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Abstract

In this paper methods used for structural health monitoring of machinery parts are dis-

cussed. These methods are based on applications of piezoelectric transducers. Proposed

methods are used for assessment of structural machine parts manufactured of carbon

fiber reinforced plastics/polymers (CFRP) and glass fiber reinforced plastics/polymers

(GFRP). The first discussed method is based on elastic wave propagation and scanning

laser vibrometry. This method is based on the fact that any kind of structural disconti-

nuities cause changes in elastic wave propagation within the structure. In the proposed

approach elastic waves are generated using piezoelectric transducer and then the waves

are registered using scanning laser vibrometer. Here attention was paid on an analysis

of elastic wave propagation in simple composite parts and parts with complex structure.

The paper presents also results of simulated damage localization. The second method is

an electromechanical impedance (EMI) technique. In this case piezoelectric transducer

is also effectively used. This transducer is attached to an investigated structure. Due

to electromechanical coupling of piezoelectric transducer and a structure, characteristics

of mechanical resonances of the structure can be registered through the measurement of

electrical parameters of piezoelectric transducer. An initiation of damage causes changes

in resonant characteristics of considered structures. As electrical parameter very often

impedance, admittance, resistance, conductance or reactance are used. For that purpose

electrical impedance analyzer is used. Three parameters have been taken for the analysis.

For proposed method effective damage indexes have been proposed.
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1 Introduction

Structural health monitoring (SHM) is a methodology aiming at assess-

ment of the state of structures in real time. One of the promising SHM

techniques is based on piezoelectric sensors (PZT). The PZT are very light,

thin and can be used as actuators and sensors due to piezoelectric effect.

Piezoelectric sensors can be used to generate and receive elastic waves [1].

Elastic wave propagation method can be used for damage localization in

very simple structural elements like rods [2,3], beams [4], and pipes [5,6].

However large number of papers are related to topic of damage detection

and localization in metallic as well as composite plates [1,7,8]. Also in more

complicated structures elastic wave propagation method was used in order

to localize damage. In the work [9] damage localization was performed in

aluminum panel with honeycomb core. Damage detection was also con-

ducted in the case of bolted steel members [10] and riveted spacecraft-like

panels [11]. Generally two approaches of elastic wave propagation method

are used, taking into account method of actuation and sensing: pitch–catch

[12,13] and pulse–echo [4,12]. In the pulse echo approach also phased ar-

ray technique [1,5,9] can be recognized. It should be also mentioned that

Giurgiutiu and Soutis introduced third approach called thickness mode [14].

These same authors also specified fourth approach called impact/AE detec-

tion. This method is used for impact source location and it is a passive

method contrary to the three above mentioned active methods. Elastic

wave–based methods allow to detect such damage like: fatigue crack [15,16],

corrosion [7,11], delamination/debonding [2,4,17], impact caused damage,

for example crushing over multiple honeycomb cells [9], or broken fibers

[12]. Recently many researchers are interested in investigation of moisture

absorption influence, particularly on Lamb wave propagation in viscoelastic

carbon fiber reinforced plastics/polymer (CFRP) [18]. SHM systems can be

used in many fields like aerospace structures [11,12], civil engineering struc-

tures (e.g., bridges), [19], and offshore engineering (i.e., wind turbines).

The second piezo-based method is the electromechanical impedance (EMI).

It can be treated as supporting for elastic wave–based method because it

diagnoses the sensor itself and also the surrounding area. During the mea-

surements basic electric parameters of the sensor are gathered. Parameters
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such as resistance, reactance, impedance, conductance, etc., are measured

and analyzed. Appearance of additional resonance peaks, peak shift in fre-

quency or magnitude change can be treated as indicator of defect of the

host structure [20]. The EMI technique has been successful used to diag-

nose the piezoelectric transducer, embedded in composite material [21,22].

The EMI technique was a basis for crack detection in thin plates, i.e., in the

research reported in [23]. In the work [24] damage localization method was

developed using EMI and application of artificial neural networks (ANN).

Electromechanical impedance has been used for assessment of beams [25],

plates [1,26], railroad tracks [27], pipes with bolted joints [25], bonded joints

[28], concrete structures [29], and riveted panels [30,31].

In this paper the authors focus on the previously mentioned two meth-

ods. In their investigations the elastic wave based method has been com-

bined with laser Doppler vibrometer (LDV) for noncontact sensing of the

propagating waves. Both LDV and EMI methods has been used for SHM

of composite structural elements.

