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Abstract 

In this work, direct-write piezoelectric transducers (DWTs) were made by spraying piezoelectric 

poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) coating with comb-shaped electrodes on 

carbon fibre reinforced polymer (CFRP) plates for drop weight impact damage detection. Their ability 

and performance were investigated and compared to discrete lead zirconate titanate (PZT) ceramic 

transducers that were adhesively bonded on the same CFRP plate. Guided wave signals were acquired 

with different combinations of actuator-sensor involving DWT, PZT, and laser ultrasonic excitation, in 

pitch-catch configuration. DWTs allowed consistency and simplified signal interpretation due to an 

effective mode selection (A0 or S0 mode) with wavelengths of 10 and 12 mm. PZTs generated stronger 

but much more complex signals and mode selection with a larger wavelength (20 mm). The 

configuration with PZT as actuator and DWT as receiver showed the highest signal amplitude changes 

of A0 or S0 mode, allowing efficient detection of damaged introduced by a 31 J impact. Further 

ultrasonic B- and C-scans revealed a 27 mm long crack on the plate’s backside developed in addition 

to internal cracks and delaminations of about 34 mm in length. For realizing contactless ultrasound 

excitation, a Nd:YAG (neodymium-doped yttrium aluminium garnet) laser (wavelength of 1064 nm, 

5.4 ns pulses) was used to replace the surface mounted brittle PZT. The combination of the broadband 

laser excitation with the DWTs as sensors achieved more reliable damage detection than equivalent 

PZTs, attributed to DWT’s effective single mode selection. In addition to reduced weight, the polymeric 

coated DWTs allow large area implementation (scaling up), even on curved surfaces due to their 

flexibility and conformability, in contrast to adhesively bonded discrete transducers. 

Keywords: Piezoelectric coatings, ultrasonic transducers, composite materials, direct write, Lamb 

waves, structural health monitoring, impact damage detection, laser ultrasonic. 
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1. Introduction 

Composites are widely used for large parts in aircraft, such as wings and fuselage. They allow design 

optimisation through complex shape manufacturing, and significant weight savings.1 However, 

uncertainties about damage tolerance, adequate inspection and repair persist. Composites are vulnerable 

to impact damage coming from runway debris, bird or hail strikes, maintenance dropped tool, ground 

handling, etc. Under impact, composites first experience matrix cracks, which may propagate and 

ultimately lead to catastrophic failure, if undetected.2–4 Impact resistance can be improved by employing 

less brittle polymer resins or introducing fibre reinforcement.1 Damage initiates much earlier in critical 

locations subjected to high stress commonly called ‘hot-spots’. Barely visible impact damage (BVID) 

can initiate on the backside of the impacted structure.3 In this case, inspection of hidden damage is 

highly demanded for composite structure. Current ultrasonic techniques require specialised equipment 

and training, and tedious process associated with high cost. Large aircraft parts are barely removed for 

major repairs, requiring expensive tooling and materials, whereas minor repairs are easy and cheap. 

Thus, the objectives of a structural health monitoring (SHM) system permanently embedded into 

composite structures are to detect damage and ensure its growth within acceptable limits, to avoid major 

repair of large parts, and to locate damage to speed up maintenance.2,5,6 SHM would, in consequence, 

improve reliability and safety, and reduce inspection time and cost in repairs. 

A major technique for SHM is to use ultrasonic transducers that can generate and sense guided Lamb 

waves travelling into carbon-fiber reinforced polymer (CFRP) structures.2,5,6 Impact damage can be 

detected by passive or active sensing methods.7 Passive approaches rely on elastic waves generated by 

unknown events, such as impact or crack initiation and growth, and captured by sensors continuously 

monitoring large CFRP structure. Since inputs are unknown, signal interpretation can be difficult. 

Active sensing methods interrogate large structure by transmitting controlled signals from actuators to 

sensors. While laser systems are not embedded in continuous SHM, they are good candidates for 

contactless inspection, limiting consumption of numerous fixed transducers.6–9 Piezoelectric lead 

zirconate titanate (PZT) transducers are the most commonly used transducers for active SHM, often in 

pitch-catch configuration,10–12 able to monitor large and complex CFRP structures, such as a fuselage 

panel,13 or wing box.14 The fundamental anti-symmetric A0 and symmetric S0 Lamb wave modes are 

widely utilized in SHM applications.10,12,15,16 Analysis of signals acquired by ultrasonic transducers can 

be cumbersome because of the overlapping of multiple wave modes and complex wave propagation. 

Therefore, methods of Lamb wave mode selection typically need to be implemented.2,6,15 It is known 

that a wavelength tuning occurs when the transducer’s length is an odd multiple of the mode’s half-

wavelength.16 

The implementation of transducers in large and multiple structures, such as the case for aircraft SHM, 

comes with an intake of weight. Solutions for weight limitations are pursued with, for instance, wireless 

systems 6 or use of lighter transducers, such as poly(vinylidene fluoride) (PVDF) 17–20 or poly(vinylidene 

fluoride-co-trifluoroethylene) (P(VDF-TrFE)) piezoelectric films.18,21 While PZT brittleness can be an 

issue in SHM applications,20 the flexibility of polymeric transducers allows them to be patterned in any 

shape on complex structures and offers the potential to be fabricated by using scalable implementation 

methods. Direct-write transducers (DWT) have been created by the authors on metallic structures by 

spraying P(VDF-TrFE) with improved consistency attributed to the batch fabrication.22–24 The freedom 

in electrode design and patterning could potentially be utilized to facilitate mode selection and achieve 

directional wave propagation, with examples as reported in the literature.6,25 The authors have noted the 

feasibility of using DWTs for exciting and receiving guided ultrasonic waves on CFRP structures, and 

the ability in selecting fundamental Lamb wave A0 or S0 mode by effectively cancelling other modes 

and enhancing the wave propagation directivity in another relevant study.26 In contrast, it was difficult 
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to interpret the guided wave signals acquired from discrete PZT transducers, although much stronger 

signal amplitudes were generated. 

