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Abstract 

 

The electro-mechanical impedance method is a well-established structural health 

monitoring technique. The method evaluates the condition of a mechanical structure by 

the impedance frequency response of an attached and harmonically excited piezoelectric 

transducer. This contribution investigates the correlation of a damage’s distance to a 
transducer and the resulting change in the impedance frequency response for application 

to damage localization by means of triangulation. The investigated structure is a thin 

aluminum plate and magnets represent a moveable point mass, respectively a damage. 

Sole experimentally found correlations are compared with a model-based approach, 

which uses a FE model and thereby reduces the needed number of experiments to localize 

a damage at a certain accuracy and reliability. Finally, the influence of an over-

determining piezoelectric transducer is analyzed regarding localization accuracy and 

reliability of the introduced model-based approach. 

  

1.  Introduction 
 

Transport industries constantly pursue for vehicles with maximized loading capacity at 

minimized self-weight for economical and ecologically operation. Consequently, modern 

lightweight design is pushing forward the limits by introducing new materials and 

methods to exploit their full mechanical potential. This high optimization of, e.g., a 

structure’s strength to specific loading situations makes lightweight structures prone to 

damage or even loss as a whole. Uncertainties like, e.g., scatter of material properties or 

geometry, overloads, impact events or misuse, represent a vast challenge in mechanical 

design. Uncertainties affect particularly modern lightweight materials like high-

performance composite materials with their complex failure behavior, scatter of material 

properties and sensitivity to impact. However, due to their outstanding material properties 

the use of composite materials for safety relevant structures increases. Examples are the 

civil aircrafts 787 Dreamliner manufactured by Boeing and the A350 manufactured by 

Airbus. In order to comply with integrity requirements currently high conservatisms are 

applied in such critical structures [1]. Here, Structural Health Monitoring (SHM) 

technology could compromise the reduction of such conservatisms in structural design 

and optimize the level of safety. SHM emerged in the 1990-ies from the Non-destructive 

Testing (NDT) technology [2]. Its basic concept is the continuous monitoring of critical 

components during operation. Rytter [3] classified the SHM monitoring methods into four 

levels of damage identification: level one, the detection of a structural change caused by 

a damage; level two, the localization of the damage; level three, evaluation of the damage 

parameters; level four, assessment of the structures integrity. However, level four damage 

assessment only exists in concepts [2]. State-of-the-art SHM Methods do not exceed level 
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Figure 1: Aircraft fuselage panel 

 

three. Typical SHM methods are the measurement of electric resistance [4,5], acoustic 

emission [6], guided waves [7,8] and the electro-mechanical (E/M) impedance. The later 

method is addressed in this work. The E/M impedance method is applicable up to level 

three damage assessment [1,9,10,11,12]. It is a vibration based method that uses a single 

Piezoelectric Wafer Active Sensor (PWAS) for both, excitation and measurement of 

structural vibration. It evaluates the dynamic frequency response of a mechanical 

structure to a harmonic excitation. The PWAS is bonded to the mechanical structure of 

interest. Supplied by a harmonic voltage signal, both PWAS and structure are excited. 

The measured electrical impedance at the PWAS reflects thereby the dynamic frequency 

response of the structure. The dynamic frequency response depends on the mechanical 

properties of a structure. Thus, a change in the dynamic frequency response of a structure 

indicates particularly its change due to damage. The main motivation for the present work 

is the localization of damages by the E/M impedance method. For the assessment of the 

integrity of a structure as, e.g., the carbon fiber reinforced polymer (CFRP) composite 

fuselage section of a large civil aircraft presented in Figure 1, it is crucial to know the 

location of a detected damage. A fuselage section consists of a skin, stiffened by 

longitudinally oriented stringers and circumferential frames. Considering a single skin 

element framed by two stringers and two frames, a skin damage close to a stringer 

strongly affects the post-buckling behavior and load carrying capacity of the skin element 

