchable composite organohydrogel was pre-
sented by Xie et al. [17]. Zhang and Wang indicated that the
polyvinyl alcohol hydrogels with anisotropic microstructures
were first prepared by the directional freezing-thawing method
to enhance the thermal stability and mechanical properties
[18]. The anisotropic microstructures of the polyvinyl alcohol
hydrogels were measured by scanning electron microscopy.
The relatively regular orientation structure along the parallel
direction was observed, and the uniform pore structure was
found along the perpendicular direction as well. Shen et al.
revealed that the mechanical properties of PVA/HA composite
double-layer hydrogel were better than PVA/HA composite
hydrogel, while the crosslink between PVA and HA would be
enhanced through a casting drying approach [19]. The
compression and stress relaxation tests of PVA/HA composite
hydrogel were conducted on the specimens, and the stress
relaxation curves and parameters were obtained as well [20].
However, few cyclic properties of the polyaniline/polyvinyl
alcohol composite gels were found.

In this paper, the preparation of the polyaniline/poly-
vinyl alcohol composite gels is firstly explained. Then, based
on the scanning electron microscopy, the topography of the
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microstructure at low and high magnification is observed.
Through the experimental work, the static tension proper-
ties, stress relaxation properties, and cyclic fatigue properties
were all determined.

2. Material Preparation

The polyaniline-polyvinyl alcohol composite gels are made
by the cyclic freezing/thawing in-situ polymerization
method. Firstly, the polyvinyl alcohol is dissolved in a 2 mol/
L hydrochloric acid solution at the temperature of 90°C, until
it has a 15% polyvinyl alcohol solution. Then, 0.2 mL aniline
is added to the solution to form 0.4 mol/L mixed liquid. Ata
temperature of 60°C, the mixed solution is stirred by
magnetic forces for 4 hours to fully disperse. After that, the
mixed liquid is frozen to a temperature of —30°C, lasting for 8
hours, and is thawed to be room temperature naturally. This
process is repeated 5 times to obtain the polyvinyl alcohol
original gel with dispersed aniline. Finally, the original gel is
soaked in 1 mol/L ammonium persulfate solution to oxidize
the aniline monomer, and the polyaniline/polyvinyl alcohol
composite gels are obtained, as shown in Figure 1.

3. Microstructure

The microstructure of freeze-drying polyaniline/polyvinyl
alcohol composite gels is investigated by SEM, as shown in
Figure 2. The topography of microstructure at low magni-
fication like in Figure 2(a), shows that wrinkles appear on the
surface of composite gels, which is due to the microphase
separation caused by the interpenetrating network structure
when the network of the polyaniline-polyvinyl alcohol
composite gels is obtained by the in-situ oxidation of the
aniline monomer. The fine and even porous structure is
investigated using a higher magnification, as shown in
Figures 2(b) and 2(c). These small holes are created by the
water loss after the gels are frozen and dried.

4, Static Mechanical Properties

Static tensile mechanical properties are the basic properties
of the composite gels used in the flexible sensor. In order to
estimate the rheological and elongation properties of the
polyaniline/polyvinyl alcohol composite gels, static tension
tests are conducted on the specimen, which has a width of
13mm, a length of 24 mm, and thickness of 4mm. The
specimen is clamped in the rheometer (USA TA Co., Ltd.,
ARES-G2), as shown in Figure 3. Part 1 is the move module,
part 2 is the movable gripping head, part 3 is the specimen,
and part 4 is the fixed gripping head. The relaxing time in the
stress relaxation test is determined to be 60 seconds. The first
tensile speed is 0.1 mm/s, and the specimen is stretched to
29mm in 50 seconds; the second tensile speed is 0.2 mm/s
and the specimen is extended to 34 mm in 50 seconds as well.
The stretching direction is parallel to the directional freezing
orientation. The strain and stress history are shown in
Figures 4(a) and 4(b), respectively. The calibration length of
the measured specimen is 15 mm, and the maximum strain
at two different load levels is 16.69% and 33.37%,
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FiGure 1: Sample of polyaniline/polyvinyl alcohol composite gels.

respectively. When the specimen is in the stress relaxation
period, it can be seen in Figure 4(a) that the strain remains
unchanged.

