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ABSTRACT 

High-performance piezoelectric sensors based on the polymer-based composite with inorganic filler have shown great 
potential as they offer unique properties and design flexibility. This paper aims to investigate the impact of nanoparticles 
on the piezoelectric property enhancement of the developed composite. The two-photon polymerization method using IP-
Q resin is employed to fabricate the Interdigital transducer (IDT) design master mold for the piezoelectric substrate.  
Polyvinylidene trifluoroethylene (PVDF-TrFE)/barium titanate (BaTiO3) substrate is fabricated by reverse mold 
replication. IDT channels are filled with conductive material through the screen-printing technique. The crystalline phase 
characteristics and surface morphology of fabricated substrate are examined using Fourier transform infrared spectroscopy 
and scanning electron microscope. Strain detection of the developed sensor is evaluated by determining the change in 
scattering parameters using a network analyzer.  
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1. INTRODUCTION 
Compelling benefits, such as expense adequacy, effectively processable and mechanically adaptable with properties that 
can be tailored, have impelled the development of a flexible piezoelectric sensor for structural health monitoring 
applications in the aerospace and bio-medical fields 1, 2. The necessity of monitoring physical deformations occurring in 
aerospace structures during flight, demands an unobtrusive and intelligent sensing device to ensure safety. Acoustic wave-
based piezoelectric composite sensors, being highly sensitive, self-powered, and suitable for a higher frequency range with 
stability, have attracted great interest in measuring mechanical strains. These wave-based piezoelectric sensors generally 
consist of a piezoelectric substrate, interdigital transducers (IDTs) placed at a certain distance named delay line where the 
generated wave propagates.  

The piezoelectric response of the composite sensor can be dictated by several factors, such as the polymer-filler 
distribution, the weight fraction of added fillers, and poling conditions. A 0-3 composite with ceramic particles surrounded 
three-dimensionally by polymer matrix is the commonly used type for large-scale production due to its ease of fabrication 
3, 4. A composite substrate comprising organic ferroelectric polymer incorporated with inorganic fillers offers unique 
characteristics such as flexibility along with ferroelectric properties. Polyvinylidene fluoride (PVDF) and its copolymer 
polyvinylidene trifluoroethylene (PVDF-TrFE) are widely used as a polymer matrix in sensor applications due to their 
mechanical property compliance, lightweight nature, and easy processing. TrFE inclusion into PVDF forms a non-volatile, 
less dense copolymer, favoring a direct formation of ferroelectric β phase, which simplifies the fabrication process by 
eliminating the complicated post-processing procedures, such as stretching and crystallization under higher pressure 5. 
However, their piezoelectric properties, such as dielectric constant and piezoelectric coefficients, are low compared to 
ceramic materials. Functional inorganic ceramic fillers such as lead zirconate titanate (PZT) and barium titanate (BaTiO3,  
BT) are commonly used active components due to their high piezoelectric strain coefficient and dielectric constant values 
6, 7. Perovskite BT is a favorable candidate over PZT due to its lead-free, low-cost environmental, and health-friendly 
characteristics 8, 9.  
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After cleaning the silicon wafer using acetone and isopropanol, the wafer is activated with an oxygen plasma etch PE-
50HF system (Plasma Etch, Caron City, USA) at a pressure of 149.8 mTorr, a flow rate of 20 cc/min, and a radio frequency 
(RF) power of 20 W for 40 seconds. The printer parameters used are 4 µm slicing distance, 1µm hatching distance, 100 
mm/scan, and 90% laser power. The printed master mold is developed for 20 min in propylene glycol monomethyl ether 
acetate (PGMEA) (Merck kGaA, Darmstadt, Germany), developed for 5 min in isopropanol, and dry-blown with 
compressed air. Master mold dimensions printed using a 2PP printer are mentioned in Table 1. 

2.2 Piezoelectric substrate development 

To develop a flexible piezoelectric composite, PVDF-TrFE incorporated with BT particles is fabricated through a novel 
replication process. Primary materials selected for the piezoelectric composites are listed below:  

• PVDF-TrFE powder 80/20 mol (PolyK, State College, PA, USA), a density of 1.88 g/mL and Curie temperature 
of 135 °C. 