[13] and might result in the separation of stringer and skin, which directly affects the 

integrity of the overall fuselage section. In contrast, a similar damage in the center of the 

same skin element only reduces the local buckling stress. However, this contribution 

discusses the localization of damages by a model-based evaluation of E/M impedance 

measurements on an idealized specimen, i.e., in a specific monitored area of a thin 

isotropic (metallic) plate. The results are based on an unpublished thesis [14] elaborated 

at the author’s research group. The considered monitoring area is .  m² (enclosed by 

considered damage locations), located at the center of an .  m × .  m ×  mm 

aluminum (EN-AW-2024) plate, presented in Figure 2. The damage is represented by an 

  

Figure 2: Investigated structure and monitored area 
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additional mass, realized by two circular magnets (∅  mm, × .  g), which are 

positioned at both sides of the plate at the experimental damage locations shown in Figure 

2. Thus, the magnets are attached to the plate by its mutual magnetic pull. Furthermore, 

Figure 2 presents the damage locations considered in the numerical investigations, which 

are based on the Finite Element Method (FEM). Four PWAS (∅  mm ×  mm; 

Material: PIC255) are positioned in a square with the side length = .  m and used for 

a unique identification of the location of the considered damage. The large ratio between 

plate size and monitored area is defined to minimize the influence of the plate boundaries 

on the vibration modes at the center of the plate [14]. Thus, deviation of E/M impedance 

measurements from the pristine (without damage) state is predominantly due to the 

appearance and radial distance of the attached mass.  

 

2.  Theory of the E/M impedance method 
 

2.1 Fundamentals of the E/M impedance method 

 

The E/M impedance method uses a harmonic voltage signal with a constant amplitude � to excite a PWAS transducer bonded to a mechanical structure of interest. Thus, the 

resulting and frequency � depending electrical current amplitude � = � �  at the PWAS 

reflects the structures dynamic response and yields its electrical impedance = �  by 
 = � �⁄  (1) 
 

for excited angular frequencies � = . The electrical impedance  of an E/M system 

is a complex number that is mainly defined by the PWAS capacity  and the mechanical 

impedance of PWAS and monitored structure. For typical frequencies of the E/M method, 

the mechanical impedance is basically characterized by the static stiffness of the PWAS, ��, the dynamic stiffness of the structure, � = � � , and the non-dimensional electro-

mechanical cross coupling coefficient of the PWAS, � . For a one-dimensional system, 

neglected dynamics of the PWAS and j = √− , the electrical impedance is given by [11] 

 = j�� ( − � �+ ) . (2) 

 

2.2 Evaluation of the E/M impedance measurements 

 

The evaluation of E/M impedance measurements for SHM is typically realized in two 

steps. First, the pristine structure is identified by its frequency response represented by 

the electrical impedance  at the PWAS transducer. This measurement is called base 

line measurement. Second, the electrical impedance  of the considered structure is 

continuously monitored. Changes to the base line measurement are evaluated for damage 

identification. Typical approaches for the evaluation are, e.g., damage metrics, spectral 

features, statistical approaches, pattern recognition methods and neural networks [10,11]. 

In this work, we use the damage metric approach. Often used damage metrics are, e.g., 

the root mean square deviation (RMSD) and the mean absolute percentage deviation 

(MAPD), see Equations (3) and (4). Damage metrics provide a measure – the damage 

index – for the deviation of a structures dynamic frequency response – represented by Re �  – and a base line measurement – represented by Re � . � is the number of single  
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RMSD = (∑ [Re � − Re � ]��= ∑ [Re � ]��=  ⁄ ) /   (3) 

 MAPD = ∑ |Re � − Re � | |Re � |⁄��=  . (4) 