The paper is structured as follows. In the second section LDV technique

is described. In the third Section the results for LDV method are provided.

In the fourth Section EMI method is presented and it is followed by EMI

results in subsequent section. The last Section concludes the conducted

research.

2 LDV technique for guided elastic waves sensing

Laser Doppler vibrometry (LDV) is a noncontact measurement technique

that allows to register velocities or displacements of structural vibrations.

This technique can be successfully used for measurements of standing waves

as well as guided waves propagating in the structure. This technique is also

named SLDV when scanning laser Doppler vibrometer is used. In experi-

mental research authors used Polytec 3D scanning laser Doppler vibrometer

PSV400. The vibrometer is able to measure 3D components of vibration

velocities (out-of-plane and in-plane components). However during the re-

search all measurements were performed in 1D scanning mode which allow

to measure only out-of-plane vibration velocity component. The registered

signals were related to guided waves propagating in the composite structural

components. Guided waves were excited using internal signal generator in-

stalled in PSV400 vibrometer. The signal has been sent from generator to

SONOX P5 transducer, in the form of disc with diameter 10 mm and thick-
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ness 0.5 mm. Scanning measurements performed for surface of investigated

structure allowed to visualize guided wave propagation. This measurement

approach is named full wavefield approach.

3 Results for LDV

In the Fig. 1 results for such measurements are presented in the form of

arbitrary chosen frames taken from animation of guided wave propagation.

These measurements were performed for panel manufactured of glass fibre

reinforced plastic/polymer (GFRP). The dimensions of the panel were equal

400mm × 400mm × 1.5 mm. Damage was simulated as 25 mm long notch,

and 0.5 mm deep. Guided waves were excited by the piezoelectric transducer

located in the middle of the panel. The excitation signal was assumed in the

form of tone burst signal with five cycles and carrier frequency 100 kHz. In

Fig. 1a it can be easily noticed that two guided wave modes propagate in the

panel. Two modes can be clearly recognized as their wave lengths differs.

Moreover this mode with larger wavelength propagate with higher velocity

and it is approximation of fundamental symmetric Lamb wave mode noted

as S0. It can be noticed that its velocity of propagation strongly depends on

the direction of propagation. The velocity is much higher in the horizontal

direction than in vertical direction – the wavefront shape is elliptical. This

is caused by internal structure of composite panel and strictly depend on

orientation of internal layers with glass fibre reinforcement. In this case all

layers are oriented horizontally [0, 0, 0, 0, 0]o.

The second propagating mode has smaller wave length and propagates

much slower. This is approximation of fundamental antisymmetric Lamb

wave mode noted as A0. It can be noticed that for this mode differences in

velocities for horizontal and vertical direction are smaller, however elliptical

shape of propagating wave front can be easily noticed in Fig. 1b. In this

figure also a wave reflection related to this mode and caused by introduced

notch can be noticed. It should be emphasized that there was no interaction

of wave mode S0 with notch due to too large wave length of this mode in

relation to notch size.

In the Fig. 2 the frames taken out from animation of guided wave prop-

agation in GFRP panel with dimensions: 440mm × 440mm × 1.5 mm are

presented. In the considered example damage was simulated by introduced

delamination which was created using heat gun. The orientation of glass

fiber layers has been the same as in previous example. The frequency of ex-
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a) b)

Figure 1: Chosen frames from animation of elastic guided wave propagation in GFRP

panel with notch: a), b) chosen time frames for excitation frequency 100 kHz.

a) b)

Figure 2: Frames from animation of wave propagation in GFRP panel with delamination,

excitation frequency: a) 16 kHz, b) 100 kHz.

citation was assumed as 16 kHz (Fig. 2a) and 100 kHz (Fig. 2b). Analyzing

these results it can be noticed that there are wave interactions with delam-

ination in both cases. These interactions can be noticed on the right hand

side. Here the velocity of propagating wave mode also strongly depends on

direction of propagation due to orthotropic properties of panel material.

Next step has been related to application of a damage detection algo-
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rithm. For that purpose full-field measurements of guided wave propaga-

tion were conducted for GFRP panel with dimensions 400mm × 400mm ×

1.5 mm. In the considered case the layer orientation was assumed in the

form of [0, 90, 0, 90, 0]o.