In this work, the ability and performance of DWTs for impact damage detection, in comparison with 

discrete PZT transducers, were investigated. Guided wave signals were acquired for different 

combination of actuator-sensor (DWT or PZT). A damage index (DI) was set to evaluate the impact 

damage through amplitude changes of selected A0 or S0 mode. The combination of PZT as actuator with 

DWT as receiver achieved the highest DI amplitude changes. In addition, with contactless laser 

ultrasound excitation, the ability and advantages to use DWTs in contrast to PZT as the receiver were 

demonstrated for remote damage detection. 

2. Materials and experimental 

a. Mode selection design and dispersion curves 

DWTs were produced using the method as previously described 26 on a flat CFRP plate. DWTs 

comprised a bottom electrode (silver nanowire), a P(VDF-TrFE) piezoelectric coating, and a top 

electrode (silver paste). The P(VDF-TrFE) coating was annealed at 135 °C and poled by non-contact 

corona discharge gun. The top electrode was patterned into comb-shape, designed to select the desired 

Lamb wave modes at specific frequencies, by matching the periodicity of the electrode fingers with the 

wavelength.6,25 For comb transducers with a fixed electrode periodicity, the frequency to generate the 

desired mode was obtained from the theoretical phase velocity dispersion curves. The wavelength λ of 

a mode was calculated by dividing the phase velocity Cp by the corresponding frequency f. Theoretical 

dispersion curves are plotted in Figure 1, along with experimental velocities, provided in Table 1. 

Activation lines can be traced as in Figure 1, where three black dashed lines were traced as examples, 

corresponding to wavelengths of 10 mm, 12 mm and 20 mm. Intersections of these lines with the 

dispersion curves indicate the frequency to use to select a specific mode with a specific wavelength. 

This method for mode selection is very suitable and straightforward for the design and fabrication of 

direct-write transducers from piezoelectric coatings. 

 

Figure 1 – Theoretical dispersion curves for a 2 mm thick CFRP plate, showing velocities of Lamb wave antisymmetric 

mode A0 (in red), symmetric mode S0 (in blue) and shear horizontal mode SH0 (in green): (a) group velocities and (b) phase 

velocities with three dashed black lines indicating wavelengths, λ, of 20 mm, 12 mm and 10 mm. Marked crosses indicate 

experimental velocities of A0 (in red) and S0 (in blue). 

The experimental group velocities of the identified A0 and S0 modes were approximately calculated by 

dividing the distance between the transmitter and the receiver by the time-of-flight (ToF). The estimated 
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experimental phase velocity was determined from the wavelength, λ, and the corresponding frequency 

f. In Figure 1, experimental values of S0 mode are lower than theoretical values because of mechanical 

data provided for static mechanical test (with differences from dynamic ultrasonic test) and other 

assumptions in calculation, such as plies isotropy.27,28 The differences are mainly observed for the S0 

mode.27 The difference in elastic properties may be as much as 52% and is attributed to the fibre 

waviness in woven composites.28 Besides, the distance measured between transducers used for group 

velocity calculation with ToF was not precise. Therefore, the experimental values are affected by 

measurement errors and by anisotropic behaviour of the layered configurations and structural damping 

in CFRP structures.27 The A0 and S0 modes were generated in the CFRP plate for the chosen frequency 

region of interest as shown in Figure 1. It can be seen from the dispersion curves that operating in the 

range of 50 kHz and 500 kHz achieves almost constant group velocities and reduced number of wave 

modes, hence simplifying signal processing. 

Table 1 – Experimental frequencies corresponding to highest voltage responses for A0 and S0 modes associated to each 

transducer and respective group velocities (Cg). 

Transducers 
Wavelength 

selected (mm) 

Selection of A0 mode Selection of S0 mode 

Frequency (kHz) Cg (km/s) Frequency (kHz) Cg (km/s) 

DWTs on Path A 10 98 1.5 491 4.0 

DWTs on Path B 12 79 1.5 410 4.6 

PZTs 20 40 1.2 250 4.6 

 

The CFRP plate used in this work had two pairs of PZTs and two pairs of DWTs, as shown in Figure 

2. This experiment was designed to evaluate the performance and ability of DWTs to monitor the CFRP 

structure, in comparison to PZTs and with the same angle of wave propagation in the same plate. The 

two pairs of DWTs were produced with two designs: electrodes periodicity of 10 mm with 5 fingers on 

Path A and electrode periodicity of 12 mm with 4 fingers on Path B. The DWTs had a width of 30 mm 

and a length of 45 mm (Path A) and 42 mm (Path B), leaving a distance of ~ 207 mm between the 

DWTs in diagonal (from the centre of the DWT transmitter to the centre of the DWT receiver). DWTs 

on Path A and on Path B selected the A0 and S0 modes at frequencies reported in Table 1, along with 

the respective experimental group velocities. The discrete PZT transducers, P-876.SP1 DuraAct (PI 

Ceramic Piezo Technology) with dimensions of 16 mm × 13 mm × 0.5 mm (insulation included) 

experienced resonance between 200 kHz and 300 kHz when glued to the CFRP plate. For both pairs of 

