
1 INTRODUCTION 
 
Recently, multifunctional materials for structural health monitoring (SHM) have gained signifi-
cant recognition for their versatility to sense, actuate, and harvest energy from ambient vibra-
tions. Carbon nanotubes (CNT) have been widely employed because of their large aspect ratio 
and high surface area. These physical attributes render them ideal candidates for chemical func-
tionalization and for embedding electromechanical and electrochemical sensing transduction 
mechanisms within one composite film structure. The resulting multifunctional nanocomposite 
thin film can then be applied onto virtually any structural surface for sensing/actuation without 
interfering with structural performance and functionality. 

In a previous study conducted by Loh et al. (2007a), layer-by-layer single-walled carbon na-
notube (SWNT)-polyelectrolyte thin films have been demonstrated for strain and corrosion sens-
ing. While these nanocomposites are capable of detecting strain and corrosion processes in the 
laboratory, two main disadvantages exist: 1) interrogation of the sensor requires an external 
power supply and 2) the nominal resistance (R0) of the piezoresistive multifunctional film has 
been found to be time-variant (i.e. R0 drifts over time). Thus, the main objective of this study is 
to extend the design of multifunctional nanocomposites to include piezoelectric properties (i.e. 
power harvesting and actuation capabilities) and time-invariant strain sensing properties for en-
hancing their versatility for SHM applications. Herein, a piezoelectric carbon nanotube (CNT)-
tuned poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] thin film is proposed. Prelimi-
nary experimental results shown in this study will highlight three performance attributes of 
CNT-P(VDF-TrFE) thin films: 1) high deformation tolerance for robust field applications, 2) li-
near strain sensing performance, and 3) potential power harvesting capabilities. 
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ABSTRACT: Recently, the need for long-term structural health monitoring has warranted the 
design of novel sensing transducers. In particular, nanotechnology offers new material process-
ing techniques that allow for novel multifunctional thin film sensor designs which combine 
sensing, actuation, and power harvesting into one platform. In this study, single-walled carbon 
nanotubes (SWNT) are used as filler material to tailor the sensing and power harvesting per-
formance of poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] nanocomposites. 
SWNT-P(VDF-TrFE) thin films fabricated via a thermal evaporation and annealing procedure 
are shown to exhibit high mechanical strength and deformation tolerance. Furthermore, capaci-
tive strain sensors exhibit high capacitive-strain sensitivities. When coupled with a passive wire-
less radio frequency identification system, these capacitive strain sensors cause detectable 
changes the system resonant frequency during applied strain. Finally, the potential for harvest-
ing power from ambient structural vibrations is validated. 
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2 PROJECT OBJECTIVES AND BACKGROUND 

2.1 Piezoelectric multifunctional composites 
In general, piezoelectric materials possess the unique property of developing a differential 
charge on opposite volumetric surfaces in response to an applied mechanical deformation; this is 
generally the property used for sensing using piezoelectric materials (e.g. in piezoelectric accel-
erometers). Similarly, the converse is true that an applied electric field causes mechanical de-
formations (i.e. actuation) (Dargaville et al. 2005). To date, numerous studies have been con-
ducted with piezoelectric materials for power harvesting (Sodano et al. 2004) and active sensing 
(Lin & Giurgiutiu 2005). Two materials, namely lead zirconium titanate (PZT) and 
poly(vinylidene fluoride) (PVDF) copolymers, have been the piezoelectric materials of choice 
due to their widespread availability, low cost, and ease of use. While PZTs are capable of gener-
ating large forces suitable for active interrogation of structures, this piezoelectric ceramic is brit-
tle and expensive. In addition, their non-conformable nature prevents their application on com-
plex structural surfaces. On the other hand, conformable piezoelectric polymers like PVDF and 
P(VDF-TrFE) generate smaller actuation forces but possess a much higher piezoelectric stress 
constant, thereby making them ideal candidates for high-performance sensing. They are light-
weight, high-strength, conformable, and can be cut into different shapes/sizes (Harrison & Oun-
aies 2001). Furthermore, as will be described herein, their polymeric nature and chemical com-
patibility allows precise tailoring of the material using other nanomaterial species. 

