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Functionally graded carbon nanotube and nafion/silica
nanofibre for electrical actuation of carbon fibre

reinforced shape memory polymer

Purpose — To study the synergistic effect of self-assembled carboxylic acid-functionalised
carbon nanotube (CNT) and nafion/silica nanofibre nanopaper on the electro-activated
shape memory effect (SME) and shape recovery behaviour of shape memory polymer (SMP)

nanocomposite.

Design/methodology/approach — Carboxylic acid-functionalised CNT and nafion/silica
nanofibre are first self-assembled onto carbon fibre by means of deposition and
electrospinning approaches, respectively, to form functionally graded nanopaper. The
combination of carbon fibre and CNT is introduced to enable the actuation of the shape

memory effect in SMP by means of Joule heating at a low electric voltage of 3.0-5.0 V.

Findings — Nafion/silica nanofibre is employed to improve the shape recovery behaviour
and performance of the SMP for enhanced heat transfer and electrical actuation
effectiveness. Low electrical voltage actuation and high electrical actuation effectiveness of
32.5% in SMP has been achieved.

Research implications - A simple way for fabricating -electro-activated SMP
nanocomposites has been developed by using functionally graded CNT and nafion/silica

nanofibre nanopaper.

Originality/value — The outcome of this study may help the fabrication of SMP composites

with high electrical actuation effectiveness under low electrical voltage actuation.

Keywords Carbon nanotube, Electrical actuation, Nafion/silica nanofibre, Shape memory

polymer

Paper type Research paper

Introduction

Shape memory polymer (SMP) is one of the more fascinating stimulus responsive materials
which are able to respond to a particular stimulus by means of altering their physical
and/or chemical properties (Mather et al., 2009; Xie, 2011; Sun et al., 2012). Research and

development on SMPs have become a very hot topic in recent years due to their excellent



and exciting properties, from high elastic strain, light weight, tailorable transition
temperature, to a wide range of mechanical and physical properties (Lendlein and Langer,
2002; Meng and Hu, 2009; Liu et al., 2009; Lu and Gou, 2012; Hu et al., 2012; Zhao et al., 2012;
Lu et al., 2013a; Lu et al., 2014a). SMPs are featured with the classic shape memory effect
(SME), which enables the temporary shape to be virtually held unless a suitable stimulus is
applied to induce the shape recovery (Rousseau, 2008; Nguyen et al., 2008; Xie 2010; Huang
et al.,, 2010). In SMPs, the dual-segment/domain system is essential for the SME to
maintain the temporary shape and to response to the external stimulus (Lu and Huang,
2013a; Lu and Huang, 2013b; Lu et al., 2013b; Sun et al., 2014; Lu and Du, 2014). Upon
heating to above the transition temperature of the SMPs, the transition segment becomes
soft and can be deformed to a temporary shape. On the other hand, the elastic segment
could effectively prevent the SMP from returning back to its original shape due to the stored
mechanical energy, which is the driving energy for the SME (Lendlein and Kelch, 2002;
Dietsch and Tong, 2007). Since discovery of SMPs, tremendous progresses in chemical
synthesis, characterisation, structure design, modelling and simulation of shape recovery
behaviour have promoted the fast development of SMP materials (Tobushi et al., 2001;
Miaudet et al., 2007; Sun and Huang, 2010; Maitland et al., 2002; Gall et al., 2004; Paik et al.,
2006; Lan et al., 2009; Liu et al., 2009). Another major achievement related to SMPs is the
actuation approach. Stimuli for SMPs include direct heating, Joule heating, induction
heating, light, moisture or solvent etc (Ma, et al., 2013; Bellin et al., 2006; Tobushi et al., 2008).
In these actuation approaches, the electrical actuation of SMPs by the electrically resistive
Joule heating is desirable for many practical and potential applications, especially where
direct heating is not conveniently achieved (Lantada et al., 2010). Therefore, a great number
of research works have been carried out to achieve the electrical actuation of SMPs (Lu et al.,
2009; Lu et al., 2010; Luo and Mather, 2010; Le et al., 2011; Lu et al., 2011b; Lu et al., 2011a;
Fejos et al., 2012; Lu, 2012a; Lu, 2012b; Fejos and Karger-Kocsis, 2013; Lu et al., 2013; Lu et al.,
2013c; Lu et al., 2014b). In practice, the use of a variety of electrically conductive filler is
essential for the electrically conductive SMP composites due to the fact that most pristine
SMPs are inertness to electricity. However, previous works have focused on the
applicability of the SMP composite to be induced by the electrically resistive Joule heating.
Thus, a variety of electrically conductive particles, fibres, electromagnetic particles, carbon-
based nanopaper and mat have been embedded into the SMP matrix. Here, the lower
electrical resistivity, the lower electric voltage was applied on the SMP composites to enable
the electrical actuation to be conveniently achieved. Currently, it is essential to improve the