PZTs, the A0 and S0 modes appeared at frequencies reported in Table 1, along with the respective 

experimental group velocities. It is known that a wavelength tuning occurs when the transducer’s length 

is an odd multiple of the half-wavelength.16 Because of the piezoelectric PZT layer length of 10 mm 

(square), modes were selected with a wavelength of 20 mm for PZTs. Experimental velocities for A0 

and S0 modes in Table 1 are also plotted in Figure 1, indicated by red and blue crosses. 

b. Damage implementation 

In light of SHM applications, it is desired to detect an impact damage small enough to prevent from 

failure and to be repaired without changing part. The drop weight impact testing is a realistic scenario 

at laboratory scale to create BVID.29 A drop weight impact test was set up as in Figure 2 (a) for 

introducing damage to the CFRP plate. The test consisted of clamping the plate on its aluminium 

support, adjusting the height of the impactor, releasing the impactor through the pipe and catching it to 

avoid rebound. The impactor tip was hemispherical with a diameter of 41 mm. The gravitational 

potential energy of the impact, 𝐸 = 31 𝐽, is the kinetic energy of the object at its point of impact, defined 

by the equation: 
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 𝐸 = 𝑚𝑔ℎ 
(1) 

where 𝑚 = 3.180 𝑘𝑔, is the mass of the impactor; ℎ = 1 𝑚, the drop height; and 𝑔 = 9.81 𝑚/𝑠2, is 

the acceleration due to gravity. The 31 J impact resulted in a small indentation and scratches on the top 

surface of the plate, as shown in Figure 2 (d). It was difficult to visually spot the damage in CFRP 

because of the non-homogeneous aspect of the plate. A thin crooked line of crack about 27 mm long 

was observed on the bottom surface of the plate, comprising a part with a more open crack of about 5 

mm long, as shown in Figure 2 (e). The crack shape and damage position are represented in Figure 2 

(b) and (c) for the top surface. The impact damage was further away from ultrasonic paths of DWTs 

pairs than from paths of PZTs pairs. Moreover, the pair of transducers the most affected by damage 

should be PZTs on Path A, because damage orientation was perpendicular to the incident ultrasonic 

wave path, blocking wave propagation and reducing wave amplitude behind the damage; the situation 

is known as the shadow effect.30 

 

Figure 2 – (a) Photo of the drop weight impact testing set-up with CFRP plate, impactor, support and clamps configuration. 

(b) Design of the impacted plate with position of damage (in pink) according to DWTs (in blue, with top electrodes in dark 

red) and PZTs (in orange) with distances in millimetre. (c) Photo of the impacted plate highlighting damage area (pink 

circle) according to Path A and Path B. (d, e) Photographs of the damage area (pink circle): (d) top and (e) bottom surface 

of the plate. 

Further to visual observation, non-destructive techniques (NDT) were used to identify internal damage 

extend. The velocity of the ultrasound through the CFRP plate is about 2.8 km/s.31,32 As the thinner ply 

in the CFRP plate was ~ 280 µm, the frequencies required to perform ultrasonic inspection able to 

visualise damage between plies should have smaller wavelengths: frequencies higher than 10 MHz. B-

scan and C-scan images were obtained by a scanning acoustic microscopy system, using water as 

coupling agent between the structure and the transducer, which had a high frequency range of 16 to 51 

MHz (wavelength from 55 to 175 µm). The high frequencies allow a very sensitive inspection. The B-

scan images in Figure 3 (a) were taken at ~ 30 MHz from the top surface of the CFRP plate at damage 

location along Path A and Path B. The brighter area indicates stronger signal. Top and bottom surfaces 

were identified, separated by ~ 2 mm. In the middle of each B-scan, the impact site can be identified 

with a small indentation on the top surface and induced damage appearing close to the surface under 

the impact site (~ 0.66 mm from the top), likely to be delaminations. The high ultrasound reflections 

from the damage close to the surface do not allow inspection below it. It is known that multiple 

delaminations may develop under the impact site with areas increasing according to the distance from 

the impacted surface, forming a conical or pyramid shape.31,33 This was well observed along Path B, 
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with a 34 mm long delamination at ~ 1.5 mm from the top surface. In Figure 3 (b), C-scan images were 

obtained for an area of ~ 30 mm × 30 mm. Different depths were obtained from different time window 

of data with centre frequency of ~ 30 MHz (wavelength of 93 µm). These C-scan images show again 

the crack damage close to the surface (0.42-0.70 mm), the delamination along Path B (1.26-1.54 mm), 

and the open crack at the bottom surface. Thus, the overall damage covers ~ 34 mm along Path B and 

~ 16 mm along Path A. 

 

Figure 3 – (a) B-scan images along Path A and Path B showing the impact site with indentation and multiple damage 

modes; (b) C-scan images for different depths in the thickness of the CFRP plate showing damage area. The drawing above 

(a) illustrates the relevant direction and location: the x and y axes are aligned with the -45° and +45° ply directions of the 

CFRP plate, the z axis is aligned with the plate thickness (from top surface to bottom surface). 

