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   Abstract—Current real time structural health monitoring is 

implemented by assembling multiple discrete sensors on a 

structure with each sensor providing only point measurement. The 

installation of the multiple sensors results in high global cost and 

low reliability. This paper reports the design, direct-write 

fabrication, and testing of ultrasonic transducers on a plate 

structure and a non-destructive testing method for detecting 

defects using the sensor array comprising the direct-write 

ultrasonic transducers. The transducers are made of piezoelectric 

poly(vinylidenefluoride/trifluoroethylene) (P(VDF/TrFE)) 

polymer coatings that are aerosol-spray deposited and patterned 

directly on the plate structure to be monitored. The ultrasonic 

transducers bearing annular array comb electrodes are designed 

for generating and selectively detecting fundamental 

antisymmetric Lamb mode ultrasonic waves in the plate structure. 

The ultrasonic transducers can serve as both the actuators to 

generate ultrasonic waves and the sensors to detect ultrasonic 

waves. The ultrasonic waves propagating through the plate 

structure contain the information about the structural integrity. 

With copper bars of different thicknesses introduced at the plate 

centre as mock defects of different severity, the correlation 

between the transducer response and the defect thickness and 

hence the severity is verified. It is also demonstrated that four 

ultrasonic transducers located at the square plate (100 mm×100 

mm×1.27 mm) corners forming a transducer array which can 

locate the defect on the plate. A short time Fourier transform 

algorithm and an imaging algorithm are developed for processing 

signal of the pitch-catch ultrasonic wave spectra to determine the 

location of the defects, which is verified by experimental results. 

 
Index Terms—Direct-write, Non-destructive testing, 

Piezoelectric polymer, Sensor, Ultrasonic transducers 

 

I. INTRODUCTION 

HE AVIATION INDUSTRY has been increasingly demanding 

for non-destructive testing (NDT) methods with real-time 

structural health monitoring capability [1]. Distributed 

sensor-networks are a promising technology to fulfill this 

requirement. Existing sensor-networks are mainly realized by 

installing multiple discrete sensors on the aeronautical parts 

under monitoring [2]. The weight and profile of the sensors, 

cabling connections and associated equipment, however, pose 

a significant problem for aircrafts which are very sensitive to 
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weight increment. Direct-write (DW) sensor network on the 

aeronautical part is a promising approach to integrate the sensor 

assembling process with the aeronautical manufacturing 

process, for achieving reduced total cost and improved system 

reliability [3]. 

Direct-write refers to a group of processes which can 

precisely deposit functional and/or structural materials on some 

structural parts. These materials are processed in situ on the 

structure, and are directly patterned to the shape used in the final 

components [4]. As an additive on-demand manufacture 

process, direct-write approach is able to deposit various 

materials and has the advantage of being able to realize 

conformal large area deposition [5]. The line width of the 

deposited pattern can have the feature size of micrometers and 

the deposited layer thickness can vary from tens of nanometers 

to hundreds of micrometers [6]-[9]. Based on the mechanisms 

of material handling and transfer, the direct-write technologies 

can be categorized into six major groups: spray-based methods, 

laser-based direct-write methods, ink dispensing-based 

methods, tip-based writing methods, and screen printing/dip-

coating-based methods [10]-[15]. Among these DW processes, 

the spray-based methods show the highest technology readiness 

level [16]. 

The spray-fabricated sensors reported in the literature are 

mainly single functional passive type sensors, such as 

thermocouple, piezoresistive and capacitive sensors [17], [18], 

which can only passively sense the changes of environmental 

parameters such as temperature and strain through the 

responsive changes at the location of the sensors. While 

piezoelectric transducers are the powerful NDT sensors in 

various applications, which can work in both active and passive 

modes, the reports on DW-fabricated piezoelectric transducers 

are very limited [19]. In the existing reports for active ultrasonic 

wave excitation, DW serves only as a method to pattern 

electrodes while the piezoelectric polymer materials are still 

implemented as separate piezoelectric polymer films formed by 

traditional material fabrication methods. In such conventional 

practice, the prior fabricated transducers are subsequently 

bonded or assembled on the structures to be monitored [5], [17]. 

