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Abstract. Composite materials provide many advantages over more conventional materials. 

However, their susceptibility to impact damage can question their use in critical load-bearing 

structures, and efficient methods are needed for early damage detection. To this purpose, the 

nonlinear vibro-acoustic modulation (VAM) technique applies a low-frequency pump excitation 

and a high-frequency probe excitation to exploit the onset of harmonic components around the 

probe frequency of the damaged structural response. The VAM technique has been widely 

studied on structures instrumented with piezoceramic transducers used for both actuation and 

sensing, but few attempts have been made to use equipment typical of modal testing, such as 

shakers and accelerometers. In this study, the VAM technique is applied to a composite laminate 

beam by employing an electro-dynamic shaker to generate low-frequency flexural excitation, a 

low-profile piezoceramic transducer to introduce the probe wave, and a micro-accelerometer to 

sense the structural response. Three resonance low frequencies and two acoustic frequencies are 

considered in different testing scenarios, at increasing levels of excitation amplitude. The results 

show a general good performance of the technique with the adopted experimental setup, the 

choice of the probe frequency and the higher level of the pump excitation having a significant 

impact on its sensitivity.  

Keywords: Nonlinear Vibro-Acoustic Modulation, Structural Health Monitoring, Damage 

detection, composite materials  

1.  Introduction 

Assessing the integrity of load-bearing structures is one of the major concerns in engineering 

applications and many non-destructive testing (NDT) methods have been developed to this purpose [1]. 

Some of them involve inspections by a range of observation techniques, such as x-ray radiography, 

thermography or shearography [2], while some others exploit the properties of transmission and 

reflection of ultrasonic waves into the materials [3]. These kinds of techniques are however expensive, 

time-consuming, and often unsuitable for testing large structural systems and/or advanced 

heterogeneous materials like sandwich panels or composite laminates. Structural Health Monitoring 

(SHM) methods based on embedding sensors within the structure may be a viable alternative for damage 
detection [4, 5]. Vibration-based SHM techniques assume that the modal properties of a damaged 

structure differ from those of the undamaged one. However, noticeable changes of modal properties are 
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generally associated with rather high levels of damage, while the detection of comparatively small 

damage severities typically requires the adoption of more advanced approaches, such as those based on 

the analysis of the curvatures of the mode-shapes or of the frequency response function [6]. An elastic 

behavior of both the undamaged and the damaged system is assumed by such methods. In contrast, some 

SHM techniques focus on the nonlinear phenomena induced by damage. This makes them generally 

more sensitive to early-stage damage [7-9] whose detection is of primary interest when composite 

materials are concerned. 

Indeed, the presence of defects or cracks perturbates the way an impinging wave propagates in a 

material, causing the onset of nonlinear features such as hysteretic behavior [10], wave resonance 

amplitude distortion [11], higher and sub-harmonics [12, 13] frequency mixing effects [14] and non-

linearity in the elastic response of the system [15-18]. Among the techniques that exploit the non-linear 

features induced by damage is the Vibro-Acoustic Modulation (VAM) method, which has been proven 

to be effective in detecting fatigue cracks in steel beams [19, 20], aluminum specimens [21-23] and 

pipelines [24] as well as in wind turbine blades [25]. This technique was also applied to detect barely 

visible impact damage in composite materials [8, 26, 27] and composite sandwich panels [28]. The 

VAM technique applies simultaneously a low-frequency wave (pump excitation) and a high-frequency 

wave (probe or carrier excitation) to the test system. The interaction of these two waves leads to 

modulation effects. The appearance of modulation sidebands, i.e., spectral components around the main 

high-frequency harmonic, is an index of nonlinearity in the system response and reveals the presence of 

damage. 