 

3. Impact damage detection with pitch-catch active sensing 

a. Method for signal acquisition and comparison 

The method developed for active damage detection in the 2 mm thick CFRP plate is using piezoelectric 

transducers (DWT and PZT) in pitch-catch configuration. Such a SHM system can be permanently 

integrated in composite structures for continuous monitoring. The pitch-catch active sensing was 

performed by generating and receiving fundamental Lamb wave modes. Lamb wave signals were 

excited by a transducer (PZT or DWT actuator) and received by another one (sensor) located at a 

different position on the CFRP plate. A five-count tone burst modulated through Hanning window was 
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used for its narrow bandwidth (reducing wave dispersion). This input signal was amplified to 100 Vpp 

(peak-to-peak voltage) and triggered every 10 milliseconds, with central frequencies spanning from 40 

to 550 kHz (extended region of interest in dispersion curves in Figure 1). The received signals were 

obtained with an averaging of 512 acquisitions and then processed with Matlab and set at the same 

sampling frequency (5 MHz). The signals were processed through a band-pass filter with cut-off 

frequencies of  10 kHz. The A0 and S0 modes were identified according to their group velocities from 

envelopes computed by Hilbert transform. Figure 4 illustrates the process for signal acquisition and 

extraction of time-of-flights (ToF) and amplitudes of the A0 and S0 modes. For signal comparison, the 

trigger of time domain signals was set to the peak of the respective generated signal (black dotted line 

in “Oscilloscope” of Figure 4). 

 

Figure 4 – Representation of guided wave signal acquisition and processing. A Hanning windowed five tone-burst sine wave 

was amplified to 100 Vpp and sent to the Transmitter (actuator), which is attached to a CFRP structure to induce the guided 

waves. A Receiver captures the signal of guided waves. Excitation signal (in teal) and received signals (in reddish 

mahogany) were collected by an oscilloscope and processed with Matlab. Envelopes were computed and peaks of the A0 and 

S0 modes were extracted to get their respective Time-of-flight and amplitude. Signals shown in this figure are only for visual 

illustration. 

In this section, the signals were compared before and after damage at the frequencies summarized in 

Table 1, selecting the A0 and S0 modes on either Path A or Path B. Three different baseline 

measurements were taken to confirm signal changes after damage. Damage indexes (DI) are developed 

to quantitatively evaluate differences in the two states of the structure (i.e. baseline and after damage). 

DIs are given with values between 0 and 1, and the higher the value, the more serious the damage, 

where 0 implies a healthy state without damage. Damage is detected for DI values exceeding a certain 

threshold. To eliminate noise interference over DIs, mean values of the A0 and S0 amplitudes obtained 

for the set of different baselines were computed. Ideally, baselines should be taken at different 

environmental conditions to cover all possible signal disturbances not related to damage, but this was 

not studied in this work. Because the study focused on single-mode generation of the A0 and S0 modes, 

a DI was calculated from peak amplitudes 34,35 corresponding to these modes, using the following 

equation: 

 𝐷𝐼𝑎𝑚𝑝 =  
|𝑎𝐵 − 𝑎𝑚|

𝑎𝐵
 

(2) 
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where 𝑎𝐵  is the peak amplitude corresponding to A0 or S0 mode averaged for the three baselines 

collected (at healthy state) and 𝑎𝑚 is the peak amplitude corresponding to the measured A0 or S0 signal 

collected at damaged state. Voltage amplitudes were obtained from envelopes of signals, as shown in 

Figure 4. This DI was calculated for A0 and S0 separately. By comparing multiple sets of signals 

collected at the same structural state, a threshold was determined, limiting the number of false alarms 

in damage detection method. The threshold was obtained for pristine condition by comparing signal 

variations of the three different baselines. A mean value of DIs calculated from baselines was computed, 

using the following equation: 

 𝐷𝐼𝑎𝑚𝑝,𝑇 =
1

𝑁𝐵
∑

|𝑎𝐵 − 𝑎𝑖|

𝑎𝐵

𝑁𝐵

𝑖=1

 
(3) 

where 𝑁𝐵 = 3, which is the number of baselines collected (at healthy state) and 𝑎𝑖 is the amplitude of 

the mode for the 𝑖𝑡ℎ baseline. 

b. Results: signal comparison between DWT and PZT 

Envelopes of the signals, measured using DWTs and PZTs, respectively, taken after impact damage (in 

red) were compared with those before damage (in black) for frequencies revealing the A0 mode in 

Figure 5 (a), for a time window between 125 and 225 µs. Envelopes of the signals taken after damage 

(in blue) were compared with those obtained before damage (in black) for frequencies revealing the S0 

mode in Figure 5 (b), for a time window between 30 and 90 µs. The fundamental modes were easily 

identified for signals acquired using DWTs. 
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Figure 5 – Windowed envelopes of time domain signals measured using DWTs and PZTs, respectively, in comparison with 

healthy state (3 black lines for the 3 different baselines): (a) after damage (in red), showing the A0 mode amplitude changes 

by pink arrows and (b) after damage (in blue), showing the S0 mode amplitude changes by pink arrows. Envelopes acquired 

at frequencies of preferential excitation: on Path A (on the left) and on Path B (on the right). In parenthesis is indicated the 

order of magnitudes of signal amplitudes at their highest. The height of the eight grey background boxes indicates the [0 1] 

range for normalised curves. 

The performance of DWTs and PZTs as both actuator and sensor was investigated for different paths 

in Figure 5. After damage, the S0 mode amplitudes slightly decreased for both DWTs and PZTs, with a 

more substantial decrease observed on Path A than Path B. For DWTs on Path A, the A0 mode amplitude 

decreased after impact (shadow effect), whereas it increased for DWTs on Path B. This increase was 

possibly due to superposition of reflected ultrasonic wave from the damage crack orientated with Path 

B but outside the ultrasonic path of DWTs on Path B. DWTs experienced very directional wave 

propagation due to the electrode design with orientation, limiting wave spreading in other directions. 

Moreover, a very large front wave propagation of the A0 mode was obtained when using DWTs, 

corresponding to the wide transducer profile (~ 30 mm wide).  