electrical actuation with a high effectiveness, such as high recovery speed with low electric



voltage, high recovery performance, uniform temperature distribution, high conductivity of
electrically resistive Joule heating, to explore the great potential application of electrically

conductive SMP composite.

In this study, we also aim at the electrical actuation with recovery performance and low
energy loss. CNT and nafion/silica nanofibre was initially grafted onto the carbon fibre to
form a functionally graded layer. Carbon fibre worked as the electric conductor to produce
the electrically resistive Joule heat. CNT lay worked as the thermal conductor and was
used to transfer the Joule heat to the underlying SMP matrix. On the other hand, the
nafion/silica nanofibre worked as the thermal insulation to postpone the electrically
resistive Joule heat exchanging between carbon fibre and the environment. Consequently,
a series of experimental tests was carried out to characterise and analyse the electro-
activated recovery performance and actuation effectiveness of SMP composite. The study
was expected to provide an effective approach to significantly improve the actuation

effectiveness of SMP nanocomposite induced by electrically resistive Joule heating.

Experimental

CNTs were received in powder form and had a diameter of 10-20 nm and a length of 1-15
pm. CNTs were firstly dispersed into distilled water with a non-ionic surfactant
C1aH20(CoH4O)n.  The surfactant had a hydrophilic polyethylene oxide group and a
hydrocarbon hydrophobic group to aid the dispersion of CNTs in the distilled water. The
CNT suspension was sonicated at 25°C for 20 minutes at an ultrasound power level of 300W.
Two duty cycles were applied for the dispersion of CNTs. The CNF suspension was then
filtered with a piece of hydrophilic polycarbonate membrane with the aid of a positive
pressure of 0.6 MPa. After this, nafion solution and silica sols were mixed into a HCI
(36.7%) solution as electrospun sols. The nafion/silica composite nanofibre (in a weight
ratio of 40:60) was electrospun onto the opposite surface of the carbon fibre using a roller
electrostatic spinning apparatus. In the process of electrospinning, the applied electric
voltage between collector and electrode was kept at 30 kV. The electrode-to-collector
distance was 15 cm, and the electrode rotation rate was 3 rpm. Following this, nafion/silica

nanofibres were treated at 120°C for 2 hours to remove residue solvent.

An epoxy-based thermoset SMP resin was used to fabricate the composite via resin
transfer moulding technique. Five carbon fibre mats incorporated with functionally graded
CNT and nafion/silica nanofibre (at weights of 0 g, 0.08 g, 0.10 g, 0.12 g, 0.14 g, respectively)
were prepared to reinforce the polymer matrix. After filling the mould, the mixture was

cured at a 100°C and kept at that temperature for 5 hours before being ramped to 120°C at



20°C per 180 minutes. Finally, it was heated to 150°C at 30°C per 120 minutes to produce
the final SMP composites.

Results and discussion
Morphology of nafion/silica nanofibre composite onto carbon fibre