 

measurements at different frequencies within the considered frequency range. For the 

simple detection of a relevant structural change a damage index threshold value can be 

defined. For damage quantification it could be expected, that the damage index increases 

with an increasing damage [16], which is, however, not always true [9] respectively 

depends on the used metric [17]. In a similar way, the distance of a damage to the 

employed PWAS transducer influences the resulting damage index [10,12,17]. The 

correlation between damage distance and damage index depends on the considered 

frequency range and damage metric [17]. However, after collecting an adequate set of 

dynamic impedance responses and investigating different frequency ranges many 

research groups succeeded [10,12,17] to correlate the distance of a damage to a measured 

damage index for the one-dimensional case. Cherrier et. al. [12] realized a fair data-based 

(purely based on experiments) two-dimensional localization of delamination in a 

clamped, thin composite plate by an array of three PWAS transducers. They correlated 

the change in the dynamic response  at a PWAS and the distance of a damage by an 

exponential frequency dependent acoustic attenuation law to calculate discrete damage 

localization maps.  

 

2.  Numerical investigation 
 

The numerical investigation is realized by means of a finite element (FE) model. It is used 

to simulate the correlation of E/M impedance measurement change due to the distance of 

the considered disturbance (additional mass). The plate’s dynamic response is simulated 

for the pristine (no additional mass) and for  damage (one point mass at a time) 

situations. Simulated locations are presented in Figure 2. 

 

2.1 Finite element model 

 

The FE model used for the numerical investigation of the dynamic response of the plate 

structure is presented in Figure 3. It is developed with the commercial software 

Abaqus/CAE 6.14-1. The used analyse type is steady-state dynamics, direct (for detailed 

information see [15]). The considered frequency range is  to  kHz and investigated at 

1000 constant frequency steps. The FE model considers only PWAS 1 (see Figure 2) for 

excitation and measurement of the plate’s dynamic response. PWAS 2 to 4 are not 
modelled. Due to the structures symmetry in  and  only one quarter of the plate is 

modelled. Results from PWAS 1 correspond to the results of the other PWAS and can be 

directly transferred. The PWAS 1 is discretized by quadratic, piezoelectric and reduced 

integrated 20-node elements (Abaqus coupled field element C3D20RE) of approximately  mm side length in the - -plane and three elements over the PWAS’s thickness. The 
plate is discretized with quadratic and reduced integrated 8-node shell elements (Abaqus 

element S8R). The plate is partitioned in a radial and a transition mesh. The radial mesh 

is circular mapped around PWAS 1, with a mesh size between  mm ×  mm and  mm ×  mm. The transition mesh is approximately  mm ×  mm and realizes  
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Figure 3: FE model 

 

the change from the plate’s straight mesh at the boundary and the circular mesh. This 

transition mesh is rather coarse. However, the local vibrations in the area of interest are 

dominated by the suitable radial mesh [14]. The defined material properties of the 

aluminum plate are the elastic modulus Al =  GPa, poisson’s ratio �Al = .  and 

density Al =  kg/m . The defined material properties of the used piezoelectric 

material of the PWAS are presented in Table 1. For both, PWAS and aluminum plate, 

damping is considered as structural damping (dimensionless damping coefficient =. , for detailed information see [15]). Typical values for structural applications are <.  [11]. PWAS and plate are assumed to be perfectly bonded, i.e., they are tied. The 

additional mass (  g) of the two magnets which represent the damage in the 

experimental investigation is considered as concentrated point mass without rotational 

inertia at specific mesh nodes (see Figure 3). There are no geometrically constrained 

degrees of freedom and no gravitational forces in the model. The PWAS nodes in contact 

with the plate are electrically grounded. The excitation of the structure is realized by a 

harmonic voltage signal (amplitude � =  √  V) applied at the free PWAS nodes 

opposite to the plate, provoking harmonic stresses in the PWAS elements according to 

the Abaqus coupled field formulation (for detailed information see [15]). 
 