The excitation signal was assumed in the form of five cycle tone burst

with the carrier frequency 16 kHz. Elastic waves were generated by piezo-

electric transducer located in the middle of the panel. Damage was simu-

lated by an additional mass attached to the panel surface that is opposite

to the scanned one. This mass was predicted in the form of steel disc with

diameter 8 mm and 1 mm thickness. Two scenarios of additional mass lo-

cation were investigated. Results in the form of two frames selected from

the animation of elastic wave in GFRP panel with first simulated damage

scenario are presented in Fig. 3. The elastic wave interation with additional

mass is clearly visible in the upper part of frames illustrating wave propaga-

tion. Wave reflection from additional mass is clearly visible for the second

frame.

Figure 3: Frames from animation of elastic wave propagation in GFRP panel – first

damage scenario.

Results for second simulated damage scenario are presented in Fig. 4. In

the considered case the disturbance of elastic wave propagation caused by

additional mass can be also clearly noticed.

Analysing frames illustrating wave propagation for both cases of damage

scenario it can be noticed that in this case velocities of wave propagation

in vertical and horizontal direction have similar values. This is due to glass
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Figure 4: Frames from animation of elastic wave propagation in GFRP panel – second

damage scenario.

fibre reinforcement orientation [0, 90, 0, 90, 0]o.

In order to brake damage localisation, algorithm that process full–field

measurements of propagating wave was proposed. In this approach elastic

wave signals need to be registered in the dense mesh of points created on

the surface of structure in contrary to the point-wise approach, where wave

propagation signals are register in small number of points. This registration

is performed in real condition by using piezoelectric transducer.

In the case of full-field measurements very good results of structural dis-

continuity visualization can be achieved. This is caused due to large amount

of received signals and data used for the process. Proposed damage local-

ization algorithm maps registered signals into the surface of the structure

by calculating the signal energy using the root mean square (RMS) index

[31]. The RMS index for measurement point j was calculated from signal S
of length N using the following formula:

RIj =

√

√

√

√

1

N

N
∑

k=1

S2
j,k , (1)

where subscript k denotes the time sample number. The proposed algo-

rithm was tested for signals collected for two simulated damage scenarios.

As results RMS energy maps were created for both cases (Figs. 5 and 6).

Such a RMS map illustrates elastic wave energy distribution in the inves-

tigated GFRP panel. Analysing results presented in Figs. 5 and 6 it can
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Figure 5: RMS energy map for additional

mass – first scenario.

Figure 6: RMS energy map for additional

mass – second scenario.

be noticed that in both damage scenarios changes in the wave energy dis-

tribution around damaged region can be clearly noticed. The region in the

middle of a panel with higher energy is related to excitation of waves in this

location.

Next step was related to the analysis of elastic wave propagation in com-

posite panel of real engineering structure. In this research a fragment of a

helicopter main rotor blade was used. This blade had a complex internal

structure which consists of GFRP skin, GFRP I–section, honeycomb core

and stiffeners (Fig. 7). The considered blade before measurements was

covered by retro–reflective tape in order to enhance reflected laser signal of

vibrometer. The wave signals were collected for two excitation frequencies

16 kHz and 50 kHz. Based on these signals RMS energy maps were created

(Fig. 8). Analysing results for excitation frequency 16 kHz it can be seen

that details of internal structure of the composite blade are accurately vi-

sualized. Due to elastic wave interaction with honeycomb core its cells can

be clearly recognized. Elastic wave has been generated near the lower edge

of blade on the left hand side. This place can be clearly visible on RMS

maps because there is a maximum amplitude of the energy distribution. In

the considered area composite profile is located that creating leading edge

of the blade. The main part of wave energy is distributed in the leading

edge profile. Its means that waves propagate mainly along this part. The

smaller part of energy distribution is related to the propagation outside
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Figure 7: Visible internal structure of helicopter main rotor blade.

a) b)

Figure 8: RMS energy maps created for part of helicopter main rotor blade for excitation

frequency: a) 16 kHz, b) 50 kHz.

this element. The elastic waves propagate in this case into the area where

honeycomb core is located. On the right hand side trailing edge profile is
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located with stiffeners that are visible as the region with very small con-

trast (low energy of the waves). In the top edge of the RMS maps at the

end of honeycomb fulfilment also stiffener is clearly visible. In the case of

excitation frequency equal to 50 kHz internal blade structure can be also

noticed however in this case wave damping is much higher.