The stress history of composite gels is shown in
Figure 4(b). When the material enters into the stress re-
laxation state, the stresses decrease gradually. The maximum
stress after stretching 5mm and 10 mm is 0.00986 MPa and
0.01962 MPa, respectively. Based on the two-parameter
Maxwell model, the stress relaxation function could be
described as follows [20]:

F(t) = LEe"YD, (1)

where F is force history, L is the constant deformation, E is
the elastic coefficient, ¢ is testing time, and T is relaxation
time

The loading force could be expressed as follows [20]:

F = oS, (2)

where S is cross section of the specimen and ¢ is the normal
stress.
Then, the stress history can be changed as follows:

o(t) = LKe""", (3)

K is the equivalent elastic coefficient.

According to equation (3) and the data from the stress
history in the stress relaxation period, the fitting parameters
are obtained and shown in Table 1. From the stress relax-
ation tests at two different load levels, the rheological pa-
rameters in the first condition are close to the other ones. So,
the final equivalent elastic coefficient and relaxation time are
their averaged values 0.00198 MPa/mm and 109 seconds,
respectively.

In order to find the relationship between stress and strain
responses of the polyaniline-polyvinyl alcohol composite
gels, the quasi-static tensile test is conducted on the spec-
imen as well. The tensile speed is 0.1 mm/s, and the test is
suspended when the maximum loading force is 2.75N. The
stress-strain curve is displayed in Figure 5. The maximum
stress is 0.053 MPa. After the strain is 80%, the material
appears into the plastic period, and the stress does not
linearly increase. When the strain is close to 90%, the stress
starts to gradually decrease until the test is in failure.

5. Fatigue Properties under Dynamic
Cyclic Tension

In order to measure the sensitivity of the polyaniline-
polyvinyl alcohol composite gels used in sensors, a novel
experimental device is proposed in this paper, as shown in
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FIGURE 2: Microstructure of polyaniline/polyvinyl alcohol composite gels. (a) Microstructure of cross section under 200x, (b) microstructure
of cross section under 500x, and (c) microstructure of cross section under 1000x.

FIGURE 3: Static tension of composite gels as measured by a
rheometer.

Figure 6. In this picture, the part marked 1 is the controller,
the part marked 2 is DC power, the part marked 3 is the fixed
clamping head, and the part marked 4 is the testing spec-
imen. The part marked 5 is the moveable clamping head, and
the part marked 6 is a screw. The part marked 7 is an infrared
thermography camera (USA Teledyne Co., Ltd., Flir), and

the part marked 8 is a stepper motor. On this testing
platform, both the loading frequency and stretching length
for the specimen of the polyaniline-polyvinyl alcohol
composite gels could be adjusted. Based on the infrared
thermography technique, the temperature evolution of the
material could be recorded by the camera under dynamic
cyclic loadings. The dimensions of the specimen is a width of
20mm, a length of 20mm, and thickness of 4 mm. The
testing speed is 8 mm/s at a room temperature of 16.46°C,
and the loading frequency is 2 Hz.

The temperature evolution of composite gels under rapid
monotonic tension is firstly shown in Figure 7. The tem-
perature slightly increases with the movement of the
clamping head at the beginning. When the stretching length
is around 40 mm, the temperature rapidly increases to
17.82°C (the maximum temperature), which means the
material is broken at a length of 51.8 mm. After that, the
temperature decreases around the initial one.

A large number of literature have verified that the
thermal evolution on the specimen surface under a certain
level of stress amplitude could be divided into three stages, as
shown in Figure 8, including the initial stage (marked stage
I), the stable stage (marked stage II) and the final stage
(marked stage III), respectively. The temperature in stage II
is usually treated as a constant value from N 5 to N 45 ¢, and
this period takes a remarkably predominant number of
cycles.

For the sake of simplification, the asymptotic tem-
perature increment 6,4 often is directly considered as a
damage parameter for determining fatigue life. However,
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FIGURE 4: Mechanical responses of composite gels under stress relaxation: (a) strain history of composite gels under stress relaxation and (b)

stress history of composite gels under stress relaxation.

