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ABSTRACT 
 

The guided waves based imaging techniques have been 

intensely developed in recent years as quick and accurate NDT 

solutions for various types of plate structures. One of the more 

attractive imaging methods is the local wavenumber 

spectroscopy, which exploits the dispersive nature of the guided 

waves to detect local thinning, corrosion or delamination type 

defects. The method paired with the non-contact excitation and 

detection of guided waves, using laser techniques, is an efficient 

solution for fast examination of large areas of plate-like 

structures. 

In this paper, we present the application of a laser-based 

system using local wavenumber estimation (LWE) method as a 

defect evaluation technique for a multi-thickness CFRP sample 

with multiple simulated damages. The examined specimen is 

excited using an Nd:YAG laser and the resulting ultrasound wave 

field is measured using a scanning laser Doppler vibrometer 

(SLDV). Data processing using the LWE algorithm produces two 

dimensional maps, where different plate thicknesses and 

simulated damages can be clearly visible.  

Keywords: guided waves, local wavenumber estimation, 

laser generated ultrasounds 

NOMENCLATURE 
SLDV  Scanning Laser Doppler Vibrometer 

LWE  Local Wavenumber Estimation 

LGU  Laser Generated Ultrasounds 

CFRP  Carbon Fiber Reinforced Polymer 

𝜔   temporal frequency 

𝑘𝑥, 𝑘𝑦  wavenumber along Cart. axes x or y 

𝑉𝑓   3D wavenumber-frequency data 

𝑉𝑏𝑝   mode- and bandpass filtered data 

𝑆𝑏   width of the Gaussian filter 
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1. INTRODUCTION 
 

In recent years, laser generated ultrasounds (LGU) and laser 

vibrometry have gained more attention in the field of NDT. 

These two laser-based solutions are often combined in a single 

system, exploiting a possibility to create a fully non-contact 

diagnostic system and achieve high speed of signal acquisition 

[1][2]. One of the applications particularly well suited for the 

application of a non-contact laser-based test setup is the imaging 

of a guided waves wave field. Based on the analysis of a 

measured wave field it is possible to infer the information about 

the presence and location of defects in a plate-like sample. The 

most often used features in the processing techniques involve the 

change of amplitude [1,3,4], mode conversion [5,6] or the 

change of wavenumber of the propagating wave [7–10]. The 

local wavenumber estimation (LWE) is especially attractive 

technique as the wavenumber-frequency characteristics of the 

plate is sensitive to various types of damage, including corrosion, 

delamination or material thinning.  

This paper describes a non-contact damage detection system 

using guided waves generated with a laser source and measured 

with a scanning laser Doppler vibrometer (SLDV). The full-field 

dataset of the propagating Lamb waves is acquired and processed 

using the LWE algorithm in order to obtain a 2D map of defects. 

The examined sample is an industrial CFRP demonstrator plate 

with different thickness zones and several delaminations 

simulated with Teflon inserts located across the sample. The 

obtained results show that the method is capable of detecting 

defects in various thicknesses of the test structure.  

 
2. Description of the diagnostic system 
2.1 Wavenumber spectroscopy 

The operation principle of the LWE and other related 

methods is the dispersive property of guided ultrasonic waves. 

For any given plate structure the dispersion curves can be 

represented by the wavenumber-frequency plot, which is 
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characteristic for this particular plate of uniform constant 

thickness. When the thickness of the plate or its material 

properties change this is reflected in the frequency-wavenumber 

representation – wavenumber values of the modes can shift or 

new modes may appear altogether. This change can be extracted 

from the wavenumber-frequency domain of the acquired wave 

field (which is a 3-dimensional spatiotemporal dataset) and then 

by using a bank of filters visualized in the form 2D map of the 

scanned surface. Suppose that the 𝑉𝑓 represents the Fourier 

transform of the spatio-temporal wavefield. In order to track the 

change of a wavenumber the 𝑉𝑓 can be filtered to a single wave 

mode and then bandpass – filtered around the chosen central 

frequency 𝑓𝑐. This can be represented using the following 

notation in the Fourier domain: 

 

Vbp(kx, ky, ω) = WmF𝑏𝑝𝑉𝑓(kx, ky, ω)       (1) 
 

where Wm is the mode filtering mask and 𝐹𝑏𝑝 is the bandpass 

filter represented in the frequency domain. The filtered data 𝑉𝑏𝑝 

can then be decomposed using the wavenumber filter bank in the 

form of two-dimensional wavenumber windows. This can be 

described using the 2D Gaussian representation: 

