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Abstract: The properties of polyvinyl alcohol (PVA)/short carbon fibers (SCFs) electroactive shape memory composites
after the addition of Tween80 were studied. The results showed that the addition of Tween80 caused a decrease in the
electrical conductivity of the composites, and the conductivity of the composites decreased gradually with the increase
of the Tween80 content. The addition of Tween80 significantly improved the deposition of SCFs in the matrix, which
had a certain effect on the homogeneity of the composites. When the addition of Tween80 was 4%, it had the best tensile
strength. The composite still showed good shape recovery properties under conductive conditions, while the shape fixity
ratio has decreased. In addition, a smart gripper which could realize grasping action under electric stimulation was
designed. The above results indicated that PVA/SCFs composites with appropriate Tween80 content could provide greater
possibility for the potential application in the field of soft grippers.

Keywords: composites, tensile properties, shape memory properties, self-folding, soft gripper.

Introduction

Shape memory polymers (SMPs) are intelligent materials
that can respond to external stimuli and achieve autonomous
shape recovery.! The stimulation methods of SMP materials
include temperature, electric field, magnetic field, light, ph,
etc.”® SMPs have many excellent properties, such as low price,
strong deformation ability, adjustable glass transition tempera-
ture and so on, and have shown great application value in intel-
ligence structure, aerospace, biomedical, and many other fields.”
However, SMPs have some disadvantages, such as low defor-
mation stiffness and low shape recovery stress.'” But SMPs
can be compounded with other functional materials to make
shape memory polymer composites, which can make up for
the shortcomings of SMPs while giving it the ability to achieve
intelligent deformation under various external stimuli."! Among
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many stimulation methods, electrical activation has become an
important branch of research due to its advantages of remote
actuation, adjustable actuation voltage, designable structure
and fast response. Essentially, the electro-induced shape mem-
ory effect is an entropy phenomenon, and its mechanism is
basically similar to that of the thermally-induced shape mem-
ory effect."*"* SMPs are not electrically conductive, but it forms
a continuous internal conductive network after being com-
pounded with conductive fillers, making it have conductive
characteristics." The characteristic of conductive shape mem-
ory polymer composites is to realize electrically driven defor-
mation by using Joule thermal effect under the condition of
electrical stimulation. Electrically driven shape memory poly-
mer composites have shown great potential for applications in
soft robots, self-folding structures, actuator and so on.'*"
Various conductive fillers are usually embedded in non-con-
ductive polymer systems to obtain electroactive shape memory
properties. Most conductive fillers are carbon-based materials,
such as graphene, carbon nanotubes (CNTs), carbon black
(CB) and short carbon fibers (SCFs)."** Compared with other
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conductive fillers, SCFs are easier to form a continuous net-
work in the matrix, and the composites have stronger con-
ductivity. In the previous study, we introduced SCFs to
reinforce PVA matrix composites. Compared with pure PVA,
its mechanical properties and shape memory properties have
been improved.” However, after PVA was compounded with
a certain amount of SCFs, it was found that SCFs in PVA had
obvious uneven dispersion and deposition, which led to a
decrease in the mechanical properties of the composite. The
dispersion of SCFs in PVA would affect the uniformity of the
composite, and the uniformity is an important factor affecting
the property of the composite. The carbon nanofibers (CNFs)
were preprocessed by chemical modification and physical
treatment to achieve better dispersion quality in the solution.?*
Guadagno ef al.” showed that high temperature heating could
significantly reduce the permeability threshold and improved
the conductivity by enhancing the stiffness and smoothness of
the CNFs surface. However, this CNFs surface treatment reduced
its mechanical properties. Nie et al.*® found that silanization of
CNFs by APTES could effectively enhance the tensile strength
of the composite, while its electrical conductivity was greatly
reduced compared to the untreated ones. However, the effect
of these treatments on the final electrical and mechanical prop-
erties of composites are not always positive. Tween80 as a dis-
persant, which can evenly disperse inorganic solid particles
that are difficult to dissolve in liquid, and can prevent the sed-
imentation of particles. Kato et al.*’ used Tween80 to stabilize
the dispersion of single-walled carbon nanotubes (SWCNTs)
and observed that the dispersion of SWCNTs/Tween80 aque-
ous solution was very stable for at least 3 weeks.