The last part of research related to this element was connected with

damage detection. In this case guided wave measurements have been taken

for referential and damaged state of the blade.

a) b)

Figure 9: Frames from animation of elastic wave propagation in blade in: a) referential

state, b) damaged state (delamination)

An introduced damage was assumed in the form of delamination (separation

of blade skin from honeycomb core) near the bottom blade edge. In Fig. 9

two frames from animation of elastic wave propagation in the blade with

referential and damaged state are presented. These frames present wave

propagation at the same time. Observing in Fig. 9a elastic wave propaga-

tion along the bottom edge (on the right) it can be noticed that waves are

strongly damped by the honeycomb core. At the end of this section (con-

nection of honeycomb and profile of trailing edge) strong wave reflection is

noticed (Fig. 9a). Comparing these result with frame created for damaged

state (Fig. 9b) it can be easily noticed that elastic waves are not as much

damped in honeycomb core as in the referential state. This is caused by

delamination due to which composite skin of blade is separated from hon-

eycomb. The elastic waves propagate mainly in the skin which reduces the
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damping. As the effect of this delamination, the amplitude in the end of

the section (on the right) has larger amplitude than for the case of referen-

tial state. Due to generally large wavelength, the waves reflection from the

delamination cannot be easily recognized.

4 EMI technique

The electromechanical impedance (EMI) method is considered as one of

the NDT (non-destructive testing) or SHM (structural health monitoring)

methods. It uses a piezoelectric sensor that is bonded to the inspected host

structure. During the measurements, basic electric parameters of the sensor

are gathered. Parameters such as resistance, reactance, impedance, conduc-

tance, etc., are measured and analyzed. These quantities are measured as

a function of frequency. Due to direct and converse piezoelectric effect the

sensor excites and senses the response from the host structure. This elec-

tromechanical coupling causes that the registered impedance spectra are

modified by the presence of the host structure. If there is a damage or some

other discontinuity it has also influence on the registered spectra. Appear-

ance of additional resonance peaks, peak shift in frequency or magnitude

change can be treated as indicator of defect of the host structure [20]. One

also should not forget that the sensors for EMI technique is bonded to the

structure and the bonding itself has an influence on the response [32–34].

In order to extract damage related features of the EMI spectra, various

frequency bands are analyzed. These bands depend on the inspected struc-

ture and the used piezoelectric sensor. Some researchers limit themselves

to the 100 kHz band, because they use AD5933 chip with limited frequency

range [35]. The authors of work [36] underline the good sensitivity of the

EMI method based on an analysis of the thickness vibration mode of the

considered piezoelectric sensors.

5 EMI results

In the investigations a CFRP sample has been considered that was cut

out from a larger panel. The panel was manufactured of prepregs and

it was taken from AW139 helicopter fuselage. The investigated sample

had the following dimensions: 250 mm × 200 mm, and it is depicted in

Fig. 10. The damage was simulated by a surface cut with two lengths, 5

and 10 mm. It has been located 50 mm to the left from the sample center.
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The electromechanical impedance was measured by a piezoelectric sensor

installed at the middle of the sample surface.

Figure 10: CFRP sample investigated with EMI method.

Figure 11: Resistance spectra for the three considered cases.

For damage detection purposes either conductance or resistance spectra

can be investigated. In this research both were registered in large bandwidth

up to 1 MHz. The resistance spectra is presented in Fig. 11 while the

conductance spectra in Fig. 12. The curves were plotted from the frequency
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Figure 12: Conductance spectra for the three considered cases.

100 kHz. This is the basic frequency from which differences could be noticed.

According to [1] it is advisable to consider in the EMI method the frequency

band with most possible dynamic variability. Comparing the resistance

(Fig. 11) and conductance spectra (Fig. 12) one can notice far more visible

resonances in the case of conductance. For this reason this quantity was

selected for further study. In order to assess the damage influence on the

conductance spectra two indexes were used. The first one is a root mean

square deviation, defined as

RMSD= 100%

√

∑

(xi−xref,i)
2

∑

x2ref,i
, (2)

where xi – denotes a conductance value of ith frequency for the damage

case and xref,i is the conductance value of ith frequency for the reference

case. The second one is correlation coefficient defined as

CC =
cov(xi, xref )