𝑊(𝑘𝑥, 𝑘𝑦, 𝜔, 𝑛) = exp (
(√(𝑘𝑥

2+𝑘𝑦
2)− 𝑘𝑏(𝑛))

2

𝑆𝑏
2  )       (2) 

where kb is the radius of the single filter, 𝑆𝑏 is the width of the 

single filter and 𝑛 is the number of filter in the bank. It is worth 

noting that in this application the parameters of the window 

function are constant along the frequency axis. As a result of 

applying the filterbank the 𝑛 frequency-wavenumber datasets are 

produced, each containing the information on particular 

wavenumber bandwidth. In order to relate them back to the 

spatial domain the data is transformed using inverse Fourier 

transform. To reduce the dimensions of the datasets the 

summation along the temporal axis is performed. In order to 

enhance the image quality the 3D envelope of each of the n 

signals can be calculated instead of the direct inverse Fourier 

transform. Finally, for each xy coordinate of the original wave 

field the maximum value from 𝑛 datasets is selected and the 

corresponding central wavenumber index 𝑘𝑏 is assigned to the 

coordinate. As a result, a 2D map of local wavenumber maxima 

is created. The procedure is explained in greater detail in [7–9] 

 

2.2 Description of the measurement/acquisition 
The LWE algorithm can be implemented in practice with 

use of a non-contact scanning system. In this work, a Polytec 

PSV-400 SLDV is chosen as a signal acquisition unit. The 

generation of the guided waves in the test sample is also realized 

with a non-contact laser system. Pulsed laser source is used to 

irradiate the surface of the plate and generate a broadband 

ultrasonic pulse [11]. In this work the Quantel Ultra Nd:YAG 

laser system was used delivering peak energy of 100 mJ in a 

single pulse. The combination of these two laser devices allows 

to obtain a flexible and effective system for non-contact 

examination of the plate-like structures. Schematic presentation 

of the test system is shown in Figure 1.  

 

 
FIGURE 1: Schematic presentation of the non-contact 

ultrasonic imaging system 
 

3. Example of application 
In order to demonstrate the effectiveness of the described 

test system a CFRP sample with multiple simulated damages was 

analyzed. The examined specimen consists of six different 

thicknesses of the fiber layups, ranging from 0.5 to 3 mm. During 

the manufacturing process several square-shaped Teflon inserts 

with 6 by 6 mm dimensions have been placed between the plies 

of the laminate to simulate localized delaminations. For 0.5 and 

1 mm thick stages a single delamination per stage has been 

introduced and for thicker layups (from 1.5 mm up) there are 

three inserts for each stage of the plate. The inserts were placed 

at different depths of the laminate which was an additional 

criterion for the assessment of the proposed damage detection 

system. Before performing the experiment the retro-reflexive 

foil was attached to the measured surface in order to improve the 

quality of the SLDV measurement. 

During the measurement, the laser excitation was localized 

near the edge of the plate at the 1.5 mm thickness stage. The laser 

was operating in the pulsed mode and was synchronized with the 

acquisition system using the trigger from the Q-switch signal. 

The energy of the pulse was lowered to 40% in order to prevent 

the ablation of the irradiated surface. This allows to safely 

perform the measurement with the 10 Hz repetition rate of laser 

pulses. The SLDV was set to scan on a grid of 340 by 115 points 

with a uniform 1 mm spacing. The obtained spatiotemporal data 

is organized in the 3-dimensional matrix and the 3D Fourier 

transform is performed to obtain the Vf dataset. The resulting 

wavenumber-frequency representation along the main axis of 

wave propagation revealed that mainly the A0 Lamb wave mode 

was generated. The obtained measurement dataset was processed 

using the LWE algorithm as described in section 2 and focused 

on the filtered A0 mode. The LWE map was calculated 

separately for two parts of the plate – the first one including the 
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thicknesses between 0.5 and 1.5 mm (part A) and the other 

between 1.5 and 3 mm (part B). Two different central frequencies 

were used to create the LWE maps for the two images, namely 

110 kHz for part A and 90 kHz for part B. Due to the different 

values of the baseline wavenumbers on the consecutive 

thicknesses of the sample it is very difficult to clearly present the 

results in a single image. Therefore only the results of the 

wavenumber estimation for part A are shown in Figure 2. The 

step changes in the image background indicate the change in 

plate thickness. The increased wavenumber values within each 

thickness stage indicate the locations of defects. All four defects 

present in this section of the plate could be identified. 