In contrast, the A0 mode amplitude slightly increased after impact for PZTs on Path A, whereas it 

decreased for PZTs on Path B. From Figure 2 (b) and (c), the pair of transducers the most affected by 

damage should be PZTs on Path A. However, changes in signals obtained with PZTs were neither more 

consequent nor easier to be interpreted than changes in signals obtained with DWTs, although PZTs 

gave much stronger signals than DWTs. This could be explained by the large wavelength of 20 mm 
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selected with PZTs and the poor directivity (damage only ~ 16 mm along Path A). Moreover, from 

Figure 5 (b) with S0 mode, PZTs showed very different waveforms on Path A and on Path B, whereas 

DWTs consistently gave a single peak in the waveform, simplifying mode identification and avoiding 

interferences of multiple wavelets. In sum, despite the smaller signal voltage, use of DWTs exhibited 

reliable ultrasonic wave modes and the ability of damage detection in a CFRP plate by A0 and S0 modes 

amplitudes changes with simplified interpretation, in contrast to PZTs. 

With the much larger piezoelectric strain coefficient and mechanical modulus, PZT should be a more 

powerful actuator, while P(VDF-TrFE), with the much larger piezoelectric voltage coefficient and 

mechanical compliance, be more suitable sensor on composite. Therefore, PZT-DWT pairs should be a 

preferable combination. Ultrasonic signals obtained from the PZT-DWT pairs are presented in Figure 

6, in which the frequencies corresponding to the mode selection attributed to the DWT electrode 

periodicity were selected for the analyses. As expected, the combination of pairing PZT actuator and 

DWT sensor showed promising performances by allowing improved signal-to-noise ratio while 

selecting fundamental Lamb wave modes at specific frequencies attributed to the electrode periodicity 

of DWTs. 

 

Figure 6 – Windowed envelopes of time domain signals measured using DWT-PZT pairs, in comparison with healthy state (3 

black lines for the 3 different baselines): (a) after damage (in red), showing the A0 mode amplitude changes by pink arrows, 

and (b) after damage (in blue), showing the S0 mode amplitude changes by pink arrows. Envelopes acquired at frequencies 

of preferential excitation: Path A (on the left) and Path B (on the right). In parenthesis is indicated the order of magnitudes 

of signal amplitudes at their highest. The height of the four grey background boxes indicates the [0 1] range for normalised 

curves. 

From Figure 6, PZT-DWT signals showed a well selected S0 mode and A0 mode on Path B, with 

amplitudes about 10 times higher than only DWTs’ signals. Highly influenced by the frequency 

(wavelength) selected, PZT to DWT signals on Path A did not show as well cancellation of unwanted 

modes as on Path B; the mode selection could be improved by increasing the number of electrode 

fingers. Compared to signals obtained with PZTs at the same frequencies (not shown here), the use of 

DWT sensor in the PZT-DWT pairs improved A0 and S0 modes selection with reduced presence of 

unwanted modes. Thus, PZT-DWT pairs can be used at frequencies higher than PZTs with reliable 
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mode identification (particularly for DWT electrode periodicity closer to the PZT wavelength selection 

of 20 mm on Path B than on Path A). 

From Figure 6, PZT-DWT signals showed time shift of the A0 mode due to wave interaction with 

damage, whereas in Figure 5 at the same frequencies, i.e., signals obtained between DWTs did not show 

any time shifts. This could be due to the enhanced selection behaviour through comb-shape electrodes 

when using only DWTs, efficiently cancelling unwanted wavelets. Moreover, the time shift in PZT-

DWT signals on Path B was opposite to the time shift in only PZTs’ signals (Figure 5 (a)). Thus, only 

changes in amplitudes are considered in the following. 

c. Results: damage index 

As to quantitatively compare damage detection ability for different combination of transducers studied 

at frequencies reported in Table 1, damage indexes (DIs) were computed and plotted in Figure 7. All 

combinations of transducers achieved damage detection using A0 or S0 mode. From Figure 7, the 

decrease of the S0 mode amplitudes was less significant on Path B than on Path A (larger DI on Path A) 

for any combination of transducers, related to the damage shape and orientation, such as the shadow 

effect when facing wave propagation on Path A. Moreover, higher frequencies were used on Path A 

than on Path B (for DWTs and PZT-DWT pairs). In contrast, larger DIs for the A0 mode were observed 

on Path B than on Path A for PZT-DWT pairs and for PZTs, and similar DIs on Path A and Path B for 

DWTs. This could be explained by the larger damage length along Path B (about 34 mm) than along 

Path A (about 16 mm). As in Figure 5 and Figure 6, decreases of the S0 mode amplitudes were observed 

for any combination of transducers after damage, unlike for the A0 mode that underwent some increases 

of amplitudes. Thus, the A0 and S0 modes are sensitive to damage orientation or shape and responded 

with opposite behaviour: the S0 mode is more sensitive to a shadow effect on Path A, whereas the A0 

mode is more sensitive to damage extend on Path B. 

 

Figure 7 – Damage indexes (𝐷𝐼𝑎𝑚𝑝) obtained from signal amplitude comparison between damaged state and baselines, at 

frequencies of preferential excitation (from Table 1) of the A0 mode (in red) and the S0 mode (in blue): for Path A (on the 

left) and for Path B (on the right). A threshold obtained by calculating a DI by comparing the different baselines is indicated 

in darker colour. DIs obtained from signals acquired between DWTs (“DWT to DWT”), between PZTs (“PZT to PZT”), and 

transmitted from PZT and received by DWT (“PZT to DWT”). 