When carrying out VAM tests the excitation signals can be provided by means of different actuation 

methods and the system response captured through different kinds of sensors. Low-profile lead zirconate 

titanate (PZT) transducers are by far the most common choice for providing the high-frequency 

excitation [7-9, 26-28] and sometimes also the low-frequency modal excitation [29]. The latter is 

however more commonly applied by means of piezoceramic stack actuators [27, 28] or, more rarely, 

through shakers [7]. Shakers as low-frequency actuators in VAM tests were for example adopted in [7, 

9, 23] to detect damage modes in aluminium and composite specimens. It can be also mentioned that an 

instrumented hammer was used in [30] to detect damage in steel specimens. As far as the sensors used 

to acquire the response in composite materials during VAM tests are concerned, PZT transducers [28] 

or scanning laser doppler vibrometers [8, 26, 27] are undoubtedly the most used.  

An experimental setup including a shaker and an accelerometer, which are instruments typically used 

in modal vibration-based methods, is adopted in this study to apply the VAM technique for the detection 

of low-velocity impact damage in a composite laminate beam. In the experimental campaign, an electro-

dynamic shaker and a piezoceramic transducer were used to generate, respectively, the low frequency 

flexural excitation and the carrier wave, while a micro-accelerometer was employed to acquire the 

structural response of the sample. Three resonance low frequencies and two acoustic frequencies were 

considered for different damage scenarios at increasing levels of excitation amplitude. It is worth noting 

that modal shakers may provide the power required to excite low-frequency vibration modes of systems, 

while accelerometers may efficiently measure the out-of-plane vibration response of the structure with 

the additional advantage of easy and fast removal and installation at different locations. The efficacy of 

the test setup and the effect of the excitation frequencies on the damage detection capability of the VAM 

method has been investigated in the study.  

 

 

2.  Vibro-Acoustic Modulation 

Nonlinear Vibro-Acoustic Modulation (VAM), also referred to as Nonlinear Acoustics [5] or Nonlinear 

Elastic Wave Spectroscopy [11, 14], was proposed in [31] to detect the presence of closed cracks. In a 

VAM test the specimen is simultaneously excited by two waves: a low frequency modal/vibration 

(pump) wave and an acoustic high-frequency (probe) wave. The low-frequency pump wave aims to 

generate stress within the structure to perturb possible damage, while the high-frequency wave is 
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expected to sense the variation of stiffness produced by the former, acting as a probing wave that can be 

modulated by the presence of damage.  

As illustrated in figure 1, the spectrum of the signal response of a linear pristine material exhibits 

only two frequency components corresponding to the probe and pump excitation signals. In contrast, 

the presence of cracks, damage or discontinuities in the material induces wave perturbations that 

manifest themselves as additional frequency components (sidebands) around the probing carrier 

frequency. These sidebands typically occur in pairs (left and right sidebands) at the frequencies: 

 

                                                                    𝑓 𝑆𝐵𝑛
=  𝑓𝑝𝑟𝑜𝑏𝑒  ±  𝑛 𝑓𝑝𝑢𝑚𝑝                                                               (1) 

 

where 𝑓𝑝𝑟𝑜𝑏𝑒  and 𝑓𝑝𝑢𝑚𝑝  are the frequency of the pump and probe waves respectively and 𝑛 is a positive 

integer number.  

 

The onset of these modulated frequency components was found to depend on both the presence and 

the severity of damage and various damage indicators, ranging from the amplitude of the first pair of 

sidebands to parameters that relate the sidebands amplitude to the amplitude of the probe wave, have 

been proposed in the literature to monitor the degradation state of a structure. Commonly adopted 

damage parameters are based, for instance, on the ratio or on the difference between the sum of the 

amplitudes of the i-th pair of sidebands and the amplitude of the response at the probe frequency [3, 26, 

27]. Further damage indicators involve the comparison between the amplitude of the sidebands and 

particular functions of the signal amplitudes at the pump and probe frequencies [30].  