Danz reported a piezoelectric stripe sensor manufactured using 

an air-brush technique. The sensor was used passively for air 
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pressure monitoring [20]. Haque [21] developed a 

poly(vinylidenefluoride/trifluoroethylene) (P(VDF/TrFE)) ink 

for inkjet printing and characterized the piezoelectric properties 

of the printed P(VDF/TrFE) film, while there was no 

demonstration of inkjet-printed active ultrasonic transducers. It 

would be a significant technological advancement with great 

benefits if DW technologies can be effectively applied to 

produce piezoelectric ultrasonic transducers directly on an 

aeronautical structure to be monitored. 

This paper reports the design, direct-write fabrication, and 

testing of ultrasonic transducers on a plate structure and a non-

destructive testing method for detecting defects using the sensor 

array comprising the direct-write ultrasonic transducers. The 

transducers are made of piezoelectric P(VDF-TrFE) polymer 

coatings that are aerosol-spray deposited and patterned directly 

on the plate structure to be monitored. The ultrasonic 

transducers can serve as both the actuators to generate Lamb 

mode ultrasonic waves and the sensors to detect the waves 

containing the information about the structural integrity. A 

short time Fourier transform algorithm and an imaging 

algorithm are described processing pitch-catch ultrasonic wave 

spectra to determine the location and the severity of the defects, 

which is subsequently verified by experimental testing. The 

implementation of such DW ultrasonic transducers completely 

eliminates any bonding agent such as glue used to bond the 

transducers on the structure, thus the mechanical strain coupling 

between the transducers and the structure can be enhanced. The 

manual process for individually installing multiple discrete 

transducers is replaced by the in situ batch fabrication of the 

truly integrated transducers, and thus the consistency and 

reliability are improved while the global cost over the whole 

structure is reduced. 

II. DESIGN 

The structure under monitoring is an aluminum plate with a 

dimension of 100 mm×100 mm×1.27 mm. Lamb waves can be 

regarded as a combination of longitudinal waves and vertically 

polarized shear waves, which are intrinsic ultrasonic wave 

forms existing in plate structures with parallel free boundaries. 

Lamb wave-based NDT has drawn great research interest in the 

last three decades [22]-[27]. For a plate with a thickness h, there 

exist a finite number of propagation Lamb modes at frequency 

f. These modes are specified by their phase velocities. A 

complete description of the Lamb wave propagation 

characteristics in plates is normally given in the form of a set of 

dispersion curves. Each curve represents a specific mode, 

illustrating the mode’s phase velocity as a function of the 

frequency. The Lamb waves can be divided into two categories: 

antisymmetric A modes, in which the particle displacement u 

across the thickness is antisymmetric, and symmetric S modes, 

in which the particle displacement u across the thickness of the 

plate is symmetric. The theoretical expression of the dispersion 

curves for S modes is [22]: 
tan(𝑞ℎ)

tan(𝑝ℎ)
= −

4𝑘2𝑝𝑞

(𝑞2−𝑘2)2
                              (1) 

and for A modes: 
tan(𝑞ℎ)

tan(𝑝ℎ)
= −

(𝑞2−𝑘2)2

4𝑘2𝑝𝑞
                              (2) 

where 𝑝2 =
𝜔2

𝑐𝐿
2 − 𝑘2 ,  𝑞2 =

𝜔2

𝑐𝑇
2 − 𝑘2 , 𝑘 =

𝜔

𝑐𝑝
; k is the wave 

number; 𝑐𝐿 is the velocity of the longitudinal wave; 𝑐𝑇 is the 

velocity of the transverse wave; 𝑐𝑝 is the phase velocity; and 𝜔 

is the angular frequency of the Lamb wave. The group velocity 

𝑐𝑔 can be calculated by 
𝜕𝜔

𝜕𝑘
. For the 1.27 mm thick aluminum 

plate, the calculated dispersion curves for both phase velocity 

and group velocity are shown in Fig. 1. 

