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Abstract 
Among the broad class of electro-active polymers, dielectric elastomer actuators represent a rapidly 
growing technology for electromechanical transduction. In order to further develop this applied 
science, the high driving voltages currently needed must be reduced. For this purpose, one of the most 
considered approach is based on making elastomeric composites with highly polarisable fillers in order 
to increase the dielectric constant while maintaining both low dielectric losses and high mechanical 
compliance. In this work, multi-wall carbon nanotubes were first functionalized by grafting either 
acrylonitrile or diurethane monoacrylate oligomers, and then dispersed into a polyurethane matrix to 
make dielectric elastomer composites. Procedures for the chemical functionalization of carbon 
nanotubes and proper characterizations of the obtained products are provided in detail. Consequences 
of the use of chemically modified carbon nanotubes as filler, in comparison to using unmodified ones, 
were studied in terms of dielectric, mechanical and electro-mechanical response. In particular, an 
increment of the dielectric constant was observed for all composites throughout the investigated 
frequency spectrum, but only in the cases of modified carbon nanotubes the loss factor remained 
almost unchanged with respect to the simple matrix, indicating that conductive percolation paths did 
not arise in such systems. An effective improvement in the actuation strain was observed for samples 
loaded with functionalized carbon nanotubes. 

 
1. Introduction 

The use of carbon nanotubes (CNTs) for polymers modification has recently opened new perspectives for 
multifunctional materials based on both thermoplastics [1], thermosettings [2], elastomers [3], bio-polymers 
[4] or liquid crystals [5]. Thanks to their nanometer-scale dimension, along with the large shape anisotropy, 
the high mechanical strength and the very high thermal and electrical conductivity, CNTs can induce 
significant changes in the material’s properties even if they are added in low amount. So far, they have 
found application in fields like biosensors [6], composites [7], field emission devices [8], electronic 
components [9], probe tips [10], etc.  

Combination of CNTs with electro-active polymers (EAPs), has recently found application not only as a 
reinforcing method to create structured materials with improved mechanical properties [11], but also as a 
means to enhance the electromechanical performance of dielectric elastomers actuators (DEAs) 
[5,12,13,14]. As a fact, the actuation strain achievable by a dielectric elastomer (DE) at fixed applied 
voltage can be written as [14]: 

 
s ∼ (ε'V2)/(d2Y)             (1) 

 
where s is the strain generated by the electrostatic squeezing of a DE of thickness d as a consequence of the 
application of an external voltage V, ε' and Y being respectively the dielectric constant and the elastic 
modulus of the DE material. From Eq. 1, it can be easily recognized that, in order to improve the 
electromechanical response of a dielectric elastomer, it is necessary to enhance its dielectric constant while 
maintaining a fairly high mechanical compliance [12,15]. Moreover, the contemporary preservation of low 
dielectric losses is a not secondary constraint [12,15]. Thus, among the various approaches [12,16,17,18,19] 
that have been proposed in order to improve the electromechanical performance of dielectric elastomers, 



CNTs can be considered a candidate for making elastomeric composites with improved actuation properties, 
due to their high polarisability. 

Nevertheless, due to their tendency to aggregate and form clusters, CNTs have to be opportunely 
modified before they can be effectively used as a filler, in order to minimize side effects as agglomeration, 
percolation phenomena and dielectric strength reduction, and possibly to achieve better compatibility 
between matrix and filler. It is well known that non-covalent functionalization with surfactants of CNTs 
[20], as of other solids [21], can promote stable dispersions in different media. Such a methodology 
preserves the electrical properties of CNTs and, for this reason, it is preferred for electronic applications. 
Other approaches can be used to chemically treat CNTs and create covalent functionalization sites along the 
CNT external surface. They are widely described in literature and generally they consist in the creation of 
surface defects and subsequent functionalization from defects [22]. Most common CNTs functionalization 
methods include the use of diazonium [23], fluorination [24], radical chemistry [25], metal reduction [26] 
and others. Depending on the extended π-conjugation, many of the optical, electrical and thermal properties 
may become lost with covalent functionalization, but this can be turned as an advantage depending on the 
final application the material is designed for. In the field of DEAs, in particular, where nanotubes can be 
desirable just for their high polarisability, covalent functionalization is preferred since electrical percolation 
must be prevented in order to both allow for higher filler contents and preserve actuation capabilities at high 
electric fields. 