In this study, Tween80 was introduced into the PVA-based

PVA Stirring

|

Stirring

Mix

Deionized water

T=95°C

SCFs + Tween80

Ultrasonic

# dispersion
Mix
—_—

Deionized water

Removing air
bubbles

electroactive SMP. The properties of PVA/SCFs/Tween80 com-
posites were studied by mechanical and electrical conductivity
measurement. Finally, their electrical induced shape memory
property was studied. In application, a smart grabber composed
of three self-folding structures was prepared, which could suc-
cessfully grab a ball with a mass of 14.5 g. The addition of
Tween80 with appropriate content has improved the mechan-
ical properties of the composite and made it have greater appli-
cation potential in the field of soft grippers.

Experimental

Materials. Short carbon fibers (SCFs) were purchased from
Easy Composites Ltd. and used as conductive fillers. Polyvinyl
alcohol (PVA) purchased from Sinopharm Chemical Reagent
Co., Ltd with a degree of polymerization about 1700 was used
for the preparation of composites (polymer matrix material).
Tween80 purchased from Sinopharm Chemical Reagent Co.,
Ltd. and was used as a dispersant.

Preparation of PVA/SCFs/Tween80 Composites. PVA/
SCFs/Tween80 composites were prepared by solution-casting
method. Dissolved the PVA in deionized water at 95 C and
stirred with a magnetic stirrer for 2 hours until a clear solution
was obtained. The required amount of SCFs and Tween80
were mixed and dispersed in water for ultrasonic treatment for
2 h. Then, the SCFs/Tween80/water dispersion was added to
the PVA solution and stirred for 6 hours until PVA/SCFs/
Tween80 achieved uniform dispersion.

The uniform dispersion of PVA/SCFs/Tween80 was put into
a vacuum dryer to remove bubbles. Finally, the uniform dis-
persion of PVA/SCFs/Tween80 was poured into a glass petri
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Figure 1. Schematic illustration of the PVA/SCFs/Tween80 composites fabrication.
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Table 1. Composition Ratios of PVA/SCFs/Tween80 with Different

Contents (unit: wt%)
Sample PVA ratio SCFs ratio Tween80 ratio
TO 90 10 0
T2 88 10 2
T4 86 10 4
T6 84 10 6
T8 82 10 8

dish then dried it in an oven at 60 C for 6 hours. After the
water was fully evaporated, the required composite films were
obtained. The preparation process of PVA/SCFs/Tween80
composites is illustrated in Figure 1. In the paper, different feed
compositions were used to prepare these composites. We use
TX to express the composites containing the content of X%
Tween80 in Table 1.

Methods. The dispersion state of PVA/SCFs/Tween80 com-
posites with different Tween80 content were observed by opti-
cal microscope (Eclipse Ti-U, Nikon Instruments Inc.). The
interfacial structure was observed by scanning electron micros-
copy (SEM, SHU-SU1510) after gold coating. SEM images
were obtained by applying an accelerating voltage of 15 kV.
For the mechanical properties of PVA/SCFs/Tween80 com-
posites, the tensile test of the composites was carried out using
the electronic universal material testing machine (wdwel00)
according to ASTM D638 standard. The composites were cut
into strips of 10 mm wide and 40 mm long with a razor blade.
Three samples were tested for each composite. The resistances
of the samples were measured with a universal meter VC890
(Shenzhen, China). Similarly, three samples of each composite
were measured for resistance.