 

  
(a)                                             

 
 (b) 

Fig. 1. Dispersion curves for an aluminum plate with the thickness of 1.27- mm 

(a) phase velocity and (b) group velocity. 

 

 The fundamental modes S0 and A0 are normally utilized for 

NDT [23]. Annular array comb electrodes with the period of a 

wavelength apart are adopted in our design to achieve Lamb 

mode in the structures (Fig. 2). As reported in [28], 135 degree 

sectioned annular array comb electrodes can effectively select 

A0 mode and can generate omni-directional waves in the plate. 

The comb electrode causes a relatively high out-of-plane strain 

and low in-plane strain, which can achieve a stronger coupling 

to asymmetric Lamb modes than to symmetric Lamb modes 

[29]. In this work, input signal of 1.3 MHz has been selected to 

excite the Lamb waves. This is the highest frequency at which 

only S0 and A0 modes exist. The vertical line at 1.3 MHz in 

Figure 1(a) has two intersections with the A0 mode and the S0 

mode curves. At 1.3 MHz, only the A0 and S0 modes 

represented by these two intersections can be effectively 
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excited. From the dispersion curves shown in Fig. 1(a), the A0 

mode has a wavelength of 2.0 mm while the S0 mode has a 

wavelength of 3.9 mm at 1.3 MHz. The annular array comb 

electrodes with a period of 2.0 mm are thus adopted to 

constructively excite and receive the A0 mode other than the S0 

mode in the plate (Fig. 2(b)). Four annular array comb 

electrodes with the spanning angle of 90 degrees are deployed 

near the four corners of the plate to cover as much detection 

area as possible. The electrode in each corner is composed of 

six concentric arcs, with one common electrode trace 

connecting all the arcs. 

 

 
Fig. 2. Schematic illustration of (a) the distribution of the four direct-write 

ultrasonic transducers on the metal plate, and (b) the dimensions of the annular 

array comb electrodes. 

 

The DW piezoelectric ultrasonic transducers in this design 

comprise a piezoelectric film direct-written on the aluminum 

substrate and the top electrode as described above. When 

working as an actuator, a voltage applied between the top 

electrode and the aluminum substrate stresses the piezoelectric 

film and generates ultrasonic waves in the plate through 

converse piezoelectric effect. For the transducers used as 

sensors, electric output is generated in response to the 

stimulation of passing ultrasonic waves. When the Lamb wave 

generated by one transducer encounters a defect, the scattered 

wave would be detected by the other three transducers. Time-

of-flight and amplitude of the scattered wave will be analyzed 

and information such as the location and severity of the defect 

will be abstracted. The aluminum plate in this design serves as 

a common ground for all the transducers. In case that the plate 

under monitoring is nonconductive, for example a composite 

material, a bottom electrode layer should be DW deposited. 

 

III. TRANSDUCERS FABRICATION AND CHARACTERIZATION 

P(VDF/TrFE) material was adopted for producing the DW 

piezoelectric transducers due to its advantages such as light-

weight, flexible and superior piezoelectric performance 

compared to other piezoelectric polymers. P(VDF/TrFE) 

(72/28 mol%) in the form of pellets was obtained from Solvay, 

Belgium. The pellets were dissolved in a solvent of mixed 

dimethylformamide (purity > 99%, Sigma-Aldrich, Singapore) 

and acetone (purity > 99%, Sigma-Aldrich, Singapore) (1:1 in 

volume) at a concentration of 5 wt%. The P(VDF/TrFE) films 

were prepared by aerosol spraying method, which enables low 

cost and quick coating over a large area with the ability of 

coating on non-flat surfaces [30], [31]. Before spraying, the 

surface of the aluminum plate was cleaned with ethanol (purity 

= 99 %, International Scientific Pte. Ltd. Singapore) and 

deionized water, and manually polished using sand papers from 

grade 800 to grade 2400. The aluminum plate was rinsed using 

deionized water between each polishing. The P(VDF/TrFE) 