Following these last considerations, the possibility of using a covalent functionalization process in order 
to obtain a filler for dielectric elastomer composites with enhanced electromechanical response is 
considered in this work. Procedures for the chemical functionalization of carbon nanotubes, together with 
proper characterisations of the obtained products, are provided in detail. Consequences of dispersing either 
pristine and functionalized CNTs into a dielectric elastomer are then presented and discussed. In particular, 
the effects of the chemical functionalization of CNTs on the elastomeric composites are analyzed in terms of 
those properties that drive the actuation response as from (1). As such, this work does not aim to be 
exhaustive, since some other relevant properties like tear resistance and dielectric breakdown threshold, 
which can be strongly affected by the addition of fillers, remain to be assessed with further studies. 
Nevertheless, this study provides a preliminary and necessary investigation in order to understand if the use 
of properly functionalized carbon nanotubes (FCNTs) may represent a viable route for obtaining new 
elastomeric composites suitable for applications as DEAs with enhanced performance.  
 
2. Materials and Methods 
Chemically modified CNTs were first obtained by proper functionalization of pristine multi-wall CNTs and 
then used as a filler into a commercial polyurethane based dielectric elastomer (PU in the following) to give 
elastomeric composites. Both fillers (CNTs and FCNTs) and composites were extensively characterized by 
techniques like infrared spectroscopy, thermogravimetry, transmission electron microscopy, dielectric 
spectroscopy, dynamic-mechanical and electromechanical analysis. 
 
2.1 CNTs functionalization 
Multi-wall CNTs, a gift from Bayer, were functionalized via Reversible Addition-Fragmentation chain 
Transfer (RAFT) grafting-from polymerization by using two different monomers: either acrylonitrile (AN) 
or a diurethane monoacrylate (H10). The grafting of CNTs was performed in a multi-step process. First, the 
dithioester RAFT agent ethoxycarboxyl-prop-2-yl dithiobenzoate was immobilized onto the surface of 
oxidized nanotubes (CNTs-RAFT) by a three-step synthetic procedure, as described in [27]. Then, the 
monomer was polymerized (AN � PAN; H10 � PH10) in presence of CNTs-RAFT, by using 2,2-
azobisisobutyronitrile (AIBN) as initiator. The whole reactions scheme is represented in figure 1. 



 
Figure 1. Chemical oxidation (1) and grafting of RAFT agent (2) onto CNTs.  
Final RAFT grafting-from polymerization (3) of PH10 and PAN, respectively. 

 
2.2 Dielectric elastomer matrix and composites preparation 
A soft dielectric PU elastomer from Polytek, series Poly74-20 (hardness 20 ShoreA), was used as a matrix 
for the preparation of high permittivity elastomeric composites. It is commercially supplied in the form of 
two liquid reactants, A (diisocyanates) and B (polyols), which must be mixed together in a 1:2 weight ratio 
and left resting for 48h at room temperature to cure, as from supplier recipe. Composites between 
elastomeric PU and nanotubes (either pristine CNTs or FCNTs, both in the form of powder) were prepared 
by first dispersing the nanotubes in CHCl3 at ambient temperature and then by adding the obtained 
suspension to the PU reaction mixture. Samples were finally obtained by casting the reaction mixture into a 
glass Petri dish and leaving it at rest at ambient temperature for at least two days, in order to allow both 
matrix curing and solvent evaporation. Filler loading factors of 0.5 and 1 wt% were studied for CNTs 
functionalized with PH10 (CNTs-g-PH10) while a 5 wt% was tested for CNTs functionalized with PAN 
(CNTs-g-PAN). For comparison purposes, samples containing 1 wt% of CNTs-g-PH10 were also prepared 
without using CHCl3 as suspension medium, and in the following they are referred as “dry” type.  