Shape Memory Behaviors. The shape memory behaviors
of PVA/SCFs/Tween80 composite samples were studied by
bending test under the condition of electrical activation. The
first step was to constrain the PVA/SCFs/Tween80 composite
sample to bend into an "L" shape when heated above its 7,.
The bending angle of the sample was recorded as 6. The
second step was to stop heating until the sample cooled to room
temperature and maintained the "L" shape under constraint for
a period of time. The third step was to remove the constraint
and fixed the "L" shape. The bending Angle was recorded as
0. The fourth step was to heat the sample above 7, and restored
the original shape through the restoring force generated by the
shape memory polymer. The final recovery angle and recovery
time were recorded as 6, and ¢, respectively. The shape fixity
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ratio R; and the shape recovery ratio R, could be calculated as
following relations:

.
Rf:et x100% )]
R, = gfgfe‘x 100% Q)

Results and Discussion

Longitudinal Section Morphology. The optical image of
the longitudinal section of PVA/SCFs/Tween80 composites are
shown in the Figure 2. From the optical image, it could be seen
that SCFs with different content of Tween80 had different dis-
persion in the PVA matrix. Figure 2(a) clearly shows that SCFs
in the PVA/SCFs sample without Tween80 has more depo-
sition at the bottom. The optical image shown in Figure 2(b)-
(e) shows the effect of different Tween80 content on the dis-
persion of SCFs in the PVA matrix. The added Tween80 would
be adsorbed on the surface of SCFs, so that the SCFs were
coated with a layer of polyelectrolyte, which acted as an elec-
trostatic steric hindrance to achieve dispersion. It could be seen
that the addition of Tween80 improves the deposition of SCFs
in the matrix to a certain extent. Moreover, the dispersion of
SCFs in the matrix was improved with the increase of Tween80
content in a certain range.

Tensile Properties. Tensile tests were carried out to study
the tensile properties of composite samples and the results are
shown in Figure 3. The common yield phenomenon and uni-
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Figure 2. Optical images of the longitudinal section of samples at
a magnification of 4x: (a) TO sample; (b) T2 sample; (c) T4 sample;
(d) T6 sample; (e) T8 sample.
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Figure 3. Tensile properties of PVA/SCFs/Tween80 composites with different Tween80 contents: (a) stress-strain curves of PVA/SCFs/
Tween80 composite films; (b) tensile strength, Young’s modulus of PVA/SCFs/Tween80 composites.

form elongation were observed in all samples. The results
demonstrate that T4 sample has the highest tensile strength and
highest Young’s modulus, 45.911 and 396.65 MPa respectively.
Compared with TO sample, the two indicators were enhanced
by 48% and 76% respectively. The uniform dispersion of SCFs
in PVA avoided the stress concentration caused by agglom-
eration, made the stress uniformly distributed and facilitated
the transfer of stress, thus improving the mechanical properties
of the composite. With the increase of Tween80 content, the
Young’s modulus and tensile strength of the sample increased
first and then decreased. There were two possible reasons for
the decrease of tensile strength and Young’s modulus of T6
and T8 samples. The first reason was that excessive Tween80
would not help the dispersion of the composite and reduced the
content of PVA relatively. The second reason was that the excess
Tween80 would precipitate a small amount of SCFs on the
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upper surface of the film during the drying process, and caused
obvious uneven thickness of the film after the composite was
dried. This finding suggests that the appropriate amount of
Tween80 in the PVA/SCFs composite can improve the uni-
formity and mechanical properties of the composite.
Electrical Properties. As shown in the Figure 4(a), the rela-
tionship between the distance and resistance of five samples
with conductive network were determined. The length of the
sample was 40 mm. The resistance of the sample was mea-
sured every 5 mm and repeated five times. The average of these
five values was the valid data. It could be found that the resis-
tance of the sample increased linearly with the increase of dis-
tance. With the increase of Tween80 content, the resistance
value of the sample decreased gradually. Four-point probe
(FPP) was used to detect the electrical conductivity of the sam-
ple.® With the increase of Tween80 content, the electrical con-
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Figure 4. Electrical properties of PVA/SCFs/Tween80 composites with different Tween80 contents: (a) resistance curves; (b) electrical con-