solution was then sprayed on the plate using an air brush 

(Badger NH200 with M-type nozzle, Badger Air-Brush Co., US) 

at a pressure of 86.2 kPa. During spray, the P(VDF/TrFE) films 

were directly patterned with the aid of shadow masks, which 

were fabricated from stainless steel sheets by laser cutting. The 

nozzle was moved parallel to the surface at a fixed distance to 

ensure an even coverage. After the spraying process, the 

P(VDF/TrFE) films were dried at 100 oC in air for 10 minutes 

and annealed at 135 oC for 4 hours. The thickness of the films 

can be controlled from a few micrometers to tens of 

micrometers by varying the deposition parameters including 

spraying duration and pressure. P(VDF/TrFE) films with an  

thickness of about 25 μm (±2 m) were used in this paper.  

The dielectric properties of the P(VDF/TrFE) film were 

characterized using an impedance analyzer (4294A, Keysight 

Technologies Inc. US.). The film showed a relative dielectric 

constant of 13.1 and a dielectric loss (as the ratio of the 

imaginary part to real part of the permittivity) of 0.03 at 1 kHz 

at room temperature (Fig. 3(a)), which is comparable to those 

of spin-coated P(VDF/TrFE) thin films [32], [33]. The 

polarization-electric field hysteresis loop of the aerosol-sprayed 

P(VDF/TrFE) film is presented in Fig. 3(b). The film exhibits 

well saturated ferroelectric hysteresis loop with a remnant 

polarization of ~70 mC/m2, which is comparable to that of spin-

coated P(VDF/TrFE) films [34]. 
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Fig. 3. (a) Frequency dependence of the dielectric constant and dielectric loss 

of the aerosol-spray coated P(VDF/TrFE) films, and (b) polarization-electric 

field hysteresis loop of the aerosol-sprayed P(VDF/TrFE) film. 

 

The annular array comb electrodes were deposited by either 

evaporation or inkjet printing in our experimental 

demonstration. Here reported was using gold film (200 nm 

thick) deposited by evaporation with the aid of a shadow mask 

for direct patterning, which was fabricated from stainless steel 

sheets by laser cutting. The electrodes were connected to 

external instrumentation by enameled, 50 μm diameter copper 

wires (Advent Research Materials, Oxford, UK) which were 

fixed on the electrodes by conductive epoxy (EC101, Polytec 

GmbH, Germany). Fig. 4(a) and Fig. 4(b) present photos of the 

transducer array produced on the- aluminum plate after 

deposition of patterned P(VDF/TrFE) and gold electrode. The 

micro-structure of the aerosol-sprayed P(VDF/TrFE) film was 

examined by a field emission scanning electron microscopy 

(FESEM, JSM-6700F, JEOL, Japan). The films exhibit smooth 

and dense morphology (Fig. 4(c)), and thus are appropriate for 

DW transducer application. 

 

 

 
Fig. 4.1 Piezoelectric polymer direct-write transducer array produced on the 

aluminum plate to be tested. (a) Photo of the whole- aluminum plate with 

transducers, (b) photo of one transducer at one corner of the- aluminum plate, 

and (c) FESEM image of the aerosol-spray coated P(VDF/TrFE) films. 

 

The longitudinal piezoelectric coefficient d33 [35] of the film 

after electrical poling was measured using a laser scanning 

vibrometer (OFV-3001-SF6, PolyTech GmbH) [36]. In the 

testing, a unipolar 1.5 kHz AC voltage of 30 V amplitude was 

applied to the sample. The surface of an area covering the 

regions with and without electrode was scanned (Fig. 5). The 

effective longitudinal piezoelectric coefficient d33 value of the 

P(VDF/TrFE) thin film is −18 pm/V, under the clamping effect 

of the substrate. The measured longitudinal piezoelectric 

coefficient is comparable to the values of spin-coated 

P(VDF/TrFE) films [32]. When the transducer is excited, both 

d33 and d31 effects can induce surface tractions on the plate. The 

d31 effect will induce in-plane traction that tends to trigger the 

S0 mode while the d33 effect will induce out-of-plane traction 

that tends to trigger the A0 mode. The d31 coefficient in P(VDF-

TrFE) film is only 1/3 to 1/2 of the d33 coefficient. Thus, the in-

plane piezoelectric strain effect should be smaller than the out-

of-plane effect. Because of the smaller in-plane strain effect and 

the dedicatedly selected electrode period and the input signal 

frequency, A0 mode can be more effectively excited than S0 

mode in our experiments. 