 
2.3 Infrared spectroscopy 
Attenuated total reflectance (ATR)-IR spectra were collected on a Perkin-Elmer spectrometer mod. 1760-X 
with PIKE MlRacle ATR accessory. Intermediate reactants and final products were analyzed in order to 
verify the success of the different step-reactions. 

 
2.4 Thermogravimetry 
Thermogravimetric (TGA) analyses were carried out on a Mettler Toledo TGA/SDTA 851 apparatus, with 
nitrogen gas as the purge gas (60 mL/min) and at a heating rate of 10 °C/min, from 25 to 600 °C. Both 
CNTs-RAFT and FCNTs were analyzed, and the amount of grafted polymer was estimated. 

 
2.5 Transmission electron microscopy  
A Philips CM12 transmission electron microscope was used for morphological characterization of carbon 
nanotubes. It is a general purpose analytical transmission/scanning transmission electron microscope 



(TEM/STEM) equipped with thermo-ionic electron source, whose beam acceleration voltage can be selected 
in a range 20 to 120kV. Image resolution can be better than 0.34 nm for point to point method, and 0.2 nm 
for line to line method. Magnification range can be varied from 31× to 66⋅104×. High resolution images of 
both pristine and functionalized carbon nanotubes were acquired from drops of CNTs/chloroform dilute 
solutions deposited on a 2×2 mm Cu/C grid. Images were analyzed by means of ImageTool image 
processing and analysis software by the University of Texas Health Science Center (San Antonio, Texas, 
USA), in order to make an estimation of the thickness of the functionalization layer. 

 
2.6 Dielectric spectroscopy 
A vector network analyzer (ZVRE from Rohde & Schwartz) was used [17] to study the dielectric response 
of both pure matrix and composites. Spectra of the real and imaginary parts of the complex dielectric 
permittivity ε*  (see (2)) were measured in the frequency range f=2πω=10÷108 Hz by testing disk shaped 
specimens of 11 mm diameter and less than 1 mm thick. 
 
ε *(ω) = ε '(ω) - j ε ″(ω)           (2) 

 
2.7 Dynamic-mechanical analysis 
DMA was carried out by means of a dynamometer mod. Eplexor 100N by Gabo Qualimeter Testanlagen 
GmbH, on rectangular strips (20×10×1 mm) specimens. Elongation tests were performed at ambient 
temperature. Dynamic strains of 5% amplitude, superimposed to a static pre-strain of 10%, were applied to 
the samples at various frequencies in the range 0.1÷100 Hz, and the dynamic-mechanical properties were 
studied in terms of the complex elastic modulus Y* (3). 
 
Y*(ω) = Y'(ω) + jY″(ω)              (3) 

 
2.8 Electromechanical analysis 
Electromechanical actuation tests were carried out on properly prepared specimens of both pure matrix and 
composites. For every material sample, small strips of about 30×10×1 mm were cut from a film prepared by 
casting as described above. Electrically conductive carbon grease electrodes (Nyogel 755G Tecnolube Seal, 
USA) were then smeared on both the greater faces, leaving a 1 mm frame along the strip borders free of 
grease, in order to avoid possible electrical shorts and arching between the two oppositely charged sides. 
Electrical contacts to connect a high-voltage power supply (HV-DC 205A-30P, Bertan, USA) to the carbon 
grease electrodes were obtained through two small bands of conductive adhesive tape. Each specimen was 
vertically arranged by clamping its top end to a rigid support, while a proper weight was attached to the 
bottom end in order to obtain a passive vertical pre-strain of 10%. Actuation tests were performed by 
applying step-wise increasing voltages to the specimens along their thickness. For each voltage, the steady-
state transverse strain of the material along its major (vertical) dimension was measured by using an Hall-
effect isotonic transducer (Mod. 7006, by Ugo Basile) tied to the bottom end of the sample.  