From Figure 7, “PZT to DWT” pairs clearly showed the highest DIs calculated from both A0 and S0 

mode amplitude changes, considerably higher than for DWTs or for PZTs. As observed in Figure 5, 
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using PZTs or DWTs did not result in evident signal changes compared to the obvious changes observed 

for PZT-DWT pairs in Figure 6. DWTs managed damage detection with results comparable to that of 

PZTs, even though at disadvantaged locations compared to PZTs (note: damage is not directly located 

at DWTs’ ultrasonic paths as in Figure 2). Among the different combinations of actuators and receivers, 

the combination of pairing PZT as actuator with DWT as sensor showed the best performances by 

utilizing their respective technical strength. 

4. Impact damage detection using laser excitation 

a. Signal acquisition with laser excitation  

The SHM method using permanently embedded piezoelectric transducers as actuators, as represented 

in Figure 4, requires to integrate high power electronic circuits including power generator and amplifier. 

A non-contact laser can be used for generating ultrasonic waves remotely and eliminating the need of 

embedded ultrasonic actuators and power electronics. The use of a short laser pulse as the actuator can 

excite a broadband signal for ultrasonic monitoring, which would also allow fast signal acquisition at 

different locations through optical scanning techniques.  

A NL301 laser (Bossa Nova Technologies), which is a Nd:YAG (neodymium-doped yttrium aluminium 

garnet) laser operating at a wavelength of 1064 nm, delivering 5.4 ns pulses emitted at repetition rate 

of 20 Hz, was used in this experiment. The energy level was set at minimum value ensuring no damage 

on the surface of the CFRP plate. The pulsed laser generated ultrasound to be received by the DWTs 

and PZTs. The ultrasonic signals were amplified using a pre-amplifier and collected using an 

oscilloscope, as shown in Figure 8. The trigger was set at the rise of the pulse (black dotted line in 

“Oscilloscope” of Figure 8); signals were processed with Matlab, such as to set them at the same 

sampling frequency (5 MHz), cut signals to 200 µs, and use a band-pass filter removing frequency 

content lower than 18 kHz and higher than 1 MHz. Signals were normalised for DWTs and for PZTs 

separately. 

The laser was aligned and focused on the centre of the CFRP plate, as shown in Figure 8, meaning that 

the upper parts of the plate called (upper) correspond to a healthy structure, while the lower parts of the 

plate called (lower) correspond to a damaged structure. Only one position of laser excitation was 

considered in this experiment, and thus eight signals were collected with one at each of the 4 DWTs 

and 4 PZTs. 
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Figure 8 – Representation of ultrasonic guided wave signal acquisitions, with the guided waves excited by a short laser 

pulse sent at the centre of the CFRP plate. A Receiver (PZT or DWT) captures the guided wave signals. Excitation trigger 

(in teal) and received signals were collected by an oscilloscope and processed with Matlab. The CFRP plate studied in this 

work is represented in the bottom part of the figure with laser excitation position (circle in reddish mahogany). The areas 

marked as (upper) represent the upper parts of the plate for Path A and Path B, which is damage free, whereas the areas 

marked as (lower) represent the lower parts of the plate for Path A and Path B, with damage (in pink). 

b. Lamb wave mode selection 

Comparison of signals received by DWTs and PZT (upper) is provided in Figure 9, showing the 

respective spectrograms obtained using Short-Time Fourier Transform (STFT) (refer to Section 4.c 

below for more details). The selection of the A0 and S0 modes (as discussed previously with Table 1) is 

highlighted. In Figure 9, both DWTs showed clear selection of the same fundamental modes at their 

respective frequencies thanks to the comb electrode design, while the discrete PZT transducers used in 

this work showed multiple unidentified wavelets. The results show that for a broadband signal excited 

by a short laser pulse, DWTs were able to achieve the fundamental Lamb wave mode selection, unique 

to the electrode periodicity. 
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Figure 9 – Responses of transducers on the (upper) part of the plate to a laser ultrasonic excitation, showing the 

spectrograms using STFT: (a) DWT on Path A, (b) DWT on Path B, and (c) PZT on Path B. Almost-vertical dashed lines 

represent theoretical group velocities of A0 mode (in red) and S0 mode (in blue). Horizontal dotted lines show experimental 

frequencies for selection of A0 mode (in red) and S0 mode (in blue). The transducer locations and corresponding normalised 

time domain data are provided in the corresponding drawings below. 

c. Method for damage detection 

Section 3 demonstrated the capability of referring to baseline data for monitoring damage in a pitch-

catch configuration using fixed transducers as the actuators and receivers. In this section, experiments 

were designed without need for collecting signals beforehand for pristine structural state. A damage 

detection method was developed by comparing at the same structural state, signals of different paths: 

path for healthy structure (upper) and path for damaged structure (lower). Considering the distances 

between the transmitting laser as the non-contact actuator and receivers were slightly different from one 

path to another, i.e., the difference in the time of flights, frequency domain signals were utilized for 

data analysis and performance comparison. This was achieved by using Fourier analysis computed by 

Fast Fourier Transform (FFT). The Fourier analysis method can be applied in CFRP structures for 

damage detection with appropriately selected DI.36,37  

As represented in Figure 8, the A0 and S0 modes were extracted through time windowing the signal over 

regions of interest: a central time “T” was calculated according to travel distances and experimental 

group velocities, as previously obtained in Table 1. A span of two periods around this time “T” was 

then used to create the time window, respective to each mode. The period was the inverse of the 

frequency “F” corresponding to the mode, as in Table 1. Time windowing simplifies the Fourier 

analysis by removing background noise. Each time window signals were represented in red for the A0 

mode and blue for the S0 mode, as in Figure 8 and Figure 9. The bandwidths of interest were easily 

observed below 150 kHz and between 150 and 600 kHz, corresponding to A0 and S0 modes respectively. 