 

3.  Experimental tests 

Experimental tests have been conducted on a composite beam made of Seal Texipreg ®HS160/REM 

carbon/epoxy prepreg plies laminated with a [0/90]3s layup and consolidated in autoclave at a pressure 

of 8 bar and a maximum temperature of 160 °C. The examined sample was a 530 mm x 59 mm beam 

with a thickness of 2 mm. Prior to testing, the composite beam was ultrasonically C-scanned to exclude 

the presence of manufacturing defects. 

 
 

Figure 1. Schematic representation of the vibro-acoustic modulation (VAM) technique. 
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The beam was instrumented with a PI Ceramic PIC 151 low-profile PZT transducer (10 mm diameter 

and 1 mm thickness) and a DYTRAN 3224A1 micro-accelerometer, positioned as shown in figure 2. The 

PZT transducer was bonded to the surface of the beam by means of a two-component epoxy adhesive 

and wired through welded connectors, while the accelerometer was attached to the beam surface through 

a thin wax layer. 

A drop-weight testing machine, equipped with an instrumented impactor provided with a 
hemispherical indenter of 10 mm diameter, was used to introduce damage in the sample. Two different 

levels of damage, referred to as D1 and D2 in the following sections, were obtained by impacting the 

composite beam with energies of 1.8 J and 2.4 J, respectively. Penetrant-enhanced X-radiographies were 

taken to characterize the extent and the nature of the two damage levels. As shown in Figure 3, the 

damage resulting from the impact loads is mainly a combination of matrix cracks and delaminations at 

various interfaces of the laminated beam. Some minor fibre breakage is however visible at the 

indentation area after the 2.4 J impact. The projected delamination areas corresponding to the two 

damage levels are respectively 31.5 mm2 and 92 mm2. 

Experimental modal analyses were preliminarily carried out to identify the natural frequencies of the 

system for subsequent selection of pump and probe frequencies. To this purpose, the laminated 

composite beam was subjected to a sweep sine excitation, starting from 1 Hz and crossing 1000 Hz in 

15 s, generated by a Modal Shop K2007E01 electrodynamic shaker driven by an Agilent 33200A 
function generator (figure 2). The sample was coupled to the shaker by a threaded aluminium stud that  

 
 

Figure 2. Schematic set-up of the vibro-acoustic modulation tests. 

 

530

500

315

30

PZT 

TRANSDUCER
ACCELEROMETER

Impact 

damage

Shaker

5
9

Electrodynamic Shaker
The Modal Shop K2007E01

Agilent 33200A
Function generator

TTi TG2000
Function generator

Dytran 4105C
Conditioner/Amplifier

DAQ
NI9234



AIAS-2021
IOP Conf. Series: Materials Science and Engineering 1214  (2022) 012007

IOP Publishing
doi:10.1088/1757-899X/1214/1/012007

5

 

 

 

 

 

 

was bonded to the beam by epoxy adhesive on one end and connected to the threaded hole of the shaker 

on the other end. The system response was monitored through a miniature accelerometer DYTRAN 
3224A1 mounted on the axis of the beam. The accelerometer output was fed to a DYTRAN 4105C 

conditioner (set to a 100x amplification) and then acquired by a National Instrument NI9234 PC-

controlled data acquisition unit. Ten sets of data were used to calculate the average Fast Fourier 

Transform (FFT) amplitude of the signal (figure 4) to increase the signal-to-noise ratio. Three 

frequencies, namely 155 Hz, 282 Hz and 494 Hz (evidenced in figure 4), were selected for the 

pump/modal excitation in the VAM experiments. A 3D Finite Element (FE) model of the composite 

sample was developed in Abaqus to evaluate the mode shapes associated to these three frequencies. The 

aluminium stud was modelled with 10-nodes solid tetrahedral elements, while the composite beam was 

discretized with 8-nodes brick elements. In order to correctly reproduce the stacking sequence, one solid 

element was used for each ply across the thickness. The mode shapes associated to the selected 

frequencies were found to be mainly characterized by out-of-plane bending, as shown in figure 5.  

