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Abstract 

Purpose – This paper reports a study aimed at overcoming the interface issue between 

nanopaper and polymer matrix in shape memory polymer (SMP) laminate composites caused 

by their large dissimilarity in electrical/thermal conductive properties.  The study attempted to 

develop an effective approach to fabricate free-standing carbon nanofibre (CNF) assembly in 

octagon shape formation.  The structure design and thermal conductive performance of the 

resulting octagon-shaped CNF assembly were optimised and simulated. 

Design/methodology/approach – The CNF nanopaper were prepared based on a filtration 

method.  The SMP nanocomposites were fabricated by incorporating these CNF assemblies 

with epoxy-based SMP resin by a resin-transfer modelling technique.  Thermal conductivity of 

the octagon-shaped CNF assembly was simulated using the ANSYS FLUENT software for 

structure design and optimisation.  The effect of the octagon-shaped CNF on the 

thermomechanical properties and thermally responsive shape memory effect (SME) of the 

resulting SMP nanocomposites were characterised and interpreted. 

Findings – The CNF template incorporated with SMP to achieve Joule heating triggered shape 

recovery at a low electric voltage of 3-10 V due to which the electrical resistivity of SMP 
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nanocomposites was significantly improved and lowered to 0.20 Ω∙cm by the CNF template.  

It was found that the octagon CNF template with 2 mm width of skeleton presented a highest 

thermally conductive performance to transfer resistive heat to the SMP matrix. 

Research implications – A simple way for fabricating electro-activated SMP nanocomposites 

has been developed by employing octagon CNF template.  Low electrical voltage actuation in 

SMP has been achieved. 

Originality/value – The fabricated CNF template, the structure design and analysis of 

dynamic thermomechanical properties of SMP are novel. 

Keywords – Shape memory polymer, Carbon nanofibre, Electrical actuation, Thermal 

responsive  

Paper type Research paper 

Introduction 

Shape memory polymers (SMPs) having unique shape memory effect (SME) (Bellin et al., 2006; 

Behl and Lendlein 2007), high elastic strain (Razzaq et al., 2007), tailorable transition 

temperature (Miaudet et al., 2007; Hu and Chen, 2010), an ease of manufacturing (Li et al., 2000) 

and variable in mechanical and physical properties (Hollaway 2011; Lu et al., 2013a; Lu et al., 

2013b; Lu and Du 2014) are of great interest due to their potential to replace traditional shape 

memory alloys (SMAs) in both academic research and industrial applications (Gall et al., 2004; 

Huang et al., 2011).  In the past three decades, research on SMPs has resulted in significant 

number of achievements in the scientific fields, especial in chemistry (Kim et al., 1998; Lendlein 

2010; Huang et al., 2010; Mather et al., 2009), materials science (Cho et al., 2005; Lu et al., 2010b; 

Lu and Gou 2012), physics (Tobushi et al., 2008; Lu et al., 2010a), mechanics (Tobushi et al., 2001; 

Nguyen et al., 2008), microelectronic engineering (Gall et al., 2004), textile science (Hu et al., 

2012) and biomedicine science (Tang et al., 2013; Lendlein, 2002).  Consequently, there now 

exist many types of SMPs, including polyurethane (Tobushi et al., 2008), polyethylene 

terephthalate (PET) (Li et al., 2009), polyethyleneoxide (Choi et al., 2014), polystyrene (Leng et 

al., 2009a), epoxy (Dietsch and Tong, 2007) etc.  Some of these SMPs have shown high 

mechanical performance (Yoonessi et al., 2012), while others demonstrated biocompatibility 

and biodegradability (Yakacki and Shandas 2007), as well as those showing multi-shape 

memory effect (m-SME) and temperature memory effect (TME) (Sun and Huang, 2010; Xie, 

2010; Lu, 2013).  These exciting properties and performances help SMPs to be attractive and 

competitive in “intelligent” or “smart” materials (Paik et al., 2006; Lantada et al., 2010).  On the 

other hand, it was recognised that several drawbacks limited the research and development 



   

of SMPs which included low recovery ratio, output mechanical strength, slow recovery speed 

etc. (Mather et al., 2009; Sun et al., 2012; Fejos et al., 2012).  Almost all of these resulted from the 

intrinsic nature of polymer.  Here, traditional research and development on polymer science 

and technology provide an effective approach to employ for SMPs.  SMP composites and SMP 

nanocomposites are introduced to conquer the above-mentioned drawbacks and thus retain 

SMP’s competitiveness in comparison with SMAs, according to the researches on polymer 

composites and polymer nanocomposites (Dong et al., 2013a; Choi et al., 2012; Dong et al., 2013b; 