 
3. Results and Discussion 
Graphs reported in figure 2 show results from IR analysis. For CNTs-RAFT the spectrum appears quite flat, 
which is typical for purely graphitic structures, with an absorption peak at 1560 cm-1 relative to C=C bonds 
stretching of graphene structures and two other peaks respectively due to the stretching vibrations of C=S 
bonds (1167 cm-1) and to the out-of-plane deformation vibrations in the aromatic rings (754 cm-1), both from 
RAFT dithiobenzoate.  
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Figure 2. ATR-IR qualitative spectra of CNTs-RAFT, CNTs-g-PH10 and CNTs-g-PAN. 
 
CNTs-g-PH10 spectrum exhibits more resolved absorption peaks, among which those relative to the C=O 

(1720 cm-1) and C-O-C (1064 cm-1) stretching are visible and clear, confirming the presence of H10 
carboxylic and ether groups. Finally, IR spectrum of the CNTs-g-PAN shows absorption peaks due to C≡N 
(2240 cm-1)  stretching in PAN, along with peaks from C-O-C stretching (1259 cm-1) and deformation (798 
cm-1), and from various C-H types of vibrations (1448 cm-1). By means of the thermograms in figure 3, the 
final yield of the functionalization process can be estimated in terms of weight enhancement due to the 
grafted polymers, which results to be about 10 wt% for CNTs-g-PH10 and about 30 wt% for CNTs-g-PAN, 
as it comes out from the differences in weight loss at 500 °C with respect to CNTs-RAFT. 
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Figure 3. Thermograms of CNTs-RAFT and FCNTs. 
 

In figure 4 are reported some TEM images for both unmodified and functionalized CNTs, which show a 
typical hollow and multi-walled structure for all the nanotubes. Moreover, by comparing images from both 
CNTs-g-PH10 and CNTs-g-PAN with respect to pristine CNTs, it is clearly recognizable the presence of an 
additional external layer in the functionalized CNTs, which is not found in the unmodified ones. 

 



 

Figure 4. TEM images of pristine CNTs (upper row),  CNTs-g-PAN (middle row) and CNTs-g-PH10 
(bottom row) with indication of internal diameter (di), external diameter (de) and sheath thickness (ts). 

 
Such kind of sheath, which also makes the functionalized CNTs thicker than pristine CNTs, is very likely 

to be identifiable with the polymeric coating resulting from the functionalization process. From the TEM 
images, both internal, di, and external, de, diameters of bare nanotubes, together with the thickness, ts, of the 
grafted polymer layer (see figure 4 for clarification) were measured and averaged over about ten pristine and 
CNTs-g-PH10. Results are shown in Table 1. 

 
Table 1. Average values (nm) of di, de and ts for a sample of about ten specimens. 

 <di> <de>  <ts> 
CNTs 6.3 ± 2.4 14.8 ± 3.9 n.a. 

CNTs-g-PH10 3.5 ± 1.3 13.3 ± 3.6 2.4 ± 1 

 
Although the available statistics did not allow for an accurate estimation of the involved lengths, it is 

possible to notice a good agreement of the de values coming from CNTs-g-PH10 and pristine CNTs, whereas 
the aforementioned additional thickness can be well characterized in CNTs-g-PH10. On the other end, the 
reduced average internal diameter observed for CNTs-g-PH10, with respect to pristine CNTs, could be 
ascribed to both a grater intrinsic variability of this quantity, being the carbon nanotubes multi-walled, and 
to a major difficulty to clearly distinguish the inner walls of the functionalized CNTs. In fact, it must be 
considered that the presence of a polymeric coating on a functionalized CNT surface is expected to appear, 
in the relative TEM image, not only as an additional layer at the borders profile, but also as a “visual noise” 
superimposed to the image of the nanotubes core (figure 4).  

In figure 5, the sheath thickness for CNTs-g-PH10 is reported versus the external carbon nanotube 
diameter. The observed trend, moderately increasing with the CNTs surface size, accounts for an increased 
accessibility to the reactive sites on the nanotubes surface for the attaching polymer. Thus, as the nanotubes 
diameter grows, possible steric hindrance effects between adjacent active sites are lowered, and this allows 
grafting of longer molecular chains.  
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Figure 5. Sheath thickness vs external diameter (dotted line is a guide for the eye). 
 