A similar procedure was applied to choose the frequencies of the probe wave. The electro-dynamic 

shaker was driven by the Agilent 33200A function generator using a sweep sine signal starting from 1 

kHz and reaching 7.5 kHz in 15 s, while the system response was measured by the miniature 

 

                Damage level D1 

                (Impact energy = 1.8 J) 

 

                    Damage level D2 

                (Impact energy = 2.4 J) 

 

Figure 3. X-ray images of the damaged areas at the two examined damage severities. 

 

 

 
 

 

 

(a) (b) 

 

Figure 4. Power spectra of the accelerometer signal in the low-frequency (a) and high-frequency (b) 

ranges.  
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accelerometer. The power spectrum of the acquired time signal is shown in fig. 4b. In this case, one 

resonance frequency (7180 Hz) and one generic frequency (6710 Hz) were selected for probe excitation. 

Nonlinear vibro-acoustic modulation tests were then performed. A probe (high frequency) sinusoidal 

signal was applied to the PZT actuator and, simultaneously, the beam was excited with a pump (low 

frequency) sinusoidal wave by means of the electrodynamic shaker (Figure 2). The amplitude of the 

probe signal was set to 20 Vpp for all the tests, while different amplitudes of the low-frequency wave 

were considered to explore the role of the pump excitation level on the quality of the VAM indications. 

The experimental tests were carried out for six combinations of pump and probe frequencies, at various 

amplitudes of the pump excitation, for a total of eighteen different test scenarios. A summary of them is 

provided in Table 1.  

 

Table 1. Test scenarios for different frequency combinations and pump excitation amplitudes 

Probe frequency Pump frequency Pump amplitudes 

6710 Hz 

152 Hz 0.5 Vpp 1.0 Vpp 2.0 Vpp 

282 Hz 2.0 Vpp 4.0 Vpp 6.0 Vpp 

494 Hz 1.0 Vpp 2.0 Vpp 3.0 Vpp 

7180 Hz 

152 HZ 0.2 Vpp 0.5 Vpp 1.0 Vpp 

282 Hz 2.0 Vpp 4.0 Vpp 6.0 Vpp 

494 Hz 1.0 Vpp 2.0 Vpp 3.0 Vpp 

The probe excitation was kept fixed at 20 Vpp 

 

The system response, sensed by the accelerometer, was acquired by the National Instrument NI9234 

digitizer at a 51.2 kSa/s sampling rate. Thirty data sets, each consisting of 256 kpoints, were saved for 

any of the different scenarios and then post-processed in Matlab to calculate the averaged power spectra 

of the acquired signals. The response spectra were finally zoomed on a window around the carrier wave 

frequency to retrieve the presence of modulation sidebands. 

 

4.  Results and discussion 

Figures 6 and 7 show, as an example, power spectra around the probe frequency of the undamaged and 

damaged system responses obtained for two different combinations of vibro-acoustic excitations. The 

 
 

Figure 5. FEM model and numerically predicted mode shapes associated to the three selected pump 

frequencies. 
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spectra reported in figure 6 correspond to testing conditions characterized by a pump excitation of 4 Vpp 

at a frequency of 282 Hz together with a simultaneous probe excitation at a frequency of 6710 Hz. Figure 

7 shows the spectral response acquired with the beam subjected to the same pump vibration (282 Hz at 

4 Vpp) but to a different probe excitation frequency (7180 Hz). It is worth recalling that the same 

amplitude of 20 Vpp was used in all testing scenarios to drive the PZT sensor for probe excitation. 