In order to fully utilize the piezoelectric nature of PVDF and P(VDF-TrFE) materials, a cru-
cial post-fabrication step known as polarization or poling is required. In short, poling is the 
process of applying a large electric field (on the order of 2-4 kV) close to the Curie temperature 
(130 to 150 °C) of PVDF to induce reorientation of its β-phase dipoles (Dargaville et al. 2005). 
Upon removal of the poling electric potential (after 10 to 30 min), the reoriented β-phase dipoles 
contribute to the film’s piezoelectric effect. In this study, it will be shown that using SWNTs as 
the filler material within the P(VDF-TrFE) matrix, the required poling voltage can be drastically 
reduced (from 2000-4000 V to 300-500 V) while preserving similar piezoelectric performance. 

2.2 SWNT-P(VDF-TrFE) nanocomposites for time-invariant strain sensing 
Ramaratnam and Jalili (2006) have demonstrated that CNT-tuned P(VDF-TrFE) composites ex-
hibit better sensing performance over plain P(VDF-TrFE) films due to stiffness enhancements 
provided by the nanotube fillers. Experimental results show that CNT-based PVDF-TrFE volt-
ages developed in response to applied strains are higher in amplitude than pure P(VDF-TrFE). 
As opposed to directly using the piezoelectric sensor effect of plain and SWNT-modified 
P(VDF-TrFE) thin films, this study seeks to utilize the strain-sensitive dielectric constant prop-
erties of these films to design a capacitive time-invariant thin film strain sensor. Since it is diffi-
cult to measure a material’s dielectric properties directly and in real-time, the nanocomposite’s 
capacitance, which is linearly proportional to the material’s dielectric constant (εr), is measured 
using an impedance analyzer.  

Due to the planar zigzag all-trans β-phase molecular conformation of P(VDF-TrFE) chains 
within the thin film (Fig. 1) (Dargaville et al. 2005), applied strain induces deformations in indi-

Table 1. Matrix of different P(VDF-TrFE) nanocomposite films fabricated. 
Film Composition SWNT Solution  

Concentration (mg/mL) 
Nanocomposite 
SWNT wt. % * 

Film Thickness 
(µm) 

Pure P(VDF-TrFE) 0 0% 89 
SWNT-P(VDF-TrFE) 0.02 0.01% 102 
SWNT-P(VDF-TrFE) 0.04 0.02% 102 
SWNT-P(VDF-TrFE) 0.10 0.05% 97 
SWNT-P(VDF-TrFE) 0.20 0.10% 78 
SWNT-P(VDF-TrFE) 0.40 0.20% 95 
* Nanocomposite SWNT wt. is measured with respect to the weight of P(VDF-TrFE) in the composite 
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vidual chains that cause changes in sensor dielectric properties (and capacitance). Furthermore, 
it will be shown that the weight fraction of SWNTs with respect to the P(VDF-TrFE) matrix can 
be used to tune sensor properties. The ability to fine-tune material dielectric properties facilitates 
the design of capacitive passive wireless strain sensing devices (e.g. radio frequency identifica-
tion (RFID) or surface acoustic wave (SAW)). 

2.3 SWNT-P(VDF-TrFE) nanocomposites for power harvesting 
As opposed to using P(VDF-TrFE), Kang et al. (2006) have employed two different electroac-
tive polymers (i.e. sodium dodecylbenzene sulfonate and Nafion) tuned with SWNTs and dried 
SWNT sheets (termed “buckypaper”) for power harvesting. Although some of the composite 
specimens generated an electric potential in response to free vibration of a cantilevered beam, a 
liquid medium such as water is required to facilitate charge transport (Kang et al. 2006). In order 
to design a power harvesting multifunctional thin film capable of operating in dry environments 
for SHM, SWNT-modified P(VDF-TrFE) thin films are employed. It will be shown that low 
voltage-poled SWNT-P(VDF-TrFE) nanocomposites are capable of generating the same electric 
potential in response to structural vibrations as compared to commercial PVDF films. The gen-
erated electric potential can be used for energy storage devices or self-sensing. 