The frequency “F” was used as central frequency to observe the FFTs, through frequency ranges 

spreading equally with ± 20 kHz and ± 100 kHz, for A0 and S0 modes respectively. 

For damage detection using laser excitation, frequency spectra, derived out of the windowed A0 and S0 

modes and observed previously, were used to compute a DI. Using a similar approach as for the DI 

based on voltage amplitude changes in time domain with Equation (2) in Section 3.a, the DI used in this 

section was comparing the signal magnitudes in the frequency domain derived from FFT,34,35 using the 

following equation: 

 𝐷𝐼𝑚𝑎𝑔 =
|𝐹(𝑢𝑝𝑝𝑒𝑟) − 𝐹(𝑙𝑜𝑤𝑒𝑟)|

𝐹(𝑢𝑝𝑝𝑒𝑟)
 

(4) 

 

where 𝐹(𝑙𝑜𝑤𝑒𝑟) corresponds to the peak magnitude in the frequency domain after FFT of signal obtained 

on the lower part of the plate where damage was present, and 𝐹(𝑢𝑝𝑝𝑒𝑟)  corresponds to the peak 

magnitude after FFT of signal obtained on the upper part of the plate. The DIs were obtained for 

different transducers, with known damage location, for A0 and S0 modes separately. As a complement, 

FFTs were analysed for PZTs on (upper) with no/low interaction with damage, comparing Path A with 

Path B. The specific DI comparing paths was calculated from magnitude changes after FFT using the 

following equation: 

 𝐷𝐼𝑚𝑎𝑔,𝑃𝑎𝑡ℎ𝑠 =
|𝐹𝐴 − 𝐹𝐵|

𝐹𝐴
 

(5) 
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where 𝐹𝐴 corresponds to the peak magnitude in the frequency domain after FFT of signal obtained on 

Path A, and 𝐹𝐵 corresponds to the peak magnitude after FFT of signal obtained on Path B. The DI 

comparing paths on (upper) was tested for A0 and S0 modes separately. 

d. Results: frequency domain signal comparison 

In Figure 10, the frequency domain signals after FFT of time windowed signals excited by the short 

laser pulse and received by DWTs and PZTs were compared for waves propagating away from damage 

(upper, in black) and propagating through the damage (lower, in green) for Path A and Path B 

separately. Large signal magnitudes were obtained at expected frequencies for the A0 and S0 modes. 

For PZTs, very different frequency spectra were obtained between the guided waves travelling through 

the damage (lower) and away from damage (upper). The low frequency signals observed in Figure 9 

were probably due to structure vibration and low-frequency component of laser ultrasonic guided waves 

transmitted. Given that the A0 mode was preferentially selected at higher frequencies, 79 kHz and 98 

kHz for DWTs, the low frequency vibration interferences were filtered out through the narrowband 

selection for clarity. This cannot be achieved with the broadband PZTs. In Figure 10, signals in low 

frequency near 20 kHz for “Laser to PZT” correspond to noise influenced by the band-pass filter.  
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Figure 10 – Responses in frequency domain to a laser ultrasonic excitation after FFT of time windowed signals received by 

DWTs on the upper part of the CFRP plate with no/low damage interaction (in black) and on the lower part of the CFRP 

plate (in green), for Path A and Path B separately. The frequencies corresponding to peak magnitudes are indicated by 

round dots (upper) and squares (lower) in red and blue, for A0 and S0 modes, respectively. Curves are normalised in each 

plot. 

Large shifts in frequencies appeared for the A0 mode received by PZTs, which could be related to mode 

conversion due to damage interaction or change in structure rigidity. The A0 mode being very dispersive 

at low frequencies, any changes in the structure will cause a change of group velocity. Since the time 

window was evaluated for a known group velocity obtained on the pristine structure, changes in velocity 

would affect the signal selected in the time window and hence the FFT results.  

Compared to the easily read FFT results obtained from DWTs showing a unique peak, FFTs obtained 

from PZTs showed a more complex frequency content that degrades analysis reliability. Thus, the 

specific mode selection achieved through electrode periodicity of DWTs simplifies Fourier analysis. 

This, in addition to the high consistency of DWTs, allow a more reliable damage detection method. 
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From Figure 10, for DWTs on Path B, higher magnitudes of the A0 mode were obtained for propagation 

on the damaged area (lower) compared to propagation away from damage (upper), consistent with 

results found in experiments using DWTs as the actuators in Figure 5 of Section 3. However, unlike 

experiments in Section 3 where the S0 mode was almost unchanged, higher magnitude of the S0 mode 

were obtained for DWTs on Path A. Moreover, small peak shifts in frequency spectra were observed 

for the S0 mode on both Path A and Path B, which could be attributed to changes in the structure rigidity. 

e. Results: damage index 

The calculated DIs in frequency domain were represented in Figure 11, to quantitatively evaluate 

damage detection performance. The stronger damage interaction of S0 mode for DWTs on Path A than 

Path B due to the shadow effect, as observed in Figure 7 of Section 3 using DWT actuators, was again 

observed in the laser excitation experiments. Furthermore, the opposite trend for the A0 mode, observed 

in Figure 7 of Section 3, was also observed here for DWTs. Therefore, similar trends were repetitively 

observed for both damage detection methods when using DWTs, thanks to high consistency and 

narrowband selection. However, results for PZTs were different using the laser excitation from previous 

experiments using PZTs. It should be noted that the method in Section 3 differs from that in Section 4 

by the excitation source (PZT or laser) and its position on the CFRP plate. 