• BaTiO3 (BT) 99.5% purity (TPL Inc., Albuquerque, NM, USA), near-spherical particles with an average diameter 
of 420 nm, the specific surface area of 4 m2/g, and density of 6 g/cm3.  

• DMSO (Sigma-Aldrich, St. Louis, MO, USA), Mw ~78.13 g/mol. 

PVDF-TrFE polymer is dissolved in polar solvent dimethyl sulfoxide (DMSO) due to the polymer insolubility in water 
using a planetary THINKY mixer (Laguna Hills, CA, USA) for 12 min at 2000 rpm. The dissolved base polymer PVDF-
TrFE is then mixed with different wt. % proportions (40% and 60 %) of the BT ceramic particles. Particles are well mixed 
with the base polymer in both rotational and revolution axed motion without bubbles due to the deaeration capability of 
the mixing technique used. The mixture is then poured into a custom-made 0.63 cm thick acrylic mold, where the 2PP 
printed master mold is placed tight, as shown in Figure 2 (a). After room temperature curing, the positive mold is peeled 
off from the master mold with empty channels to be filled with the conductive electrode material. Figures 2 (b) and (c) 
show the positive mold with DMSO evaporated forming composite substrate maintaining structural integrity and master 
mold after peeling off with few particles stuck to it, respectively.  

                      

Figure 2. (a) Master mold placed in the acrylic mold where the mixed material is poured in for curing, (b) Piezoelectric positive 
mold peeled off after curing with electrode channels, and (c) Master mold after peeling 

2.3 Surface morphology of the fabricated substrate 

To investigate the nanofiller distribution in the polymer matrix, the fabricated substrate is examined using a scanning 
electron microscope. For better conductivity, samples are sputtered with gold, and images are captured at 10 kV with 4.0 
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The conversion of the non-polar phase to an active phase is carried out by applying a high voltage of 8 kV through a non-
contact poling process, which enhances the piezoelectric property by aligning the dipoles towards the electric field 
direction. A maximum d33 value of 36.5 pC/N is achieved in a composite with 60 wt. % BT, with an 8.5% increase after 
polarization. A compression test is performed using a universal testing machine AMETEK CS225 (Berwyn, PA, USA) 
with a 10 kg load cell at a 1 mm/min extension rate. When comparing pure PVDF-TrFE with 40 and 60 wt. % BT 
combinations, increase in stiffness is observed as the particle loading increased. A maximum Young’s modulus of 1.26 
MPa is obtained with 60 wt. % BT maintaining stiffness and pliability. Measured piezoelectric strain coefficients, young’ 
modulus, along with crystalline phase information are listed in Figure 4. 

2.4 Crystalline phase characterization by FT-IR Spectroscopy  

Fourier transform infrared spectroscopy (FT-IR) using an Agilent ATR FTIR is executed to quantitatively analyze the 
presence of the crystalline phase, which dominates the piezoelectricity of PVDF-TrFE polymer 16. Infrared spectra in a 
wavenumber range of 750-1550 cm-1 are obtained using an Agilent spectrometer. Figure 5 shows absorption peaks at 763 
cm-1 and 952 cm-1 representing non-polar α phase, while peaks at 841 cm-1 (CF2 symmetric stretching), 1172 cm-1 and 1280 

cm-1 (CF2 symmetric stretching), originate due to  phase presence. Additionally, the peak at 1401 cm-1 is due to CH2 
wagging vibration. The peaks at 880 cm-1 and 1172 cm-1 correspond to the a-axis, 841 cm-1 and 1280 cm-1 peaks indicate 
the polar b-axis, and 1401 cm-1 peak is associated with the c-axis of the polymer chain 17-19.  