3 SWNT-P(VDF-TRFE) COMPOSITE FABRICATION 
 
Fabrication of SWNT-P(VDF-TrFE) nanocomposite thin films begins by preparing dispersed 
SWNTs (Carbon Nanotechnologies, Inc.) and dissolved P(VDF-TrFE) (65-35 wt. %, Ktech 
Corporation) solutions in N,N-dimethylformamide (DMF) (Fisher Scientific). First, 4 mg of sin-
gle-walled carbon nanotubes are added to 20 mL of DMF and subjected to 180 min of ultrasoni-
cation bath at room temperature to achieve moderate dispersion. Then, 2 g of pellet-form 
P(VDF-TrFE) are dissolved in 20 mL of DMF and exposed for 3 hours in an ultrasonication 
bath treatment (at 60 °C). Upon mixing the two solutions at specific ratios, five P(VDF-TrFE) 
viscous solutions of different SWNT concentrations are obtained (as shown in Table 1).  

Using the as-prepared solutions shown in Table 1, nanocomposite fabrication is continued by 
thermally evaporating SWNT-P(VDF-TrFE) solutions in a rectangular aluminum mold (2.5 cm 
wide, 5 cm long, 0.7 cm deep). The aluminum mold and its contents are placed on top of a hot 
plate (at a moderate temperature) to slowly evaporate the DMF solvent over a 24 hour period. 
Upon complete evaporation, six P(VDF-TrFE)-based thick films of distinct compositions are 
obtained. Since thermal evaporation yields inhomogeneous films and varying thicknesses, a fi-
nal high-pressure thermal annealing step is performed to increase film crystallinity and to ensure 
uniform thickness. The nanocomposites are enveloped in a Teflon film and cast between the two 
polished metal plates of a Heated Presser 4386 (Carver, Inc.), where an initial temperature of 
150 °C and 13.3 kN of force is applied, followed by thermal annealing for an additional three 

  
Figure 1. Schematic illustrating the planar zigzag 
all-trans β-phase molecular conformation of 
P(VDF-TrFE). 

Figure 2. Photograph of as-fabricated plain and 
SWNT-tuned P(VDF-TrFE) nanocomposites as 
detailed in Table 1. 
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hours (at 100 °C). Upon annealing, each film’s thickness is measured using a micrometer as 
summarized in Table 1. It should be noted that to ensure the same fabrication parameters for 
each specimen, the six nanocomposites are fabricated simultaneously to yield a large sheet of 
P(VDF-TrFE) thin film with six distinct regions of SWNT concentrations (Fig. 2). 
 Preparation of the six nanocomposites shown in Figure 2 for the experimental phase of this 
study begins by precisely cutting each film into 20 x 20 mm2 squares. Electrical contacts are es-
tablished by drying 15 x 15 mm2 colloidal silver paste electrodes (Ted Pella) over opposite sides 
of the film surface, followed by connecting thin wires using copper tape (Ted Pella). In efforts 
to enhance the piezoelectric performance of the as-fabricated nanocomposites, each film is poled 
in a silicone oil (Fisher Scientific) using a high voltage direct current (DC) source at 500 V for 
10 min at an elevated temperature above the P(VDF-TrFE) Curie temperature (at 140 °C) (Fig. 
3). 

4 EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Mechanical performance of SWNT-P(VDF-TrFE) nanocomposites 
One important and necessary attribute of multifunctional thin film material systems is that they 
have to be durable and mechanically-strong to survive harsh operating and environmental condi-
tions. Dargaville et al. (2005) have already determined that PVDF-based composites exhibit 
high conformability (i.e. it can withstand large applied strains) and high mechanical strength. In 
the first phase of this study, select free-standing P(VDF-TrFE)-based specimens from Table 1 
are cut into 10 x 1 mm2 rectangles and mechanically loaded (i.e. in monotonic tension) in a Te-
stResources 200Q load frame to measure the mechanical performance of these nanocomposites. 
The results from Figure 4 confirm findings by Dargaville et al. (2005), such that P(VDF-TrFE)-
based composites are capable of withstanding high strains up to approximately 30%. 