 

 

 
Fig. 5. Piezoelectric response of the P(VDF-TrFE) film on the- aluminum plate 

measured by a laser scanning vibrometer: (a) Image showing the area 

characterized by the laser scanning vibrometer. (b) Displacement profile of the 

instantaneous vibration when the dilatation of the P(VDF/TrFE) film reaches 

the maximum during the electric driving. The inset shows the three dimensional 

displacement profile of the area highlighted in (a).  

 

IV. SENSOR TESTING AND STRUCTURAL MONITORING 

For the experimental verification of NDT function with the 

DW ultrasonic transducers, two experiments were conducted. 

The first experiment is for detecting the DW -transducers' 

response to an added copper bar defect with different 
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thicknesses. The second experiment demonstrates the 

workability of a DW ultrasonic transducer network for locating 

the position of an added- aluminum column defect. The added 

mass simulates the conditions such as icing on the aircraft 

structure or mass increasing due to corrosion. The schematic of 

the first experiment is shown in Fig. 6(b) inset. Transducer 1 

acting as the actuator was connected with a signal generator 

(AFG 3000, Tektronix) and Transducer 3 serving as the sensor 

was connected with an oscilloscope (TDS 3034C, Tektronix). 

The signal from the generator was also directly connected to the 

oscilloscope to monitor the input signal. A narrow bandwidth 

input signal was used to prevent wave dispersion. The input 

signal was a 13-cycle Hanning windowed tone burst signal with 

a central frequency of 1.3 MHz and amplitude of 10 V as shown 

in Fig. 6(a) inset. The received signal by the oscilloscope was 

recorded as in Fig. 6(a). The received signal after a digital 

bandpass filtering (passband from 0.9 MHz to 1.7 MHz) shows- 

three packets before 60 μs. The first wave packet is due to the 

electromagnetic interference [37]. The second wave packet is 

the Lamb wave directly transmitted from the actuator to the 

sensor. The third wave packet is due to the Lamb wave reflected 

from the plate boundary near the actuator. A copper bar with a 

length of 20 mm and width of 3.0 mm was glued at the center 

of the aluminum plate as a defect. The longer side of the bar 

was aligned with the diagonal linking Transducer 2 and 

Transducer 4. The thickness of the copper bar had the value of 

0.5 or 1.0 mm. The 1.0 mm defect was formed by gluing two 

0.5 mm thick copper bars together. The bars were glued on the 

plate using instant adhesive (Loctite 424, UK) and 

mechanically removed from the aluminum plate after testing. 

The second wave packet signal reflects the two different defect 

thicknesses. The packet signals were fast Fourier transformed, 

and the amplitude of the 1.3 MHz component was shown to 

decrease as the defect becomes thicker (Fig. 6(b)).  

 

 

 

 
Fig. 6. (a) The received signal by Transducer 3 after bandpass filtering shows 

three wave packets in the aluminum plate. Transducer 1 serves as the actuator 

and Transducer 3 serves as the sensor. A copper bar with varied thickness up to 

1.0 mm aligned with the diagonal connecting Transducers 2 and 4 was added at 

the center of the plate as the defect. The inset shows the driving electric signal 

which is a 13-cycle Hanning windowed tone burst signal with a central 

frequency of 1.3 MHz. (b) The amplitude of the 1.3 MHz component of the 

second packet decreases as the defect thickness increases. The inset in (b) shows 

the experimental setup. 