Lee and Yu 2011; Lu et al., 2011a; Lu et al., 2011c).  Due to such motivations, there has seen 

publication of significant number of studies on SMPs nanocomposites, in order to achieve their 

high mechanical performance (Dong et al., 2013a), multi-functionalisation (Choi et al., 2012; 

Dong et al., 2013b) and various recovery activations (Lee and Yu 2011; Lu et al., 2011a; Lu et al., 

2011c).  Meanwhile, utilisation of functional filler, such as thermally conductive particle 

(Maitland et al., 2002; Leng et al., 2009b), electrically conductive particle (Leng et al., 2007; Lu 

et al., 2011b), or magnetically responsive particles (Mohr et al., 2006), to induce the shape 

recovery of SMP respectively by infrared radiation, laser light, electrically resistive Joule 

heating, magnetic field, has provided the composites with tailorable performances and 

manually designable properties. 

Utilisation of electrically resistive Joule heating to trigger the SME is desirable and 

convenient in some practical applications, especially when direct heating is not easily 

achievable, particularly in aerospace engineering and aircraft morphing structures (Rousseau 

2008; Lan et al., 2009).  Remarkable progress in electrical actuation of SMP composites by 

incorporation of electric particles or fillers has been made via a knowledge-based approach 

(Leng et al., 2007; Lu et al., 2011b; Luo and Mather 2010; Lu et al., 2011a; Liu et al., 2009; Lu et 

al., 2014a).  Meanwhile, an attractive approach to introduce various forms of film or nanopaper 

has been recently introduced for electrical actuation of SMP nanocomposites (Luo and Mather 

2010; Lu et al., 2011a; Liu et al., 2009; Lu et al., 2014a).  Thus, the high viscosity and poor shape 

recovery performance could be prevented to a certain extent.  The interface issue in SMP 

laminate between the nanopaper and polymer matrix occurred due to their largely 

dissimilarity in electrical/thermal conductive properties, when the applied voltage was above 

certain level (Lu and Huang 2013).  Therefore, it is essential to optimise the structure of the 

SMP composite laminate.  In the study reported here, an effective approach to fabricate free-

standing carbon nanofibre (CNF) assembly into octagon shape formation is reported. In this 

study, the structure design and thermally conductive performance and of the octagon-shaped 

CNF template had been initially optimised and simulated.  The CNF template had then 

incorporated with SMP to significantly lower its electrical resistivity and achieve Joule heating 



   

triggered SME upon the application of electric voltage.  Finally, the electro-activated recovery 

behaviour and the resultant temperature distribution within SMP nanocomposite were 

recorded and monitored to facilitate the structure design and optimisation of the octagon-

shaped CNF template.  Heat transfer from CNF template to SMP matrix is further discussed 

with regard to their interfacial issue.  Additionally, the effect of CNF template on the dynamic 

thermomechanical properties and instinctive structure of SMP had also been studied. 

Experimental 

Methods of preparation of octagon-shaped CNF nanopaper and SMP nanocomposites 

The fabrication process of octagon-shaped CNF assembly is similar to that of CNF nanopaper 

(Li et al., 2009).  Thus, 0.6 g raw CNFs were initially dispersed into 600 mL distilled water with 

the aid of 0.2 mg non-ionic surfactant.  And then, the CNF suspension was mechanically stirred 

and sonicated for 30 minutes at room temperature of 22°C.  After that, the CNF suspension 

was filtered through a 4.5 µm hydrophilic polycarbonate membrane filter that is coated with 

a metallic octagon-shaped template, under a positive pressure of 60 psi to yield a film.  Finally, 

the CNF assembly was dried in an oven at 120°C for 2 hours to remove remaining water and 

the surfactant, as shown in Figure 1(a).  In this study, the octagon-shaped CNF assembly (see 

Figure 1(b)) was prepared using a laser cutter.  Subsequently, the SMP nanocomposites were 

fabricated by incorporating these CNF assemblies with epoxy-based SMP resin by resin-

transfer modelling technique.  After the mould was filled up, the mixture was cured at a 

temperature ramp of approximately 1°C/min from 25°C to 100°C and kept for 5 hours before 

being ramped to 120°C at 20°C per 180 minutes.  Finally, it was ramped to 150°C to produce 

the final SMP nanocomposites. 

Methods of characterisation 

Characterisation of chemical structures of CNF nanopaper and nanocomposites 

X-ray diffraction (XRD Empyrean, Pananlytical, Holland) was employed to analysis the effect 

of CNF assembly on the SMP.  The specimens were analysed in the range of 5°-75° with a 

scanning speed of 5°/min. 

Raman spectroscopy (Horiba HR 800 spectrometer) was used to characterise the disorder and 

defects in CNF.  638 nm radiation from 1 mW air-cooled Argon ion laser was used as exciting 

source, in a range from 100 to 4000 cm-1. 