In addition, incorporation of single-walled carbon nanotubes as filler material within the 
P(VDF-TrFE) matrix increases the stiffness of the overall nanocomposite (as seen from the in-
crease in initial slope in Fig. 4). It can also be observed that there appears to be modest im-
provements in the ultimate tensile strength of SWNT-tuned P(VDF-TrFE) composites. In gen-
eral, all SWNT-modified specimens exhibit an ultimate tensile strength of approximately 25 
MPa. Although a more detailed study is required to extract the underlying mechanism as to how 
SWNTs mechanically reinforce these polymeric composites, these results correspond with those 
obtained by Ramaratnam and Jalili (2006). Nevertheless, the high ductility and mechanical 
properties of these nanocomposites confirm their survivability in field environments. 

4.2 Time-invariant capacitive strain sensing 
In an effort to determine the strain sensing performance of pure and SWNT- P(VDF-TrFE) thin 
films, each specimen (with electrodes attached to both sides) of Table 1 is mounted onto a PVC 

 
 

Figure 3. Schematic illustrating the electrode pol-
ing process of P(VDF-TrFE) films. 

Figure 4. Stress-strain curves of P(VDF-TrFE)-
based films showing improvements in stiffness 
and ultimate tensile strength with SWNTs. 
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Type I coupon (31 cm long, 4 cm wide, 2 cm thick) using CN-Y post-yield epoxy (Tokyo Ken-
kyujo). Upon sufficient drying (2 hours), the PVC coupon, along with the six nanocomposite 
specimens, is mounted into an MTS-810 load frame for axial loading (Fig. 5). Data acquisition 
is accomplished by using a Solartron 1260 impedance gain/phase analyzer for measuring film 
capacitance at 0.5 Hz.  

Each specimen is subjected to a two-cycle tensile-compressive cyclic load pattern to ±2500 
µε (micro-strains) at a strain rate of 50 µε/s while the Solartron 1260 impedance gain/phase ana-
lyzer measures film capacitance in real-time. Upon repeating this test for all six specimens, and 
normalizing the nanocomposite capacitance with respect to the film surface area, select results 
are presented in Figure 6. It can be seen that both the pure P(VDF-TrFE) and the 0.05 wt. % 
SWNT-P(VDF-TrFE) nanocomposites exhibit changes in capacitance (and thereby its dielectric 
constant) in response to applied strain. By plotting the change in capacitance as a function of 
applied strain, it is obvious that both samples exhibit excellent linearity and minimal hysteresis 
(Fig. 7). In general, all specimens from Table 1 exhibit similar linear capacitive strain response. 

The capacitive strain sensitivity (SC=(∆C/C0)/ε) can be determined from the slope of the lines 
in Figure 7. For the results shown, the computed sensitivity is 1.3 and 1.5 for the pure P(VDF-
TrFE) and 0.05 wt. % SWNT-P(VDF-TrFE) nanocomposites, respectively. In general, for the 
films in Table 1 and Figure 2, the capacitive strain sensitivities range between 1.2 and 2.5, the-
reby making them ideally suited for sensing and SHM applications. It should be noted that a typ-
ical metal-foil strain gauge factor (GF=(∆R/R0)/ε) is approximately 2.0.  

In addition, it is beneficial if one can judiciously tune the macro-scale dielectric properties 
such as the capacitance of P(VDF-TrFE) films simply by controlling the composite’s SWNT 
weight content. From Figure 8, it can be seen that an exponentially-increasing trend exists be-
tween increased carbon nanotube content and the normalized film capacitance. Despite the fact 
that the 0.01 wt. % SWNT-P(VDF-TrFE) composite exhibits an anomalous and slightly higher 
capacitance that contradicts the aforementioned trend, the general trend remains. Although one 

  
Figure 7. Strain sensing linearity plot correspond-
ing to Figure 5; (top) pure P(VDF-TrFE) and 
(bottom) a 0.05 wt.% SWNT-P(VDF-TrFE) film.

Figure 8. Normalized nanocomposite capacitance 
as a function of SWNT weight content (%). 

 
 

Figure 5. Picture of six P(VDF-TrFE)-based 
strain sensors epoxy-mounted onto a PVC coupon 
and loaded in an MTS-810 load frame for testing. 