Once verified that the functionalization process had been successful, pristine CNTs and FCNTs were 

added to the elastomeric matrix as described previously, and the obtained materials were dielectrically, 
mechanically and electromechanically analyzed. After matrix curing, composites showed different 
morphologies depending on both the amount and the nature of the used filler (figure 6). Surface of PU 
composites with pristine CNTs was rough (figure 6b), that of composites made by using CNTs-g-PAN was 
dappled (figure 6c), whereas for composites with CNTs-g-PH10 (figure 6d, 6e) it appeared smooth as for 
pure PU (figure 6a). This was probably due to a more effective compatibilization between filler and matrix 
resulting from the chemical functionalization with PH10. The use of a solvent allowed also a better 
dispersion of CNTs-g-PH10 into the matrix, as it is recognizable after comparing figures 6d and 6e. Indeed, 
samples prepared without chloroform solvent resulted in a less homogeneous, coarse-grained dispersion of 
filler.  

 

 
Figure 6. Images of pure PU (a) and PU loaded with 1 wt% CNTs (b), 5 wt% CNTs-g-PAN (c),  

1 wt% CNTs-g-PH10 (d) and 1 wt% CNTs-g-PH10 dry (e). 
 
Dielectric constants of both composites and pure matrix, which are all shown in figure 7a, were very 

different in the two cases of composites made with pristine CNTs and FCNTs. The consequences of 
dispersing functionalized carbon nanotubes are more clearly visible in the magnification of figure 7b, where 
the spectra of all the FCNTs loaded samples and of the simple matrix appear to have a similar pattern. These 
spectra show a little contribution from interfacial polarization, which causes the rising of the dielectric 
constant values as the frequencies decrease under 300Hz, followed by a smoothly dispersive, almost flat, 
profile at intermediate frequencies till about 10 MHz. A final more pronounced dispersive behavior is then 
observed at the highest frequencies. 
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Figure 7. Spectra of the real part (dielectric constant) of the dielectric permittivity for elastomeric 

composites (a). In (b), a magnification for better comparison of FCNTs loaded systems. 
 
Apart from a slight variability in the interfacial polarization effects, which at such low extents might not 

be very significant, an effective increment of the dielectric constant was observed throughout the remaining 
spectrum (102-108 Hz) of the samples loaded with CNTs-g-PH10 and CNTs-g-PAN, compared to the simple 
PU matrix. Evidently due to an increase of the bulk polarization, whose contribution dominates in the 
intermediate frequencies region, the dielectric constant reached a value of about 9 at 10kHz for the 5 wt% 
CNTs-g-PAN composite, compared to the value of about 6 observed for the pure matrix at the same 
frequency. However, the increasing effect on the dielectric constant of the pure matrix resulted to be 
monotonically dependent on the filler content, except for the case of sample containing 1 wt% CNTs-g-
PH10(dry). This last, which was prepared without the use of a solvent, showed approximately the same 
dielectric constant and dielectric loss (see figure 8a) of the pure matrix, apart from a slight increment in the 
dielectric constant at frequencies below 100Hz, due to the arising of an interfacial polarization contribution. 
This suggests that an inhomogeneous dispersion of the filler, as seen in figure 6e, can result less effective in 
increasing the overall polarisability of the material with respect to a finer and more homogeneous 
distribution, which instead ensures an increase of the bulk dielectric constant throughout the whole 
spectrum. 