Dynamic mechanical thermal analysis 

Dynamic mechanical analysis (DMA 242C Netzsch, Germany) of pristine epoxy-based SMP 

and SMP nanocomposites incorporated with octagon-shaped CNF assembly with 0.8 mm and 



   

1.2 mm in thickness was carried out to characterise the dynamic thermomechanical properties.  

All three SMP nanocomposite specimens with a dimension of 9.00×2.9×0.84 cm3 were 

performed in a three-point bending mode at a constant heating rate of 10°C·min−1 and an 

oscillation frequency of 1 Hz from 25 to 180°C. 

Thermal/electrical actuation with temperature sensing 

The electrical resistivity of SMP nanocomposites incorporated with octagon-shaped CNF 

assembly of 0.4, 0.8 and 1.2 mm in thickness was determined as 0.27, 0.22 to 0.20 Ω·cm, 

respectively, by the Van der Pawu method.  With a low electrical conductivity, the electrical 

actuation and electrically induced SME of SMP nanocomposite could be achieved by applying 

a suitable electric current.  The tested SMP nanocomposites had a permanent flat shape with a 

dimension of 60×6×1.2 mm3.  After the nanocomposites were heated above 120°C, it deformed 

into a “U” shape upon application of an external force.  After cooling back to room temperature, 

the deformed shape remained.  A DC electric current was applied to the SMP nanocomposites 

incorporated with the 2 mm width of skeleton of the octagon-shaped CNF assembly at a 

porosity of 80%.  The electrical actuation and temperature distribution within the tested SMP 

nanocomposites were recorded by an infrared video camera (VarioCAM HiRessl, JENOPTIK 

Infra Tec.). 

Results and discussion 

Structure design and fabrication of octagon-shaped CNF assembly 

Thermal conductivity of the octagon-shaped CNF assembly is initially simulated by the 

ANSYS FLUENT software for structure design and optimisation.  According to the applied 

electric current, Figure 1(c) presents the electrically resistive heating flow that results in a 

temperature distribution within the tested specimen.  And the relative thermal conductivity is 

also simulated according to the temperature distribution within the tested specimen, as shown 

in Figure 1(d).  On the other hand, the relative thermal conductivity of the octagon-shaped 

CNF assembly (with a variety of width of skeleton) has been analysed and compared to 

quantitatively separate the effect of porosity ratio on the thermal conductivity, as shown in 

Figure 2.  These simulation results support that the octagon-shaped CNF assembly with 2 mm 

width of skeleton presents the highest relative thermal conductivity in comparison with that 

with 1 mm and 3 mm width of skeleton at the same porosity ratio of 80%, 82%, and 84%.  On 

the other hand, it was observed that with the increase of the porosity ratio of octagon-shaped 

CNF assembly, the effectiveness of electrically resistive heat decreased due to the decrease of 

the weight ratio of CNF assembly in the SMP nanocomposite.  Therefore, the octagon-shaped 

CNF assembly with 2 mm width of skeleton at a porosity ratio of 80% has been prepared and 



   

used as a basis to improve the electrical and thermal conductivity for SMP matrix in the 

subsequent work. 

(Take in Figure 1) 

(Take in Figure 2) 

X-ray diffraction (XRD) studies 

Analysis via X-ray diffraction (XRD) was carried out to confirm the effect of CNF assembly on 

the SMP. The XRD pattern obtained showed numbers of Bragg reflections for the face cantered 

cubic structure.  The XRD pattern of the epoxy-based SMP and its nanocomposite obtained by 

mulberry leaves extract is shown in Figure 3.  It is found that the pristine SMP was evidenced 

by the diffuse peaks at 2θ value of 17.6° due to impurities of crystal structure of polymer 

macromolecules.  On the other hand, the CNF assembly enabled SMP nanocomposite was 

evidenced by the diffuse peaks at 2θ value of 26.4° corresponding to the Bragg reflections of 

graphite structure of C=C.  The X-ray diffraction results show that the nanofibre formed by 

the mulberry leaves extract are crystalline in nature.  The narrow diffraction peak indicates a 

layer-to-layer distance (d-spacing) of 0.85 nm for the CNF assembly. 

(Take in Figure 3) 

Raman spectra characterisation 

The CNFs could manifest themselves in Raman spectra by means of changing relative intensity 

of two main peaks: D and G bands.  As revealed in Figure 4, these exists the D peak of CNF 

located at 1337 cm-1 from a defect-induced breathing mode of sp2 rings.  Here, Raman 

spectroscopy is shown to provide a powerful tool to differentiate sp2 carbon nanostructures of 

CNFs.  The intensity of D band is related to the size of the in-plane sp2 domains (Choi et al., 

2014; Leng et al., 2009a).  On the other hand, the G bonding of C=C shifts from 1600 cm−1.  The 

relative intensity ratio of both peaks (ID/IG) is a measure of the degree of disorder and is 

inversely proportional to the average size of the sp2 clusters (Dietsch and Tong 2007).  The 

D/G intensity ratio for CNF is of 0.83 that is smaller than that of the graphene of 0.85.  This 

suggests that less graphitic domains were formed and the sp2 cluster number decreased. 