Figure 6. Nanocomposite capacitance response to 
applied strain for (top) a pure P(VDF-TrFE) and 
(bottom) a 0.05 wt.% SWNT-(P(VDF-TrFE) film. 
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can also control the film’s dielectric properties through sample size, when size is critical, SWNT 
content can be a useful tuning factor for dictating film capacitance. It will be demonstrated later 
that the ability to control film dielectric properties is crucial for passive wireless systems. 

4.3 Application of P(VDF-TrFE) capacitive strain sensors to passive wireless systems 
Recently, radio frequency identification sensors have gotten significant attention for their poten-
tial applicability for SHM due to their battery-free operation and small form factor (Mita & Ta-
kahira 2004; Jia & Sun 2006; Loh et al. 2007b). In short, RFID sensing systems are comprised 
of a portable reader and a sensor tag (Fig. 9). The reader contains a: 1) coil antenna used to wire-
lessly interrogate the sensor and transmit power inductively and 2) an alternating current (AC) 
power source.  

The simplest RFID sensor tag consists of an inductor coil antenna (with inductance LT), resis-
tor (RT), and capacitor (CT) connected in series or parallel. When an AC current passes through 
the reader coil antenna (with inductance LR), a magnetic field is generated within the vicinity of 
the reader coil. The resulting magnetic field can induce AC current and a potential drop at a 
proximal sensor tag; this electrical couling is then used by the sensor tag to transmit data back to 
the reader (Finkenzeller 2003). One is referred to Finkenzeller (2003) and Loh et al. (2007b) for 
a more detailed discussion on the fundamental operational principles of RFID sensors. 

In general, when considering analog RFID systems, the resonant frequency (fn) and band-
width (B) define a passive RFID sensor tag. The resonant frequency and bandwidth for a series 
or parallel RFID sensor tag can be calculated via Equations 1 and 2 respectively (Lee 1998). 

( )TTn CLf π2/1=  (1) 

( )TTseries LRB π2/=  and ( )TTparrallel CRB π2/1=  (2) 

It can be seen from Equations 1 and 2 that any change in capacitance (within a series resonant 
RFID sensor tag) due to strain will only affect the system’s resonant frequency. Thus to validate 
the applicability of SWNT-P(VDF-TrFE) composites for passive wireless sensing, a strain-
sensitive 0.02 wt. % SWNT-P(VDF-TrFE) nanocomposite is used to replace the capacitive ele-
ment within a series resonant RFID circuit (consisting of a 1700 µH inductor with inherent 10 Ω 
resistance). Using a similar experimental setup as detailed in Section 4.2, the SWNT-P(VDF-
TrFE) nanocomposite is epoxy-mounted to a PVC coupon. Upon coupling the thin film with the 
aforementioned tag coil antenna, it is mechanically loaded in monotonic tension from -4000 to 
4000 µε. During testing, the MTS-810 load frame is paused at intervals of 1000 µε to allow time 
for the Solartron 1260 impedance analyzer to wirelessly interrogate the RFID sensor tag. 

Results from Figure 10 demonstrate that SWNT-P(VDF-TrFE) thin film strain sensors can 
indeed be coupled with RFID systems for achieving passive wireless operations (i.e. there is 
evidence of reader-tag coupling). First, when the nanocomposite sensor tag enters the vicinity of 

  
Figure 9. A schematic illustrating the operation of 
a passive wireless RFID sensing system. 

Figure 10. (Top) Measured RFID reader imped-
ance with and without sensor tag. (Bottom) Reso-
nant frequency shift of the passive wireless 
SWNT-P(VDF-TrFE) sensor under applied strain. 
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the RFID reader, dramatic changes in the measured reader impedance is observed (especially 
near the sensor tag’s resonant frequency at approximately 391 kHz). Moreover, the RFID sensor 
tag’s resonant frequency decreases (in a near linear-fashion) with increasingly applied strain as 
governed by Equation 1 (since film capacitance is positively and linearly related to strain as 
shown in Fig. 7). By computing the slope (m) of the least-squares fitted line in Figure 10, the 
sensitivity of the passive RFID strain sensor is found to be 0.208 Hz/µε. Additional tests are cur-
rently underway to optimize the strain sensing performance of these capacitive RFID sensors. 