Scanning electron microscopy (SEM) was used to characterise the morphology and structure
of nafion/silica nanofibre assembly, as shown in Figures 1, which provides a typical surface
view of the nafion/silica nanofibre at scale of 20 pm. Hybrid nafion/silica nanofiber with a
belt structure having a diameter ranging from 2 to 5 pm was observed. No large aggregate
of nanofibre and a multi-scale porous structure was found. A network structure was
formed by the mechanical interlocking between individual nanofibre. The composite
nafion/silica nanofibre was uniformly coated on the entire surface of carbon fibre [shown in
Figure 1(a)]. Therefore, the assembly of nafion/silica nanofibre is expected to prevent the
heat transfer and exchange from the underlying carbon fibre to the atmosphere due to their
thermally resistive properties. In our previous report, hybrid nafion/silica nanofibre with
low thermal conductivity was found to have a good thermal stability to resist to 600°C (Yao
et al., 2015). In the electropinning process, nafion nanofibres were rearranged and coated
on surface of the silica nanofibre as a shell under a high electric voltage. Strong chemical
bond formed between nafion and silica nanofibres. The excellent thermal insulation is
attributed to the porous structure and the strongly chemical bonding between sulphonic

group and silanol group of the silica and nafion, respectively.
Effect of nafion/silica nanofibre on the temperature distribution in carbon fibre mat

The nafion/silica nanofibre was employed to postpone the heat transfer, reduce the loss
dissipation and therefore improve the electrical actuation effectiveness. Electric voltages of
3.0V,4.0 V and 5.0 V were applied on the carbon fibre mat grafted with 0.08 g CNT and 0.08
g nafion/silica nanofibre. The temperature distribution in both the CNT and the
nafion/silica nanofibre surfaces is recorded as a function of heating time, as shown in Figure
2. It was found that the temperature distribution in CNT surface is higher than that in the
nafion/silica nanofibre surface under the same electric voltage. The temperature
distribution in the CNT surface reached 77.14°C, 135.14°C and 195.11°C within a heating
time of 180 seconds with an electric voltage of 3.0 V, 4.0 V and 5.0 V, respectively. On the
other hand, it reaches 69.74°C, 127.69°C and 186.79°C in the nafion/silica nanofibre surface.
These experimental results are attributed to the thermally resistive nafion/silica nanofibre,
of which the thermal conductivity is low and postpones the heat transfer from the carbon

fibre mat to the environment.



Furthermore, the effect of weight concentration of nafion/silica nanofibre on the
temperature distribution in carbon fibre mat has been studied and characterised. Figure
3(a) plots the relationship between the temperature and the heating time of the carbon fibre
mat grafted with 0.08 g nafion/silica nanofibre and CNT (0.06 g, 0.08 g and 0.12 g,
respectively). It could be seen that with an increase in the weight content of CNT, the
temperature is gradually increased against the heating time under an electric voltage of 3.0
V. Experimental results also revealed that more electrically resistive heat had been
transformed due to the increase in weight concentration of CNT, resulting from the
temperature distribution having been raised. However, with the decrease in the weight
concentration of nafion/silica nanofibre (where the weight concentration of CNT increased),
the difference in the temperature distribution between CNT and nafion/silica nanofibre

surfaces was significantly decreased. The effective energy ratio is determined by the

difference in temperature distribution of CNT surface (T,

oy ) and nafion/silica

yp—y
) as expressed as: —“L—25 x100%. Such a parameter is used

CNT

nanofibre surface (T

to characterise the amount of electrically resistive heat that is required to induce the SME in
SMP, which has been employed to characterise the difference in the temperature distribution
between two surfaces, as shown in Figure 3(b). These experimental results demonstrate
that the nafion/silica nanofibre could be useful to postpone the heat transfer and reduce the
loss dissipation. With a decrease in the weight concentration of nafion/silica nanofibre
(where the increase in the weight concentration of CNT), the effective energy ratio is
approximately decreased from 32.5% to 5%. The thermally resistive nafion/silica nanofibre
plays a critical role in enhancing the effective energy ratio of the electrical actuation of SMP

nanocomposite by means of electrically resistive heat.
Effect of CNT on the temperature distribution in carbon fibre mat