The addition of neat CNTs caused a dramatic increase of the dielectric constant throughout the  
investigated frequency range, both at 0.5 wt% and at 1 wt% loading factors (see figure 7a). Nevertheless, 
pristine CNTs were also responsible of a very large increase of the dielectric loss, which instead remained 
almost unchanged after addition of FCNTs to the PU matrix (see figure 8a), indicating that percolation 
phenomena did not occur in systems loaded with FCNTs. In effect, composites made with not functionalized 
CNTs showed a substantial conductive electrical response, clearly recognizable in the ω-1 dependence of the 
dielectric loss ε″ at low frequencies. The calculated electrical conductivity for some tested formulations is 
reported in figure 8b as a function of filler content. It appears that the conduction properties of composites 
made with neat CNTs had a dependence from the filler content resembling a typical percolative behavior. 
Such a behavior, instead, was not observed in composites made with CNTs-g-PH10, indicating that the 
grafted organic component played an effective role of electrically insulating sheath over the carbon 
nanotubes surfaces. This last finding is very desirable, since in this way the isolation properties of the 
dielectric elastomer, and thus its dielectric strength, are preserved. Indeed, the huge dissipative response 
observed in CNTs composites caused the impossibility of performing further electromechanical tests on 
such composites. 
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Figure 8. (a) Dielectric loss spectra for different composites. (b) Conductivity values at 60Hz for PU 
samples loaded with different amount of pristine and FCNTs (solid lines are guides for the eyes). 

 
From dynamic-mechanical tests carried out on both pure matrix and composites (figure 9), it emerged 

that all composites were softer than the PU matrix, especially samples containing FCNTs. As it has been 
also observed for other composite systems, a lower elastic modulus Y' could either be indicative of 
cavitation around the filler particles, favoured by a lack of adhesion between matrix and particles [28, 29], 
or be ascribed to a partial inhibition of the matrix curing process [30].  
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Figure 9. Elastic modulus of PU composites at room temperature, 10% static strain and 2% dynamic strain 
for frequency ranging from 0 to 100 Hz. 

 
Considering the very low level (10±5%) of the strain applied during the tests, in this case the observed 

decrease of the elastic modulus is more likely to be attributed to a competing activity of the filler surface 
with respect to the chemical mechanism of the PU matrix curing process. Moreover, the fact that 1 wt% 
CNTs-g-PH10(dry) composites resulted stiffer than the 1 wt% CNTs-g-PH10 ones gives further support to 
this frame of interpretation, since a coarse-grained distribution like that of the “dry” filler (figure 6e) is 
expected to produce a less extended overall interface with the matrix, compared to the finer and 
homogeneous filler distribution of figure 6d. Indeed, a less extended matrix/filler interface entails a 
reduction of any chemical and physical interaction, and appears consistent with a parallel reduction of any 
possible competing activity of the filler with the crosslinking process. As a consequence, the observed 
stiffening of CNTs-g-PH10(dry) sample with respect to the CNTs-g-PH10 one can be ascribed to a higher 
curing density for the “dry” composite. 

However, for frequencies greater than 0.5Hz the softening effect was less evident in the case of pristine 
CNTs with respect to FCNTs at the same filler loading factor. This suggests that PH10 and PAN external 
sheaths were more effective in reacting with the PU matrix reactants than the bare CNT surface.  

In the light of the aforementioned considerations, it is also possible to give an overall picture of the 
trends observed in figure 9 with respect to different loading factors for the same filler. Almost throughout 
the entire spectrum, the lowest stiffness level was reached by 0.5 and 1 wt% CNTs-g-PH10 composites, 
which showed Y’ values very close from each other and only slightly increasing with the loading factor. This 



suggest that, for this filler, the chemical interference of the functionalized surface with the crosslinking 
process was very effective. After a certain extent, however, further additions of a filler like CNT, which is 
much stiffer than the matrix, caused the bulk effects to start becoming competitive or even predominant in 
determining the composite mechanical properties. Similar considerations can be made when comparing the 
0.5 and 1 wt% pristine CNTs composites. This time, however, the filler surface turned out to be chemically 
less active, as already noted before, and the bulk effects of the filler addition resulted in a much higher 
stiffness of 1 wt% CNT composite with respect the 0.5 wt% CNT one. 

The relevant dielectric and mechanical properties of PU matrix and composites at 50Hz are reported in 
table 2 for direct comparison, along with the resulting ε'/Y' ratios. Thanks to their lower elastic moduli and 
their enhanced dielectric constants, all composites showed ε'/Y' ratios higher than that of PU matrix, which 
in the light of  (1) means higher expected actuation performance.  