(Take in Figure 4) 

Dynamic mechanical analysis 

The storage modulus and tanδ data as a function of temperature of the tested specimens were 

plotted in Figure 5.  As can be seen from Figure 5, the experimental results reveal that the 

storage modulus were 1889, 2149 and 2614 MPa for the pristine SMP and SMP nanocomposites 

at 25°C, respectively.  Such experimental results imply that the addition of CNFs increases the 



   

storage modulus of nanocomposites over the whole temperature range.  The CNF assembly 

could help polymer matrix to resist external loading due to excellent mechanical properties of 

the CNFs, resulting in an improved mechanical performance.  Furthermore, the glass 

transition temperature (Tg) is defined as the intersection point of storage modulus and the 

tangent delta curves.  In this manner, the Tg is of 64.5°C, 66.8°C and 75.3°C for the pristine SMP 

and SMP nanocomposites incorporated with octagon-shaped CNF assembly of 0.8 mm and 1.2 

mm in thickness, respectively.  Experimental results could be attained from the CNF assembly 

that enhances the thermomechanical properties of SMP matrix, resulting in improved Tg. 

(Take in Figure 5) 

Electrical actuation and temperature distribution 

Figures 6(a), (b), (c) and (d) present the temperature distribution when the electrodes were 

connected to the SMP nanocomposite to apply a variety of electric voltages of 3 V, 6 V, 9 V and 

10 V, respectively.  It was found that the electrically resistive heat results in the temperature 

increased with an increase in heating time from 0 s to 118 s.  The electrically resistive heating 

transfer in the electric current according to the temperature distribution in the electrical 

actuation was observed.  Thus, after being subjected to the application of the electric voltage 

of 3 V, 6 V, 9 V and 10 V for 118s, respectively, the SMP nanocomposite were heated up to 53.4, 

110.7, 198.8 and 218.8°C, respectively, while a Tg of 75.3°C was determined by DMA analysis. 

Clearly, as a higher electric voltage was applied on the tested specimen, the electric power 

increased according to the Ohm’s rule. 

(Take in Figure 6) 

Conclusion 

A series of experiments were conducted to study the effect of octagon-shaped CNF assembly 

on SMP nanocomposites, of which the actuation was triggered by means of electrically 

resistive Joule heating.  The octagon-shaped CNF assembly improves the electrical property 

and dynamic mechanical properties, and further effectively optimises heat transfer from CNF 

assembly to the SMP matrix and temperature distribution in the process of electrical actuation.  

And the effect of the octagon-shaped CNF assembly on the instinctive structure and dynamic 

thermomechanical properties of SMP has also been investigated, to characterise their 

interactions in the SMP nanocomposites.  As demonstrated, the electrically driven shape 

recovery was achieved by means of applying an electric voltage of 3 V, 6 V, 9 V and 10 V, 

respectively.  A simple way has been demonstrated to produce electro-activated SMP 

nanocomposites by application of deposition of CNF assembly at a porosity of 80%, which 

enables Joule heating at a low electrical voltage of 10 V. 
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Figure 1  (a) Carbon nanofibre nanopaper, (b) the octagon-shaped CNF specimen, (c) 

simulation results of heat transfer process, and (d) simulation results of the colour distribution 

of relative thermal conductivity on the tested specimen by ANSYS FLUENT 
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Figure 2  Relative thermal conductivity of the octagon-shaped CNF assembly with 1 mm, 2 

mm and 3 mm width of the skeleton 

 

 



   

Figure 3  XRD pattern pristine epoxy-based SMP and CNF template enabled SMP 

nanocomposite in the range of 5-75° 

 

 



   

Figure 4  Raman spectra of CNF recorded with 638 nm laser and at a laser power of 1 mW 

 

 

 



   

Figure 5  Tg of SMP matrix and SMP nanocomposites incorporated with octagon-shaped CNF 

assembly with thickness of 0.8 mm and 1.2 mm, respectively 

 

 



   

Figure 6  Snapshot of Joule heating and temperature distribution within SMP nanocomposite 

incorporated with octagon-shaped CNF assembly with skeleton of 2 mm at an applied DC 

electric voltage of (a) 3 V, (b) 6 V, (c) 9 V and (d) 10 V for 118 s 

 

 

 