TaBLE 1: Rheological parameters.
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FIGURE 5: Stress and strain relationship of composite gels under
static tension.

the temperature variation is a kind of macro-manifestation
and could not characterize inherent deformation mecha-
nism under cyclic loading. The further relationship be-
tween physical parameter and fatigue damage evolution
needs to be rebuilt. In the meantime, the temperature is
extremely sensitive to heat exchange conditions. It is not
reliable to achieve the fatigue indicator if external condi-
tions are not properly considered. Therefore, the intrinsic
dissipation is preferably considered as fatigue indicator for

FIGURE 6: Fatigue tests platforms based on the thermal-graphic
measurement.

characterizing fatigue damage evolution law. Then, the
intrinsic dissipation d; could be simplistically expressed as

follows[21-24]:
00 0
dl = PC(E + ;), (4)

where p is density, C is specific heat, 0 is temperature in-
crement with respect to the initial temperature, t is time, and
7 stands for a time constant characterizing the heat loss. It is
worth mentioning that the time parameter was ascertained
by calculating the heat loss from the peak temperature to the
room temperature.
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FIGURE 7: Temperature evolution of composite gels under rapid
monotonic tension.
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FiGure 8: Schematic diagram of temperature evolution versus
number of cycles during three stages.
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FIGURE 9: Temperature evolution of composite gels under cyclic
tension.

Equation (4) shows the heat exchange with the envi-
ronment is still taken into consideration by means of the
parameter 7. When the temperature increment 6 presents as

an invariant value in stage II, the asymptotic temperature 0, ¢
could be used to express the asymptotic dissipation d; 45 as
the following equation [24]:

0
dl,AS =PC%S. (5)

In this paper, the asymptotic dissipation d; ¢ is regarded
as the fatigue indicator. In order to construct the rela-
tionship between the dissipated energy and number of cy-
cles, the energy tolerance to failure E has to be defined. For
the sake of convenience, the asymptotic dissipation per cycle
dyas/f (f = N/t) is employed to replace the asymptotic
dissipation per second d, 5. In view of the above-mentioned
characteristics shown in Figure 8, the lifespan in stage II
AN 4 (is equal to N x5 ¢ — N5 ) could be representative for
the whole fatigue process Ny, and then the energy tolerance
to failure E. could be expressed by [24-27]:

Nrd as dias
E- = 2 dN = —=N . 6
© Jo f f (6)

In general, the energy tolerance to failure E- means the
ultimate ability to withstand cyclic loading, and it could be
assumed to be constant for the same material regardless of
loading modes. Once the asymptotic dissipation per cycle
dy as/ f is calculated from the thermal evolution, the fatigue
life N¢ could be evaluated according to equation (6).

According to the tested data from the rapid monotonic
tension, the cyclic properties are measured by the thermal-
graphic technique as well. The applied cyclic stretching
displacement is 45 mm at the frequency of 2 Hz, and there is
no compression. The temperature increment with respect to
the initial temperature is displayed in Figure 9. It can be
found in Figure 9 that the thermal increment firstly declines
in early stage I because of the tensile mean stress leading to
the fall of temperature. Then, it decreases again at the
starting of stage II. This phenomenon could be explained by
a similar work-hardening mechanism that makes the ma-
terial harder so that the corresponding strain becomes lower
under the same external loading. And thus the plastic work
reduces, as well as the dissipated energy. The test is sus-
pended after 36389 cycles. The density p is 1803 kg/m’, the
specific heat C is 602 Jkg 'K ™', and the time constant 7 is
12.5s. Based on the experimental data, the asymptotic
temperature increment 6, is 0.156°C. Then, according to (5)
and (6), the asymptotic dissipation d; , is 10350.66J/m’,
and the energy tolerance to failure E is 1.88 x10°J/m’.

6. Conclusion

A kind of polyaniline-polyvinyl alcohol composite gels used
in the strain sensor is fabricated by the cyclic freezing/
thawing in-situ polymerization method. The microstructure
of freeze-drying polyaniline/polyvinyl alcohol composite
gels is investigated by SEM, which shows some small holes
caused by the water loss. As measured by the stress relax-
ation testing, the rheological parameters such as the
equivalent elastic coefficient and relaxation time are
0.00198 MPa/mm and 109 seconds, respectively. The stress-



strain relationship is also displayed under static tension in
this paper. A novel experimental device is proposed to run
the dynamic-cyclic tests. The cyclic properties are measured
by the thermal-graphic technique, and fatigue parameters
like the asymptotic temperature increment, asymptotic
dissipation, and energy tolerance to failure are 0.156°C,
10350.66 J/m’, and 1.88 x 10 J/m”’, respectively.
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