 
Table 2. Dielectric (ε', ε'') and mechanical (Y') properties values and ε'/Y' ratio for samples tested at 50 Hz. 

Sample ε' ε″″″″    Y' 
(kPa) 

ε'/Y' 
(kPa-1) 

Neat matrix 7.6 17.6 292 0.026 
0.5wt% CNTs-g-PH10 8.6 24.4 48 0.18 
0.5wt% CNTs 35 115 223 0.16 
1wt% CNTs-g-PH10 8 17 52 0.15 
1wt% CNTs ∼200 1088 297 ∼0.67 
1wt% CNTs-g-PH10(dry) 8.4 2.5 202 0.04 
5 wt% CNTs-g-PAN 10.2 35 205 0.05 

 
However, despite the fact that the 1 wt% CNT filled composite exhibited the highest ε'/Y' ratio, it did not 

show the best electromechanical response. As a fact, both composites containing 0.5 and 1 wt% of pristine 
CNTs resulted too lossy to actuate: they could not retain any charge distribution at their electrodes during 
actuation tests and substantial current flows were detected even at rather limited applied voltages (I > 500 
µA at ∆V > 500V). Conversely, since dielectric losses for every composite made with FCNTs were 
extremely low, they allowed for successful electromechanical actuation tests. As a remarkable result, 
samples containing 0.5 wt% CNTs-g-PH10 showed an appreciably improved electromechanical response 
(figure 10), having provided about a 0.8 % of actuation strain that doubled the 0.4 % obtained from the 
matrix at the same applied electric field of 5 V/µm. Indeed, the 0.5 wt% CNTs-g-PH10 was not only the best 
performing material in the actuation tests, but it resulted also the one having the highest ε'/Y' ratio between 
the studied samples, apart from the non-actuating 1 wt% CNT composite (see table 2). 
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Figure 10. Electromechanical strain response exhibited by samples at 10% passive pre-strain (dotted lines 
are as a guide for the eye). 

 
It is worth noting that these results confirm the key role of the ε'/Y' ratio on the actuation properties, as 

prescribed by equation 1. Nevertheless, in order to account also for the behaviour exhibited by both 
composites with bare CNTs, it must be recognized that the role played by both dielectric constant and elastic 
modulus is not exclusive, and that also the necessity of maintaining sufficiently low losses is of paramount 
importance. In this light, the choice to functionalize the CNTs before using them as a filler was proven to be 



successful for three reasons. In fact, in this way it was possible both to enhance the dielectric constant, by 
adding highly polarisable CNTs, to reduce the elastic modulus, due to the chemical action exerted by the 
functional groups grafted to CNTs, and to preserve low electric losses, in consequence of the electrically 
insulating polymeric sheath surrounding each conductive filler particle. 
 
4. Conclusions 
A procedures for the successful chemical functionalization of carbon nanotubes was presented, by means of 
which multi-walled carbon nanotubes were modified by grafting with either a poly-acrylonitrile or a 
diurethane polyacrylate. The obtained FCNTs were added to a dielectric elastomer matrix in order to make 
elastomeric composites and test their capability of enhancing the actuation response of the starting EAP. A 
significant increase in the dielectric constant and a reduction of elastic modulus were observed for 
composites containing 0.5 and 1 wt% CNTs-g-PH10 and 5 wt% CNTs-g-PAN with respect to the PU matrix. 
All the formulations loaded with FCNTs were found able to actuate. In particular, due to its best 
combination of dielectric and mechanical properties among all the studied materials, the elastomer loaded 
with a 0.5 wt% CNTs grafted with the diurethane polyacrylate, showed an electromechanical response 
which doubled that of the starting matrix. Moreover, functionalization proved to be effective in avoiding 
percolative effects in the electrical conductivity of the FCNTs filled composites, while composites 
containing pristine CNTs were electrically conductive and, as such, not capable of actuation at all.  
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