ductivity.
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ductivity of PVA/SCFs/Tween80 decreased gradually. There
was a clear downward trend when the added Tween80 content
was 0-6%. The conductivity of T6 sample decreased by 4.5
times compared to TO sample. when the Tween80 content con-
tinued to increase, the downward trend of electrical conductivity
slowed significantly. The source of electrical conductivity was
the formation of SCFs conductive path in PVA matrix. Adding
proper amount of Tween80 helped the longitudinal dispersion
of SCFs in the PVA matrix, resulting in a decline in electrical
conductivity.

The relationship between surface temperature and applied
voltage of TO, T2, and T4 samples are shown in Figure 5. The
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Figure 5. Content of Tween80 affects the heating rate of the sample
at: (a) 5V; (b) 7V; (¢) 9 V.
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surface temperature of composite films was measured with a
digital thermocouple (VC890, China) at 5, 7, and 9 V voltages.
Over time, the surface temperature continued to rise due to the
joule heat generated by the electric current. Obviously, the lower
the resistance, the more joule heat generated at the same volt-
age. At 9 V voltage, the T0, T2, and T4 samples all reached the
temperature of 7, (52.6 C) before 30 s, which satisfied the
requirement of realizing the electroactive shape memory effect
on the PVA/SCFs/Tween80 composites.”> However, under the
voltage of 7 V, the T2 sample needed to be energized for more
than 75 s to reach T,, while the T4 sample failed to reach 7,
because of its high resistance and the temperature did not rise
when the heat generation and heat dissipation were balanced.
On the other hand, higher voltages caused surface temperatures
to rise faster. In summary, voltage and electrical conductivity
were the key factors affecting shape memory effect.

To further understand the relationship between electrical
properties and structures, the morphology of PVA/SCFs/Tween80
composites was studied by scanning electron microscopy, as
shown in Figure 6. It revealed the microstructure of samples
with different contents of Tween80, whose SCFs particles were
uniformly distributed in the PVA matrix and showed the con-
ductive networks on the bottom surface of the composites. It is
obvious that with the increase of the Tween80 content, the
shape of SCFs gradually became blurred and the conductive
network began to disappear in Figure 6(a)-(d). The addition of
Tween80 caused SCFs to be evenly dispersed throughout the
longitudinal section, resulting in a decrease in SCFs deposited
on the bottom surface. All these factors led to the decline of

Figure 6. Scanning electron microscopy images for the internal
conductive networks of (a) T2 sample; (b) T4 sample; (c) T6 sample;
(d) T8 sample.
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@ t=0s

Initial state

Figure 7. Shape memory progress of T4 sample: (a) initial state; (b)
t=0s; (c) t=28s; (d) t=40s.

electrical performance.

Shape Memory Properties. Electroactive shape memory
property is an important property of composites in application
field. Figure 7 shows the shape memory process of T4 sample
at 9 V voltage. It was found that when heated for the first time,
the sample would bend spontaneously at a small angle. The
cause of this phenomenon could be attributed to the release of
internal stress during film formation. Under the constraint, the
sample was bent into an "L" shape when heated above its 7.
During the shape recovery process, the sample began to recover
from to 10 s and spontaneously returned to its initial shape
within 40 s.

As shown in Figure 8(a), the shape recovery ratio versus
time curve of TO, T2 and T4 samples under 9 V voltage. It
could be seen that the TO sample only took 20 s from the tem-
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porary shape to the original shape, while the T4 sample took
40 s. Due to the electrical conductivity of T4 sample was the
lowest, it took more time to reach 7, at the same voltage. With
the increased of Tween80 content, it took more time to com-
plete the shape memory recovery process. At the same time,
PVA/SCFs/Tween80 composite maintained a high shape recov-
ery ratio.