4.4 Power Harvesting from Structural Vibrations 
Finally, in order to achieve long-term SHM, the ability for the multifunctional nanocomposite to 
harvest energy from structural vibrations is desirable. Here, the P(VDF-TrFE)-based thin films 
shown in Table 1 and Figure 2 are epoxy-mounted onto a cantilevered thin aluminum plate (31 x 
18 cm2) (Fig. 11). However, as opposed to comparing SWNT-P(VDF-TrFE) thin film power 
harvesting capabilities to the pure P(VDF-TrFE) thin film fabricated in the laboratory, the pure 
P(VDF-TrFE) thin film is replaced with a commercially poled PVDF film (100 µm thick from 
Measurement Specialties, Inc.). The commercial film is mounted with electrodes in a similar fa-
shion as presented in Section 3. Upon sufficient drying of the epoxy (2 hours), an MB Dynamics 
Modal 110 shaker is employed to actuate the plate at its free-end at a constant sinusoidal fre-
quency of 20 Hz. Data acquisition is accomplished by simultaneously measuring each of the 
piezoelectric nanocomposite’s output voltage using a multi-channel Agilent 54621D Mixed Sig-
nal oscilloscope sampling at 1 kHz. 

Figure 12 plots the overlay of three of the six measured P(VDF-TrFE)-based thin films’ out-
put voltages as the thin aluminum plate is mechanically actuated at a frequency of 20 Hz. It is 
apparent that the SWNT-P(VDF-TrFE) thin films generate the same magnitude of output volt-
age with respect to the commercially-obtained PVDF film. It should be noted that commercial 
PVDF thin films are typically corona-poled at 2500 to 3500 V and mechanically stretched to at-
tain maximum piezoelectricity, thereby making film fabrication an expensive and tedious task 
(Dargaville et al. 2005). Thus, these results suggest that, by tuning P(VDF-TrFE) thin films with 
SWNTs, one can achieve comparable power harvesting capabilities as with current commercial 
PVDF thin films but at lower cost and at greater ease.  

In addition, due to the strong piezoelectric sensing effect of the aforementioned P(VDF-TrFE) 
nanocomposites (i.e. a large potential is generated when these films are strained), not only can 
power harvesting be accomplished, but these thin film sensors are ideally suited for self-sensing 
applications. Since no power supply is required for sensor interrogation, a simple data acquisi-
tion system can interrogate multiple thin films simultaneously and in real-time by recording self-
generated output voltages. Currently, a more detailed analysis is underway to optimize and un-
cover how SWNTs enhance the nanocomposite’s piezoelectric power harvesting/self-sensing 
performance. 

  
Figure 11. Picture showing six P(VDF-TrFE)-
based films epoxy-mounted to a cantilevered 
aluminum plate and excited by a modal shaker. 

Figure 12. Measured piezoelectric output voltage 
of P(VDF-TrFE)-based thin films mounted onto a 
thin aluminum plate excited at a sinusoidal fre-
quency of 20 Hz. 
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5 CONCLUSIONS 

In conclusion, a thermally evaporated and high-pressure annealed P(VDF-TrFE) nanocomposite 
consisting of different weight fractions of SWNTs is presented for structural monitoring applica-
tions. First, results from experimental stress-strain curves suggest that these thin films exhibit 
high mechanical strength and ductility. Secondly, these thin films have been demonstrated to 
exhibit linear changes in film dielectric properties (capacitance) in response to applied strain. 
The calculated SWNT-P(VDF-TrFE) gauge factors are between 1.2 and 2.5 and is comparable 
to traditional metal-foil strain gauges. By coupling these capacitive thin film strain sensors with 
a wireless RFID sensor tag, it has been shown that the RFID reader can wirelessly interrogate 
the sensor and observe changes in system resonant frequency with applied strain (with a strain 
sensitivity of 0.208 Hz/µε). Finally, the potential for using the nanocomposite for power har-
vesting is presented by measuring the generated voltage during forced vibration of a cantile-
vered aluminum plate. Results show that SWNT-P(VDF-TrFE) nanocomposites generate the 
same electric potential as commercially poled PVDF films, despite the fact that the SWNT-
modified films have been electrode-poled with a significantly lower voltage. Furthermore, the 
ability to generate a large electric potential under small mechanical perturbations make these 
nanocomposites ideal for self-sensing applications. 
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