The nafion/silica nanofibre has been proven to have the potential of improving the electrical
actuation effectiveness for the SMP nanocomposite by means of electrical actuation,
according to its good heat resistant and low loss dissipation. The effect of CNT on
temperature was also necessary to be investigated. In the measurement of temperature
distribution, it has been collected from the nafion/silica nanofibre surface under an electric
voltage of 2.0 V via an infrared camera. The temperature distribution in the nafion/silica
nanofibre surface is monitored as a function of heating time, as revealed in Figure 4.
Experimental results show that the temperature in the nafion/silica nanofibre surface is

decreased from 66.30°C, 66.23°C, 53.92°C, 50.53°C to 47.36°C with an increase in the weight



content of CNT raised from 0.06 g, 0.08 g, 0.10 g, 0.12 g to 0.14 g, respectively. These
experimental results could be contributed to the excellently electrical conductivity of the
CNT. When the electric current is transformed into the electrically resistive heating in the
carbon fibres, the electrically resistive energy is easier to transferring from the carbon fibres
to the CNT part than the nafion/silica nanofibre due to their difference in the thermally
conductive properties. Here, the amount of the electrically resistive energy is raised to
transfer to the CNT part as an increase in the weight content of the CNT. Therefore, the
amount of electrically resistive energy transferred to nafion/silica nanofibre part is

decreased, resulting in the temperature distribution significantly being decreased.
Electrically triggered shape recovery performance

The SMP nanocomposite specimen had a permanent flat shape (with a dimension of
60x60%15 mm?3). After the test nanocomposite was heated above 120°C, it was bent into a
“U” shape under an external force. A constant 4.0 V DC voltage was applied to the
deformed specimen. Snapshots of the shape recovery sequence are shown in Figure 5.
The test SMP nanocomposite specimen took 150 seconds to complete the shape recovery
from the temporary deformation shape. It showed a small recovery ratio during the first 30
seconds. On the other hand, it exhibited faster recovery behaviour until 120 seconds and
no noticeable deformation could be further found. Finally, the SMP nanocomposite
regained its permanent shape and the recovery ratio is approximate to 92% compared with
its permanent shape by means of the electric current. As can be seen from the images
presented, the SMP nanocomposite was heated by the electrically resistive heat and the
temperature in specimen was increased above the transition temperature of SMP matrix,
resulting into a shape recovery. It should be noted that the increased electric current could
raise the shape recovery speed of the tested specimen under the same electric voltage due to

the high electric power based on the Ohmic rule.

To further characterise the synergistic effect of CNT and nafion/silica nanofibre on the
electrical actuation behaviour of the SMP nanocomposite, a comparison in electrical
actuation of SMP nanocomposite was carried out under an electric voltage of 3.0 V, 4.0 V
and 5.0 V, respectively, as shown in Figure 6. Experimental results reveal that the SMP
nanocomposite show a faster heating speed (in 50 s) under an electric voltage of 5.0 V, while
that of SMP nanocomposite are 90 seconds and 100 seconds under the electric voltage of 4.0
V and 3.0 V, respectively. These experimental results are attributed to the Ohmic rule, that
is the higher electric voltage, the higher electric power applied, resulting in the SMP

nanocomposite being heated above its transition temperature and the SME driven by the



electrically resistive heat. Furthermore, the large difference in the electrical and thermal
conductivities between carbon fibre and SMP matrix has been complimentary owing to the
synergistic effect of CNT and nafion/silica nanofibre. The applied electric voltage could be
increased to accelerate the recovery speed of the SMP nanocomposite induced by the
electrically resistive heating. Otherwise, the interface between the carbon fibre and SMP
matrix would be thermally damaged. Thus, the electrically induced shape recovery
performance of the SMP nanocomposite has been significantly improved by the synergistic

effect of CNT and nafion/silica nanofibre.

Conclusions

A series of experiments were conducted to study the synergistic effect of CNT and
nafion/silica nanofibre on electrical actuation of carbon fibre reinforced SMP nanocomposite,
of which the actuation was achieved by electrically resistive heating. CNTs were grafted
onto the carbon fibre to help the heat transfer from carbon fibre to the SMP matrix.
Nafion/silica nanofibre composite was electrospun onto opposite surface of carbon fibres to
significantly improve the temperature distribution and shape recovery performance of the
carbon fibre reinforced SMP nanocomposite. Furthermore, the effects of the weight content
of CNT and nafion/silica nanofibre on the temperature distribution and shape recovery
performance have been systematically investigated and discussed. A critical role of the
nafion/silica nanofibre in improving the electro-activated shape recovery behaviour has

been summarised.