√

cov(xref )cov(xi)
, (3)

where cov(·, ·) denotes a covariance of two variables and cov(·) – a variance

of the variable. The indexes were calculated for the whole frequency band,

means from 100 kHz to 1000 kHz. Both indexes indicate changes in relation

ISSN 0079-3205 Transactions IFFM 127(2015) 117–136



130 W. Ostachowicz, T. Wandowski and P. Malinowski

to the reference state. The obtained values for RMSD index are gathered in

Tab. 1. The values for the two damage cases (5 and 10 mm) are close. The

obtained values for CC index are gathered in Tab. 2. The values for the two

damage cases differ with sign and absolute value. The 5 mm damage case

is characterized by more than 2.5 half larger absolute value of CC while

for the 10 mm damage case the CC value is more than ten times lower.

Table 1: RMSD values for the three investigated cases.

Damage scenario RMSD (100–1000 kHz)

0 mm 0.00

5 mm 14.43

10 mm 13.21

Table 2: CC values for the three investigated cases.

Damage scenario CC/CCref (100–1000 kHz)

0 mm 1.00

5 mm –2.56

10 mm 0.08

Both RMSD and CC indexes compare whole spectra or its parts. However,

it is worth to look closer at local changes of the spectrum (Fig. 12). The

attention was focused on the three highest resonances. The highest one

occurs at frequency

fr1 = 204.731 ± 0.020 kHz , (4)

the second one at

fr2 = 519.440 ± 0.051 kHz , (5)

and the third one at

fr3 = 490.367 ± 0.049 kHz . (6)

The considered damage cases cause shifts of these frequencies. The values

of these shifts were gathered in Tab. 3. At the fr1 the shift is positive for
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Table 3: Frequency shifts due to damage at the selected resonance frequencies.

Damagescenario ∆f [kHz] at fr1 ∆f [kHz] at fr2 ∆f [kHz] at fr3

0 mm 0 0 0

5 mm 1.438+/–0.041 1.508+/–0.103 1.768+/–0.099

10 mm –1.164+/–0.041 1.456+/–0.103 2.260+/–0.099

smaller damage and negative for larger damage. In the remaining cases (fr1
and fr2) the shift is positive.

The conducted measurements and their analysis lead to an observation

of spectra changes due to presence of damage. In order to combine all

the obtained data in one analysis the three parameters CC, RMSD i ∆f
were calculated. They were calculated in percent change in relation to

reference. Then they have been presented in a 3D space for comparison.

The considered frequency shift was the one calculated at fr1. The results

were presented in Fig. 13. The results are well separated in the space

allowing for damage detection. That happens because damage cases are

separated for the reference case. Moreover it is possible to recognize the

damage severity because the two damage cases are separated from each

other.

Figure 13: Damage detection results based on three parameter extracted from EMI mea-

surements.
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6 Conclusions

The results presented in this paper and related to guided wave propagation

showed that considered phenomenon can be used for damage detection and

localization in composite structural panels. Due to the orthotropic prop-

erties of laminated composites, guided wave velocities strictly depend on

the direction of propagation. Moreover strong damping effect in composite

materials should be taken into account. This effect is stronger for higher

excitation frequencies. Excitation frequency should be appropriately chosen

for given composite part by observing how far guided waves can propagate

in the considered part.

Full-field measurements with combination of proposed signal processing

algorithm allow to visualize internal structure of composite parts. This ap-

proach is very useful for parts with complex internal structure (stiffeners,

honeycomb core, etc.) and complex geometry. This approach is also very

sensitive for different types of simulated damage. However laser vibrometry

connected with full-field measurements can be used only as a nondestruc-

tive testing method (NDT) or during development process of structural

health monitoring system. In real SHM systems instead of laser vibrome-

try, network consisting of small number of piezoelectric transducer is used.

In such a system only point-wise measurements are performed what give

much smaller amount of signals and data for processing. It should be kept

in mind that point-wise approach causes reduction of sensitivity to damage

in relation to full-field measurement approach.

The research conducted regarding the EMI method showed the influ-

ence of damage presence on resistance and conductance spectra. The con-

ductance has been used for further analysis because its spectrum was more

higher in resonance peaks. Three parameters have been taken for the analy-

sis and comparison of the reference case with two damage cases. The results

are easily recognizable allowing for damage detection because damage cases

are separated for the reference case. It was possible to recognize the damage

severity because the two damage cases were separated from each other.
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