 

To verify defect locating capabilities of the transducers, an 

aluminum column with the diameter of 25 mm and the height 

of 5 mm was glued on the plate as another defect (the 

experimental setup is shown in Fig. 2(a)). In contrast to the 

setup in Fig. 6(b) inset, a power amplifier (High-speed Bipolar 

Power Amplifier 4010, NF Corporation, Japan) was used to 

amplify the signal from the signal generator with a gain of 100 

before it was connected with the actuator. The coordinates of 

the four transducer electrode annular centers and the defect 

center are listed in Table I:  

 

TABLE I. 

THE COORDINATES OF THE FOUR TRANSDUCERS 

CENTERS AND THE DEFECT CENTER. 

Unit: mm x-coordinate y-coordinate 

Transducer 1 -0.15 85.49 

Transducer 2 80.79 85.08 

Transducer 3 80.54 0.00 

Transducer 4 0.00 0.00 

Defect 55.00 41.00 

 

For locating the defect position, the four transducers were 

actuated individually. When one transducer served as the 

actuator, the other three transducers served as the sensors. There 

are twelve pitch-catch spectra for all the possible transducer 

pairs. For an intact plate structure before any defect formed on 

the structure, the twelve spectra were recorded as the reference. 

After the introduction of the defect the twelve pitch-catch 

spectra were recorded again. Fig. 7 shows the time domain 

transmission spectra when Transducer 1 served as the actuator 

and Transducer 2 served as the sensor. The tone burst signal 

center was at the 0 s time instance. The spectra show a series of 

wave packets which are due to the direct transmission of the 

Lamb wave and its reflection from different boundaries. The 

wave packet at 20 μs should be the S0 mode and the subsequent 

wave packet between 30 μs to 40 μs should be the A0 mode 

based on the group velocities of the two modes.   
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Fig. 7. The time domain transmission spectra from Transducers 1 to 2 with and 

without defect. 

 

A short time Fourier transform (STFT) algorithm was 

adopted to explore the evolution of the 1.3 MHz component in 

the transmission spectra as shown in Fig. 7. STFT is a Fourier-

related transform used to determine the sinusoidal frequency 

components in the segments of a longer time domain signal. A 

rectangular window with the interval of 10 μs is adopted to 

divide the longer spectra into a series of overlapped short 

segments. The successive two segments have a fixed time lag 

of 10 ns, which is determined by the resolution of the 

oscilloscope used to acquire the data. Each segment is fast 

Fourier transformed (FFT). The magnitude of the 1.3 MHz 

component is plotted versus the central time instance in that 

segment to form the STFT spectra. The reason for the choice of 

rectangular window interval of 10 μs is because the input tone 

burst lasts for 10 μs and the received wave packets are supposed 

to maintain the same time interval. 

    Fig. 8 (a) and (b) show the STFT spectra of the two time 

domain spectra in Fig. 7. The scatter spectrum in Fig. 8(c) was 

obtained by subtracting the STFT spectrum with defect from 

the one without defect and then taking the absolute value. The 

scatter spectrum, given by the difference of the unperturbed and 

the perturbed received signal, reflects the defect induced 

spectrum change.  The starting and ending points of the Lamb 

wave travel path are regarded to be the origin of the annular 

array electrodes as listed in Table I.  The Lamb wave travel path, 

scattered by the defect, is 121.93 mm. Based on the second peak 

on the scatter spectrum whose maximum appears at 39.48 μs as 

shown in Figure 8(c), the calculated group velocity of A0 mode 

is 3.09 km/s, which is close to the theoretical A0 mode group 

velocity of 3.15 km/s at 1.3 MHz, as shown in Figure 1(b). 

 

 
Fig. 8. The short time Fourier transform of the time domain spectra of 

Transducers 1 and 2 (a) without and (b) with defect; (c) the scatter spectrum by 

subtracting the spectrum with defect from the spectrum without defect. 