Conflict of Interest

The authors declare no conflict of interest.
References

Bellin, I., Kelch, S., Langer, R. and Lendlein, A. (2006), “Polymeric triple-shape materials”,
Proceedings of the National Academy of Science of the United States of America, Vol. 103 No.
48, pp. 18043-7.

Dietsch, B. and Tong, T. (2007), “A review-features and benefits of shape memory polymers

(SMPs)”, Journal of Advanced Materials, Vol. 39 No. 2, pp. 3-12.

Gall, K., Kreiner, P.,, Turner, D. and Hulse, M. (2004), “Shape-memory polymers for
microelectromechanical systems”, Journal of Microelectromechanical Systems, Vol. 13 No.

3, pp. 472-83.



Fejos, M. and Karger-Kocsis, J. (2013), “Shape memory performance of asymmetrically
reinforced epoxy/carbon fibre fabric composites in flexure”, eXPRESS Polymer Letters,

Vol. 7 No. 6, pp. 528-34.

Fejos, M., Romhany, G. and Karger-Kocsis, J. (2012), “Shape memory characteristics of
woven glass fibre fabric reinforced epoxy composite in flexure”, Journal of Reinforced

Plastics and Composites, Vol. 31 No. 22, pp. 1532-7.

Hu, J.L.,, Meng, H., Li, G.Q. and Ibekwe, S.I. (2012), “A review of stimuli-responsive
polymers for smart textile applications”, Smart Materials and Structures, Vol. 21 No. 5, p.

053001.

Huang, W.M., Ding, Z., Wang, C.C., Wei, J., Zhao, Y. and Purnawli, H. (2010), “Shape
memory materials”, Materials Today, Vol. 13 No. 7-8, pp. 54-61.

Lantada, A.D., Morgado, P.L., Sanz, ].L.M., Garcia, ].M., Munoz-Guijosa, ].M. and Otero, ].E.
(2010), “Intelligent structures based on the improved activation of shape memory

polymers using Peltier cells”, Smart Materials and Structures, Vol. 19 No. 5, p. 055022.

Lan, X., Liu, Y.J.,, Lv, H.B.,, Wang, X.H., Leng, J.S. and Du, S.Y. (2009), “Fibre reinforced
shape-memory polymer composite and its application in a deployable hinge”, Smart

Materials and Structures, Vol. 18 No. 2, pp. 24002-7.

Le, H.H., Osazuwa, O., Kolesov, L, Ilisch, S. and Radusch, H.J. (2011), “Influence of carbon
black properties on the Joule heating stimulated shape-memory behaviour of
filledethylene-1-octene copolymer”, Polymer Engineering & Science, Vol. 51 No. 3, pp.
500-8.

Lendlein, A. and Langer, L. (2002), “Biodegradable, elastic shape memory polymers for
potential biomedical applications”, Science, Vol. 296 No. 5573, pp. 1673-6.

Lendlein, A. and Kelch, S. (2002), “Shape-memory polymers”, Angewandte Chemie
International Edition, Vol. 41 No. 12, pp. 2034-57.

Liu, Y.J., Lv, H.B,, Lan, X,, Leng, ]J.S. and Du, S.Y. (2009), “Review of electro-active shape-
memory polymer composite”, Composites Sciences Technology, Vol. 69 No. 13, pp. 2064-8.

Lu, H.B. (2012a), “A simulation method to analyze chemo-mechanical behaviour of
swelling-induced shape-memory polymer in response to solvent”, Journal of Applied

Polymer Science, Vol. 123 No. 2, pp. 1137-46.



Lu, H.B. (2012b), “State diagram of phase transition temperatures and solvent-induced
recovery behaviour of shape-memory polymer”, Journal of Applied Polymer Science, Vol.

127 No. 4, pp. 2896-904.

Lu, H.B. and Du. S.Y. (2014), “A phenomenological thermodynamic model for the chemo-
responsive shape memory effect in polymers based on Flory-Huggins solution theory”,

Polymer Chemistry, Vol. 5 No. 4, pp. 1155-62.

Lu, H.B. and Gou, J.H. (2012), “Study on 3-D high conductive graphene buckypaper for
electrical actuation of shape-memory polymer”, Nanoscience and Nanotechnology Letters,

Vol. 4 No. 12, pp. 1155-9.