Furthermore, at the 1.5 mm stage the topmost defect exhibit 

significantly larger local wavenumber value than the other two, 

allowing for the distinction between the different depths of the 

delaminations. The LWE of the other half of the plate resulted in 

a similar quality of estimation. However, from the nine inserts 

present in this part only eight could be readily identified. This 

results from the higher attenuation of the thicker portions of the 

plate, as well as with a larger distance from the excitation 

location. Additionally, the wavenumber contrast in multi-layered 

media does not scale proportionally with thickness reduction. 

Therefore, the sensitivity of the method may be too low for 

delaminations at greater depths for a given frequency and mode.  

 
FIGURE 2: The LWE map of the analyzed CFRP plate 

using a laser-based excitation. The image involves 
thicknesses from 0.5 to 1.5 mm (part A). The estimation 

was performed for  the central frequency of 110 kHz. 
 

 

4.  CONCLUSION 
This work presented an application of the local wavenumber 

estimation (LWE) method based on the data obtained using the 

developed non-contact laser-based measurement system. 

Proposed approach allowed for a successful detection of 

simulated delaminations introduced in the CFRP component 

under investigation. We believe that the presented approach 

offers a viable solution for NDT of thin walled components in 

both quality control and in-service damage detection 

applications. 

 

 

 

ACKNOWLEDGEMENTS 
The research was financed within the scope of the project 

no. LIDER/2/0117/L-7/15/NCBR/2016 financed by the National 

Centre for Research and Development. 

The Authors would like to acknowledge the company 

Tworzywa Sztuczne PZL Mielec for technical consultations and 

for providing the test sample. 

 

REFERENCES 

[1] An, Y.-K., Park, B., and Sohn, H., 2013, “Complete 

Noncontact Laser Ultrasonic Imaging for Automated 

Crack Visualization in a Plate,” Smart Mater. Struct., 

22(2), p. 025022. 

[2] Flynn, E., Lee, J., Jarmer, G., and Park, G., 2012, 

“Frequency-Wavenumber Processing of Laser-Excited 

Guided Waves for Imaging Structural Features and 

Defects,” 6th Eur. Work. Struct. Heal. Monit., pp. 1–8. 

[3] Mallet, L., Lee, B. C., Staszewski, W. J., and Scarpa, F., 

2004, “Structural Health Monitoring Using Scanning 

Laser Vibrometry: II. Lamb Waves for Damage 

Detection,” Smart Mater. Struct., 13(2), pp. 261–269. 

[4] Ruzzene, M., 2007, “Frequency-Wavenumber Domain 

Filtering for Improved Damage Visualization,” AIP 

Conf. Proc., 894, pp. 1556–1563. 

[5] Pieczonka, Ł., Ambroziński, Ł., Staszewski, W. J., 

Barnoncel, D., and Pérès, P., 2017, “Damage Detection 

in Composite Panels Based on Mode-Converted Lamb 

Waves Sensed Using 3D Laser Scanning Vibrometer,” 

Opt. Lasers Eng., 99(January), pp. 80–87. 

[6] Ambrozinski, L., Spytek, J., Dziedziech, K., Pieczonka, 

L., and Staszewski, W. J., 2017, “Damage Detection in 

Plate-like Structures Based on Mode-Conversion 

Sensing with 3D Laser Vibrometer,” IEEE Int. Ultrason. 

Symp. IUS, pp. 1–4. 

[7] Rogge, M. D., and Leckey, C. A. C., 2013, 

“Characterization of Impact Damage in Composite 

Laminates Using Guided Wavefield Imaging and Local 

Wavenumber Domain Analysis,” Ultrasonics, 53(7), pp. 

1217–1226. 

[8] Flynn, E. B., Chong, S. Y., Jarmer, G. J., and Lee, J. R., 

2013, “Structural Imaging through Local Wavenumber 

Estimation of Guided Waves,” NDT E Int., 59, pp. 1–10. 

[9] Mesnil, O., Leckey, C. A. C., and Ruzzene, M., 2015, 

“Instantaneous and Local Wavenumber Estimations for 

Damage Quantification in Composites,” Struct. Heal. 

Monit., 14(3), pp. 193–204. 

[10] Kang, S., Flynn, E. B., Jeon, J., and Park, G., 2016, 

“Damage Detection on Thin Walled Structures With 

Single Frequency Excitation and Wavenumber 

Filtering,” 8th Eur. Work. Struct. Heal. Monit. (EWSHM 

2016), pp. 1–10. 

[11] Davies, S. J., Edwards, C., Taylor, G. S., and Palmer, S. 

B., 1993, “Laser-Generated Ultrasound - Its Properties, 

Mechanisms and Multifarious Applications,” J. Phys. D. 

Appl. Phys., 26, pp. 329–348. 