                                  

Figure 5. FT-IR absorbance spectra for PVDF-TrFE (PT) polymer with 40% and 60% BT 

Based on the Beer-Lambert law, the fraction of active  phase in different composite types is calculated using equation 
(1), 

 
𝐹 =

𝐴

(
𝑘α
𝑘
)𝐴α + 𝐴

 (1) 

where 𝐴α and 𝐴 are the absorbance peak intensities at 763 cm-1 and 841 cm-1, respectively and 𝑘α and 𝑘 are 7.7 x 104 

cm2 mol-1 and 6.1 x 104 cm2 mol-1 representing the absorption coefficient at the corresponding wavenumber. As listed in 
Table 1, it is evident that adding nanofillers increases the  phase with d33 enhancement and a maximum polar phase of 
78.5 % is achieved with 60 wt.% BT fillers. 
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3. IDT ELECTRODE DEPOSITION 
A screen-printing technique is used to deposit the conductive material (filling the empty channel in the positive mold with 
electrodes). A stencil with an IDT pattern is designed and developed using a 2PP printer, which acts as a mask where the 
conductive material is transferred onto the positive mold, except in areas made impermeable to the ink by a blocking mesh. 
The printing parameters used for developing a stencil are the same as the master mold printing. Figures 6 (a) and (b) show 
the CAD model of a stencil with IDT pattern and 2PP printed stencil. The electrodes are made of conductive poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) 5% screen printable ink (Sigma-Aldrich, St. Louis, MO, 
USA). IDT pattern made of conductive PEDOT:PSS ink is screen printed without discontinuity with a minor spread of 
ink, due to the foamy nature of PVDF-TrFE, and is well bonded to the base substrate, as shown in Figure 6 (c). Figure 6 
(d) shows the stencil condition after screen printing and cleaned using water, which can be reused.  

                 

Figure 6. (a) CAD model of stencil with empty IDT pattern; (b) 2PP printed stencil; (c) electrode channel filled with conductive 
material; and (d) stencil after electrode filling       

4. STRAIN DETECTION TESTING 
Frequency response analysis is carried out using a spectrum vector analyzer (Siglent SVA 1032X) to evaluate the strain 
detection capability of the fabricated piezoelectric sensor with embedded electrodes. The network analyzer GGB probes 
(ECP 18-GSG-1250-DP) are connected to the IDT terminals of the sensor attached to a flat and 30° curved steel surface 
(host structure), as shown in Figure 7 (c). The probes are calibrated using a CS-10 calibration substrate, and sensor response 
is measured in the frequency range from 80 MHz to 130 MHz providing information of mechanical strains that occurred 
in the host structure. A 10 dBm RF signal is provided as an input to the sensor with a reference impedance of 50  to 
analyze the scattering parameter (S21). The frequency response depends on the IDTs pattern, electromagnetics of the 
material, and the velocity of the acoustic wave generated. The S21 response of the developed sensor measured at a flat and 
angled condition is represented in Figures 7 (a) and (b). When a strain occurs in the host structure, there is a perceptible 
frequency shift and peak intensity relational to the change in wave characteristics, which validates the strain detection 
capability of the developed piezoelectric sensor. A harmonic frequency shift is detected from 103 MHz to 109 MHz for 
the PVDF-TrFE/BT sensor with higher piezoelectric and mechanical properties. Some parasitic effects are noticed due to 
electromagnetic coupling in probe setup and impedance mismatch, which leads to missing fundamental peak detection.  
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Figure 7. (a) Frequency response of piezoelectric sensor measured in both flat and bent (30°) condition; (b) zoomed-in response 
shows the frequency shift details and (c) strain validation setup with a sensor attached to host structure at an angle ° 

5. CONCLUSION 
In summary, a piezoelectric acoustic sensor based on PVDF-TrFE and BT nanofiller with embedded electrodes is 
successfully developed through a novel reverse replication process using a 2PP printed master mold and stencil. The effect 
of adding nanofiller to the polymer matrix is studied through surface morphology, chemical characterization, mechanical 
and piezoelectric property measurements. PVDF-TrFE with 60 wt.% BT yielded the maximum piezoelectric strain 
coefficient (d33) of 36.5 pC/N with 78.5% active crystalline phase. Mechanical strains are detected using the frequency 
shift information through RF probing setup. In the future, experiments will be performed with optimized and decreased 
electrode dimensions, maintaining the IDT pattern for efficient wave generation and investigation of frequency 
measurement to avoid the influence of secondary effects.  
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