As shown in Figure 7(b), under the same voltage stimulation,
R; decreased with the increase of Tween80 content, while there
was no significant change in R. The values of R; were 97.9%,
96.7%, and 95.1% respectively. The value of R, remained
around 93.7%. PVA/SCFs/Tween80 composites could dissolve
in boiling water which showed that the crosslink in the com-
posites could be composed of hydrogen bond. When the Tween80
blended with PVA, the molecular interaction between Tween80
and PVA would affect the crystallization of PVA. The hydro-
gen bonding between the two materials reduced the crystal-
linity of PVA, resulting in a decrease in its shape fixity
ratio.

Application in Soft Gripper. Advances in soft robotics and
materials science have made rapid progress in soft grabbers.
End-effectors made of flexible and flexible parts can usually
grip or manipulate more kinds of objects than rigid grippers.!
In this paper, appropriate Tween80 was added to PVA/SCFs
composite to improve the Young’s modulus and correspond-
ingly improve its stiffness. Based on the above analysis and
research, the composites with Tween80 have better mechanical
properties. Therefore, PVA/SCFs/Tween80 composite was used
as a flexible actuator to design a soft grabber. As shown in the
Figure 9(a)-(b), the soft grabber was composed of three self-
folding structures, each structure was composed of three parts,
which were flexible actuator, assembly part and rigid part at
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Figure 8. Shape memory behavior of the composites: (a) Shape recovery ratio versus time under 9 V voltages; (b) shape fixity ratios and

shape recovery ratios.
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(a) o assembly part (b)
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e

- Rigidpart

Figure 9. Structural design diagram and physical demonstration dia-
gram of soft gripper: (a) electrical stimulation deformation of single
self-folding structure; (b) schematic diagram of soft grabber; (c) the
initial state of the soft gripper; (d) soft gripper in operation.

the end of the actuator. Matching parts and rigid parts were
manufactured by 3D printing. Rigid parts could be replaced
according to different kinds and shapes of objects grasped by
the soft grabber, to expand the application range of the soft
grabber.

The three self-folding units need to have the same electrical
conductivity and shape memory characteristics to achieve
simultaneous deformation. The three units were connected in
parallel to ensure the same working voltage. As shown in Fig-
ure 9(c), three units were first programmed into a straight shape.
After the power was turned on, the soft gripper would gradually
realize the gripping action. The resistance of the three units
was 86.5, 85.4, and 85.9 Q respectively, and the resistance of
the parallel circuit was 28.6 Q. Activate the soft gripper with
a voltage of 9 V. A printed ball with a diameter of 30 mm and
amass of 14.5 g was selected as the target. As shown in Figure
8(d), the soft gripper successfully completed the grab task within
30 seconds.

Conclusions

In this paper, the properties of PVA/SCFs/Tween80 elec-
troactive shape memory composites were studied through a
series of experiments. The results showed that the electrical
conductivity of the composite decreased with the addition of
Tween80. When the Tween content was more than 6%, the
decline trend of the electrical conductivity slowed down obvi-
ously. The deposition of SCFs in matrix was improved obvi-
ously by adding Tween80. When the addition of Tween80 was
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4%, the tensile strength and Young's modulus of the composite
were the best. The PVA/SCFs/Tween80 composite still showed
good shape recovery properties under conductive conditions.
Based on these results, adding the appropriate proportion of
Tween80 had a positive effect on the mechanical properties of
PVA/SCFs/Tween80 composites. A soft gripper based on three
self-folding structure was designed, which successfully grabbed
a ball with a mass of 14.5g.

In conclusion, the PVA/SCFs/Tween80 composites have great
potential in the field of soft grippers. The future work will fur-
ther study the relationship between Tween80 content and other
factors affecting the dispersion of the composite, and optimize
the preparation process of the composite to further improve the
mechanical properties.
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