Lu, H.B. and Huang, W.M. (2013a), “A phenomenological model for the chemo-responsive
shape memory effect in amorphous polymers undergoing viscoelastic transition”,

Smart Materials and Structures, Vol. 22 No. 11, p. 115019.

Lu, H.B. and Huang, W.M. (2013b), “On the origin of the Vogel-Fulcher-Tammann law in
the thermo-responsive shape memory effect of amorphous polymers”, Smart Materials

and Structures, Vol. 22 No. 10, p. 105021.

Lu, H.B. and Huang, W.M. (2013c), “Synergistic effect of self-assembled carboxylic acid-
functionalised carbon nanotubes and carbon fibre for improved electro-activated
polymeric shape-memory nanocomposite”, Applied Physics Letters, Vol. 102 No. 23, pp.
231910-4.

Lu, H.B.,, Gou, ]J.H., Leng, ].S. and Du, S.Y. (2011a), “Magnetically aligned carbon nanotube
in nanopaper enabled shape-memory nanocomposite for high speed electrical

actuation”, Applied Physics Letters, Vol. 98 No. 17, pp. 174105-7.

Lu, HB., Huang, WM. and Yao, Y.T. (2013a), “Review of chemo-responsive shape
change/memory polymers”, Pigment & Resin Technology, Vol. 42 No. 4, pp. 237-46.

Lu, HB., Leng, ]J.S. and Du, S. Y. (2013b), “A phenomenological approach for the chemo-
responsive shape memory effect in amorphous polymers”, Soft Matter, Vol. 9 No. 14, pp.
3851-8.

Lu, H.B., Liang, F. and Gou, J.H. (2011b), “Nanopaper enabled shape-memory
nanocomposite with vertically aligned nickel nanostrand: controlled synthesis and

electrical actuation”, Soft Matter, Vol. 7 No. 16, pp. 7416-23.



Lu, H.B,, Liang, F., Yao, Y.T., Gou, J.H. and Hui, D. (2014a), “Self-assembled multi-layered
carbon nanofibre nanopaper for significantly improving electrical actuation of shape

memory polymer nanocomposite”, Composites Part B: Engineering, Vol. 59, pp. 191-5.

Lu, H.B,, Liu, Y.J., Leng, ].S. and Du, S.Y. (2009), “Qualitative separation of the effect of the
solubility parameter on the recovery behavior of shape-memory polymer”, Smart

Materials and Structure, Vol. 18 No. 8, p. 085003.

Lu, H.B.,, Liu, Y.J.,, Leng, ]J.S. and Du, S.Y. (2010), “Qualitative separation of the physical
swelling effect on the recovery behavior of shape memory polymer”, European Polymer

Journal, Vol. 46 No. 9, pp. 1908-14.

Lu, H.B.,, Yao, Y.T. and Lin, L. (2013), “Carbon-based reinforcement in shape-memory
polymer composite for electrical actuation”, Pigment & Resin Technology, Vol. 43 No. 1,

pp- 26-34.

Luo, X.F. and Mather, P.T. (2010), “Conductive shapememory nanocomposites for high
speed electrical actuation”, Soft Matter, Vol. 6 No. 10, pp. 2146-9.

Ma, M., Guo, L., Anderson, D.G. and Langer, R. (2013), “Bio-inspired polymer composite
actuator and generator driven by water gradients”, Science, Vol. 339 No. 6116, pp. 186-9.

Maitland, D.J., Metzger, M.F., Schumann, D., Lee, A. And Wilson, T.S. (2002), “Photothermal
properties of shapememory polymer micro-actuators for treating stroke”, Lasers in

Surgery and Medicine, Vol. 30 No. 1, pp. 1-11.

Mather, P.T., Luo, X.F. and Rousseau, L.A. (2009), “Shape memory polymer research”,
Annual Review of Materials Research, Vol. 39 No. 1, pp. 445-71.

Meng, Q.H. and Hu, J.L. (2009), “A review of shape memory polymer composites and
blends”, Composites A, Vol. 40 No. 11, pp. 1661-72.