 

The defect will scatter the Lamb wave packet and result in a 

maximum on the scatter spectrum. A mapping algorithm 

reported in [38] and [39] was used to find the location of the 

defect. In this algorithm, a map representing the aluminum plate 

was constructed as shown in Fig. 9. For each point on the map, 

the wave paths from the actuator for exciting the wave to the 

point and then to the receiver were calculated. The values 

corresponding to the paths on four scattering spectra (each 

spectra is based on a pair of transducers located on one side of 

the square plate) were added. The contrast at each pixel on the 

map is derived from the sum. The maxima due to the defect 

scattering from different scatter spectra will sum up and form a 

maximum on the map. The maxima due to direct transmission 

and reflection, however, will not have such a constructive effect. 

The map had the size of 80 mm×80 mm and the pixel size of 1 

mm×1 mm. The lower left point of the map is coincided with 

the origin of the coordinate system shown in Fig. 2(a). The 

contrast S on each pixel (x, y) was calculated based on (3): 

𝑆(𝑥, 𝑦) = ∑ ∑ 𝑓𝑖𝑗
(𝑠)(

𝑅𝑟+𝑅𝑡

𝑐𝑔
)4

𝑗=1
4
𝑖=1                      (3) 

where 𝑓𝑖𝑗
(𝑠)(𝑡)  denotes the received scattered spectrum by 

sensor j due to the excitation of actuator i; 𝑅𝑟 is the distance 

between the pixel to transducer j; 𝑅𝑡 is the distance between the 

pixel to sensor i; 𝑐𝑔 is the group velocity of the A0 mode Lamb 

wave. Scatter spectra of four transducer pairs on the four square 

plate sides, namely 𝑓12
(𝑠)

, 𝑓14
(𝑠)

, 𝑓23
(𝑠)

, and 𝑓34
(𝑠)

, in the time range 

of 0 to 48 µs, were used in calculating the contrast calculation. 

Fig. 9 shows the map obtained by (3). It is observed that the 

location of the maximum magnitude agrees with defect location. 

This demonstrates the feasibility of the direct-write 

piezoelectric sensor network for locating defects. 
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Fig. 9. Digital map synthesized by scattering spectra obtained from the sensor 

array comprising the 4 direct-write ultrasonic transducers. The magnitude 

maximum indicates the defect location. The circle shows the true position of 

the defect. 

 

V. CONCLUSION 

A technology for direct-writing piezoelectric ultrasonic 

transducers on a plate structure and further monitoring the 

structural health using the sensor array comprising the multiple 

direct-write transducers have been developed. The transducers 

are made of piezoelectric 

poly(vinylidenefluoride/trifluoroethylene) (P(VDF/TrFE)) 

polymer coatings that are aerosol-spray deposited and patterned 

directly on the plate structure to be monitored. The aerosol-

spray method can produce high quality dense piezoelectric 

polymer films with competitive piezoelectric performance 

properties. Scanning laser vibrometer testing results show that 

the direct-write P(VDF/TrFE) film has the effective 

longitudinal piezoelectric coefficient d33 value of -18 pm/V 

with the clamping effect of the substrate. The ultrasonic 

transducers bearing annular array comb electrodes are designed 

for generating and selectively detecting fundamental 

antisymmetric A0 Lamb mode ultrasonic waves at 1.3 MHz in 

the plate structure. The ultrasonic transducers can serve as both 

the actuators to generate ultrasonic waves and the sensors to 

detect ultrasonic waves. The ultrasonic waves propagating 

through the plate structure contain the information about the 

structural integrity. It is demonstrated that four ultrasonic 

transducers located at the square plate corners forming the 

transducer array can locate defect on the plate. A short time 

Fourier transform algorithm and a mapping algorithm by 

summing up scatter spectra of the multiple transducers are 

developed for processing signal of the pitch-catch ultrasonic 

wave spectra to determine the location and the severity of the 

defects, which is verified by experimental testing results. 

Further systematic investigations on the potential values of the 

innovated strategy of using direct-write active ultrasonic 

transducers for in-situ structural health monitoring in industry 

applications are demanded. 
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