When 6710 Hz is used as probe excitation frequency (figure 6), modulation sidebands appear in the 

spectral response of the beam after the introduction of the first damage (D1) and the amplitude of these 

sidebands increases after the beam is subjected to the second impact (damage level D2). In this case the 

average value of the amplitudes of the left and right sidebands increases of about 50% when advancing 

from damage level D1 to damage level D2. If we however examine the spectra acquired for a probe 

excitation frequency of 7180 Hz (Figure 7), we may see that while a sideband first appears on the left 

of the probe frequency for damage level D1, it then disappears when the severity of damage is increased 

to level D2. This suggests that, for the same values of excitation amplitudes, the effectiveness of this 

technique may depend on the selected excitation frequencies. 

 

 

 

      Undamaged       Damage level D1       Damage level D2 

   

Figure 7. Power spectra for undamaged and damaged sample: probe frequency 7180 Hz and pump 

frequency 282 Hz (4 Vpp amplitude). 

 

The graphs of figures 8 and 9 report a summary of the results obtained for all testing scenarios 

described in Table 1. The graphs compare the average values of the amplitudes measured at the left and 

right sideband frequencies for different pump excitation levels when examining the undamaged and the 

damaged beam. The average amplitude of the sidebands was assumed as an indicator of damage to 

explore the damage detection capabilities of the VAM approach for different pump and probe 
excitations. 

 

      Undamaged       Damage level D1       Damage level D2 

   

Figure 6. Power spectra of the response of undamaged and damaged sample: probe frequency 

6710 Hz and pump frequency 282 Hz (4 Vpp amplitude). 

-40

-30

-20

-10

0

A
m

p
lit

u
d

e
 (

d
B

)

720070006800660064006200

Frequency (Hz)

fprob = 6710 Hz

6710-282 Hz
6710+282 Hz



AIAS-2021
IOP Conf. Series: Materials Science and Engineering 1214  (2022) 012007

IOP Publishing
doi:10.1088/1757-899X/1214/1/012007

8

 

 

 

 

 

 

 

 

PROBE EXCITATION FREQUENCY 6710 Hz 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Figure 8. Average sideband amplitudes recorded for the different damage conditions at increasing pump 

excitation levels. The data plotted in the graphs were obtained using a probe frequency of 6710 Hz and 

pump frequencies respectively of 152 Hz (a), 282 Hz (b) and 494 Hz (c).  
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PROBE EXCITATION FREQUENCY 7180 Hz 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Figure 9. Average sideband amplitudes recorded for the different damage conditions at increasing pump 

excitation levels. The data plotted in the graphs were obtained using a probe frequency of 7180 Hz and 

pump frequencies respectively of 152 Hz (a), 282 Hz (b) and 494 Hz (c). 
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The data plotted in the graphs show that the VAM technique is generally capable of identifying the 

presence of the damage introduced in the composite beam by the low-velocity impacts, although, as 

mentioned before, its efficacy appears to be dependent on the choice of the pump and probe frequencies. 

The data also show that the choice of a resonance frequency for the probe excitation (7180 Hz) does not 

necessarily translate into improved detection performances. These indications confirm the findings of 

previous studies [9, 27], which indeed showed a clear effect of the excitation frequencies on the damage 

detection capabilities of nonlinear vibroacoustic approaches.  

A clear influence of the pump amplitude on the performance of the VAM technique can be also 

inferred from the present results. If we focus our attention on the data acquired at the maximum pump 

excitation levels, we observe that the sideband amplitudes measured on damaged conditions are 

invariably higher than those measured on the undamaged beam. In some cases, however, (see figures 8c 

and 9b), the level of the sidebands recorded for the larger damage severity (D2) is lower than that 

recorded for the smaller damage (D1). A possible explanation of these results may be found in the small 

size of the damaged areas and in the similarity between the features of the two impact-induced damage 

scenarios, which are both dominated by matrix damage modes, and as such are not expected to lead to 

large differences in the associated nonlinear wave perturbation mechanisms. 