The uncertainties when using PZTs come from possible interferences with low frequency vibration 

when analysing the A0 mode, and from multiple peak interference in the FFT results due to weak mode 

selection. DWTs showed more reliable results, as noticed with the previous section, whereas signals 

obtained with PZTs were difficult to analyse. While the broadband detection of PZTs may contain more 

damage information, the method in this section used narrow time-windowed signals (100 µs for A0 

mode and 16 µs for S0 mode) and specific frequency ranges (40 ± 20 kHz for A0 mode and 250 ± 100 

kHz for S0 mode) aiming for simplified data processing and analysis. In fact, signals are highly filtered 

in practical SHM applications to improve operation feasibility and even consistency. Thus, the 

narrowband selection achieved by DWTs offered clear modes identification and understanding of 

damage evolution. 

 

Figure 11 – Damage indexes (𝐷𝐼𝑚𝑎𝑔) calculated based on signal magnitude changes in frequency domain obtained after 

FFT of time windowed signals received on the lower part of the CFRP plate compared with signals received on the upper 

part of the CFRP plate, for A0 mode (in red) and for S0 mode (in blue): for Path A (on the left) and for Path B (on the right). 

Signals received by PZTs on the upper part of the CFRP plate were compared for Path A and Path B with no/low damage 

interaction and marked as black stars, showing influence in propagation direction. 

From Figure 11, DIs obtained from signals received by PZTs were similar to DIs obtained from signals 

received by DWTs (S0 on Path A) or higher, which could be explained by the damage position directly 

on PZTs ultrasonic path (Figure 2). DIs were strongly dependant on the time windows identifying A0 
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and S0 modes, which can be altered due to the CFRP plate complexities. As expected, DIs calculated 

from signals received by the two PZTs (both upper) with Equation (5) were lower than DIs calculated 

for comparison between (upper) and (lower) with Equation (4). Nonetheless, high values were still 

obtained due to the high influence of directionality of propagation in the CFRP plate, such as from 

upper Path A to Path B, although both away from the damage. 

This method with remote laser ultrasonic excitation was developed using signals travelling in the non-

damaged state (the upper part in this work) as references. However, the reference signals may be 

affected by the selected ultrasonic path due to the anisotropic nature of CFRP. Therefore, this factor 

should be taken into account in selecting the appropriate reference direction for CFRP. In addition, 

multiple laser excitation positions, such as through scan of the selected CFRP plate area, can get more 

comprehensive information about ultrasonic wave propagation8,38 to improve the ultrasonic SHM 

method for CFRP structure. 

5. Conclusions 

The feasibility of detecting impact damage in the form of internal micro-cracking and delamination in 

a multi-layered CFRP composite plate was investigated using guided ultrasonic Lamb waves. The 

guided waves were excited and detected with wavelengths between 10 and 20 mm with different 

combinations of actuators and receivers in the pitch-catch configuration, including (1) direct-write 

transducers (DWTs) made of piezoelectric P(VDF-TrFE) polymer coating, (2) surface-mounted 

discrete transducers made of bulk piezoelectric PZT ceramic, and (3) pulsed laser excitation. A 31 J 

drop weight impact event introduced few scratches on the plate surface and a crack of about 27 mm in 

length at the backside, with extensive non-visible internal damage. Damage detection was conducted 

by analysing signal amplitude changes caused by the presence and shape of the discontinuity, through 

an appropriately defined damage index (DI) to quantify the amplitude change related to the damage. A 

decrease in both A0 or S0 mode signal amplitude, attributed to the internal damage in the propagation 

path, was observed for most of the cases with qualitative consistency among the actuator and receiver 

combinations. While ability of the DWTs as both the actuator and receiver for impact damage detection 

was demonstrated, each of the three technologies exhibited their respective technical limitations and 

strengths: DWTs offer improved consistency with scalable batch printing process and simplified 

reliable damage interpretation attributed to the single-mode signal selection ability; discrete PZT 

transducers promise stronger ultrasonic signals due to their high electromechanical coupling 

performance; whereas laser pulse provides broadband ultrasonic excitation without physical contact. In 

our experiments, wavelengths of 10 and 12 mm of the ultrasonic signals were selected with DWTs 

thanks to the tailored design of the printed comb electrodes, whereas signals obtained from PZTs were 

analysed using wavelengths of 20 mm because of complexity in mode identification at higher 

frequencies. Among the different combinations of actuators and receivers, the configuration of PZT 

used as the actuator and DWT as the receiver showed the largest relative change in the signal amplitude 

by utilizing their respective technical advantages. The DWT receivers were also able to detect the 

impact damage with the remote pulsed laser broadband excitation. Particularly, DWT receivers with 

PZT or laser actuator showed consistent results: the S0 mode showed higher DI while wave propagating 

along the smaller damage dimension (16 mm on Path A) than along the larger (34 mm on Path B), 

whereas the A0 mode showed the opposite trend. The selective use of A0 or S0 mode could possibly 

allow detection of different delaminations through the thickness. The experimental results and analyses 

indicated the structural integrity of CFRP composite can be well monitored with DWTs with improved 

reliability. In addition to reduced weight, the polymeric coating DWTs allow large area implementation 

due to its scalable implementation with the batch fabrication process, even on curved surfaces due to 
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their flexibility and conformability, in contrast to adhesively bonded discrete transducers. Noncontact 

excitation can be achieved by introducing a laser pulse that is generating the ultrasonic waves remotely.  
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