Miaudet, P., Derré, A., Maugey, M., Zakri, C., Piccione, P.M., Inoubli, R. and Poulin, P.
(2007), “Shape and temperature memory of nanocomposites with broadened glass

transition”, Science, Vol. 318 No. 5854, pp. 1294-6.

Nguyen, T.D., Qi, ].H., Francisco, C. and Long, K.N. (2008), “A thermoviscoelastic model for
amorphous shape memory polymers: Incorporating structural and stress relaxation”,

Journal of the Mechanics and Physics of Solids, Vol. 56 No. 9, pp. 2792-814.

Paik, L.H., Goo, N.S,, Jung, Y.C. and Cho, J.W. (2006), “Development and application of
conducting shape memory polyurethane actuators”, Smart Materials and Structures, Vol.

15 No. 5, pp. 1476-82.



Rousseau, I.A. (2008), “Challenges of shape memory polymers: a review of the over coming

SMP's limitations”, Polymer Engineering Science, Vol. 48 No. 11, pp. 2075-89.

Sun, L. and Huang, W.M. (2010), “Mechanisms of the multi-shape memory effect and
temperature memory effect in shape memory polymers”, Soft Matter, Vol. 6 No. 18, pp.
4403-6.

Sun, L., Huang, W.M., Ding, Z., Zhao, Y., Wang, C.C., Purnawali, H. and Tang, C. (2012),
“Stimulus-responsive shape-memory materials: a review”, Materials and Design, Vol. 33,

pp- 577-640.

Sun, L., Huang, W.M., Lu, H.B,, Wang, C.C. and Zhang, J.L. (2014), “Shape memory
technology for active assembly/disassembly: fundamentals, techniques and example

applications”, Assembly Automation, Vol. 34 No. 1, pp. 78-93.

Tobushi, H., Hayashi, S., Hoshio, K. and Ejiri, Y. (2008), “Shape recovery and irrecoverable
strain control in polyurethane shape-memory polymer”, Science and Technology of

Advanced Materials, Vol. 9 No. 15009, pp. 1-7.

Tobushi, H., Okumura, K. and Hayashi, S. (2001), “Thermomechanical constitutive model of
shape memory polymer”, Mechanics of Materials, Vol. 33 No. 10, pp. 545-54.

Xie, T. (2010), “Tunable polymer multi-shape memory effect”, Nature, Vol. 464 No. 7286, pp.
267-70.

Xie, T. (2011), “Recent advances in polymer shape memory”, Polymer, Vol. 52 No. 22, pp.
4985-5000.

Yao, Y.T., Li, ].J, Lu, H.B.,, Gou, ].H., Hui, D. (2015), “Investigation into hybrid configuration
in electrospun nafion/silica nanofibre”, Composites Part B: Engineering, Vol. 69, pp. 478-

483.

Zhao, Y., Huang, W.M. and Wang, C.C. (2012), “Thermo/chemo-responsive shape memory
effect for micro/nano surface patterning atop polymers”, Nanoscience Nanotechnology

Letters, Vol. 4 No. 9, pp. 862-78.



Figure 1 Typical surface view of composite fibre mat (a) and the nafion/silica nanofibre

electrospun (b)
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Figure 2 Temperature distribution as a function of heating time of the CNT surface and
nafion/silica nanofibre surface under the electric voltage of 3.0 V, 4.0 V and 5.0 V,
respectively
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Figure 3 (a) Temperature distribution as a function of heating time of the CNT surface
and nafion/silica nanofibre surface with an increase in the weight concentration of CNT; (b)
The evolution change in effective energy ratio as a function of heating time for the carbon
fibre mat incorporated with 0.06 g, 0.08 g and 0.12 g CNT
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Figure 4 Temperature distribution in the nafion/silica nanofibre surface as a function of
heating time with an increase in the weight concentration of CNT, where the 2.0 V electric

voltage was applied on the carbon fibre mat
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Figure 5 Snapshot of Joule heating-induced shape recovery in SMP nanocomposite

incorporated with 0.08 g CNTs under an electric voltage of 4.0 V




Figure 6 A comparison in shape recovery ratio of the SMP nanocomposites incorporated

with 0.08 g CNT as a function of heating time under an electric voltage of 3.0 V, 4.0 V and
50V
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