A global comparison of the results obtained across the full range of the examined pump excitation 

levels shows that the sensitivity to damage of the method decays when the amplitude of the pump 

vibration is reduced. We notice that in several cases (see for example the graphs of figures 8b, 9a, 9c) 

the average sideband amplitude recorded for the undamaged beam is comparable or even higher than 

that measured for the D1 or D2 damaged beam. The loss of sensitivity at low pump excitation amplitudes 

can be related to the difficulty in the measurement of low-level signals, which can be close to or below 

the background noise floor, or to the need of attaining a minimum excitation energy for the activation 

of the mechanisms of nonlinear interaction between the pump and probe waves. 

 

5.  Conclusions 

The detection of early-stage damage in composite materials plays a key role for their safe use in 

structural mechanics. The non-linear Vibro-Acoustic Modulation (VAM) is a non-destructive technique 

which can be effective for this purpose, even though some aspects still need to be better investigated to 

improve the effectiveness of such technique in practical applications. Among them are the role of 

frequency and amplitude of the pump and probe excitation waves as well as the impact of the testing 

setup. As a contribution to address this matter, the paper presents some experimental results obtained 

by testing a laminated composite beam, where two different levels of barely visible damage were 

introduced by low-velocity impacts. The beam was tested by means of an equipment typically adopted 

in experimental modal testing. It was simultaneously subjected to a harmonic probing excitation, 

provided through a piezoceramic disk, and a harmonic pump excitation provided by an electrodynamic 

shaker, able to supply the power required to excite low-frequency vibration modes in both pristine and 

damaged conditions. A micro-miniature accelerometer was used to sense the system response.  

Six combination of pump/probe frequencies and three levels of pump amplitude were considered in 
the experimental campaign for a total of eighteen different test scenarios, each one involving the 

acquisition of data for the undamaged case and for the two damaged cases (D1 and D2). The following 

insights can be drawn from the results of the study. 

i. The damage (typically delamination) associated to low-velocity impacts was found to cause 

the onset of a pair of sidebands at the left and right side of the probe frequency in the power 

spectra of the system response. The amplitude of these sidebands was found to generally 

increase with the severity of damage and the amplitude of the pump wave. However, some 

exceptions to this behavior called for an exploration of the role of the probe and pump 

frequencies as well as of the pump amplitude on the sensitivity of this technique. The average 

amplitude of the first two sidebands was adopted as modulation intensity index to investigate 

on this matter.  
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ii. The selection of the pump modal frequency seemed to affect slightly the results, although 

the best damage detection performances were generally associated with the lowest pump 

frequency (152 Hz) among the three considered in this study. 

iii. The sensitivity of the technique was found to be mostly better at the highest pump excitation 

level for the different pump/probe frequency combinations. In four out of six cases, at the 

highest pump excitation amplitude the technique was able to correctly rank the severity of 

damage. The loss of sensitivity at low pump excitation amplitudes can be related to the 

difficulty in the measurement of low-level signals and/or to the need of reaching a minimum 

excitation level for the activation of nonlinear wave interaction mechanisms. 

iv. In some of the considered cases the average amplitude of the sidebands recorded for the 

larger damage severity (D2) was lower than that recorded for the smaller damage (D1). This 

can be due to the small extent of the damaged area and to the comparable features of the 

examined damage conditions. 

v. The choice of the probe frequency seemed to have a significant impact on the sensitivity of 

the VAM technique, as one of the two selected probe high frequencies (6710 Hz) led to 

generally better detection performances. Setting the probe excitation to a resonance 

frequency did not improve, however, the damage detection efficacy. 

vi. The experimental setup adopted in this study, which included a shaker to apply the pump 

harmonic excitation and a micro-accelerometer to sense the response, was found to be 

suitable for the application of the VAM technique to detect damage in composite materials. 

It can be concluded that the technique still presents some critical issues related to the choice of 

excitation frequencies and amplitudes that need further investigations. This suggests caution in 

interpreting VAM data for identification of damage of this nature and extent in this class of materials. 
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