Table 1. Properties of piezoelectric PIC255 material 

 Unit Value 

density � 

poisson’s ratio �� 

relative permittivity in the polarization �  

relative permittivity direction ⊥ to polarization � , �  

elastic compliance coefficient � , �  

elastic compliance coefficient �  

dielectric loss factor  

coupling factor for transverse oscillation �  

transverse piezoelectric large-signal deformation coefficient ,  

longitudinal piezoelectric large-signal deformation coefficient  

shear deformation coefficient ,  

kg/m  

 

 

 −  m /N −  m /N 

 

 −  C/N −  C/N −  C/N 

 .  

  

  .  .  .  .  −  

 

 

 

2.2 Calculation of the electrical impedance 

 

Typically, for coupled field models of PWAS the calculation of the electrical impedance 

is performed by means of Equation (1) and by summation of the nodal charges (Abaqus 

output RCHG) over the surface nodes, which yields the electrical current � = � �  [11]. 

However, the constitutive equations of PWAS transducers implemented in Abaqus do not 
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consider the electrical damping of this material [15]. The alternative method used in this 

work (for its validity see [9,14]) is to calculate the electrical current by 

 � = � � = j� ∬ ,   ��   , (5) 

 

where �� is the circular area ( - -plane) of the PWAS and ,  its electric 

displacement in thickness direction. The electric displacement ,  is calculated by 

the constitutive transducer equation [11] 

 � = � + �� − j  , (6) 

 

where � is the electric displacement vector, �  the tensor of piezoelectric coefficients, 

 the stress tensor, ��  the electric permittivity tensor, = { , , �/ �} the applied 

electrical field and  the dielectric loss factor of the piezoelectric material. For the present 

numerical investigation, the calculation of the electrical impedance  was implemented 

in Mathematica 11.0. The complex elemental stress components and cross sectional areas 

( - -plane) were imported from Abaqus, � were calculated per PWAS element 

according to Equation (6) and summed up to approximate Equation (5). 

 

3.  Experimental investigation 
 

The experiments investigate the correlation between an E/M impedance measurement and 

a damage, represented by two magnets as locally added mass, respectively its distance to 

the PWAS transducer. Furthermore, the experimental results shall validate the numerical 

findings and allow assessing the reliability of the damage localization by the E/M 

impedance method. The setup of the experimental investigation is presented in Figure 4. 

The investigated structure is the afore described aluminum plate, equipped with four 

PWAS transducers. The plate is supported at two small lugs (~  mm ×  mm) where 

rubber bands are applied, i.e., the plate is hanging freely. As damage two circular magnets 

are considered (cf. Section 1). The used PWAS are bonded to the structure by an epoxy 

adhesive type EA 9481 provided by Loctite. Both PWAS electrodes are located at the 

side opposite to the plate. The PWAS electrodes are contacted by soldering and cables of  

 

 
Figure 4: Experimental setup 
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the type AWG 30. The E/M impedance measurements were executed by an impedance 

analyzer type IM3570 and a four-terminal probe type L2000-H4, both supplied by the 

Hioki Corporation. Alligator clips allowed manual switching between the four measured 

PWAS transducers. Impedance analyzer settings were a constant excitation amplitude � = √  V, “slow” sweep speed, a sweep frequency range of .  to  kHz, and  

linearly distributed frequency steps over the considered range. In total ×  dynamic 

frequency responses were measured, consisting of the four separate PWAS responses of 

the pristine structure (no magnets applied) and the  responses of each of the four PWAS 

for every magnet location (see Figure 2). After every measurement, the collected data 

(absolute value of  and phase angle � of  for all frequency steps) was transferred to a 

personal computer and processed by Mathematica 11.0. 

 

4.  Results and discussion 
 

The numerical and experimental impedance results for the  damage locations inside 

the PWAS domain (see Figure 2) are evaluated by damage metrics and are correlated to 

the radial distances between the damages and the transducers. For correlation, different 

functions are used to fit the damage index results. The damage localization is then realized 

based on these fitted functions by triangulation. Finally, the location error is evaluated for 

the monitored area within the four PWAS and outside the PWAS (four additional damage 

locations) through extrapolation of the fitted functions. For comparison, this location 

error evaluation is also done for the triangulation with the minimum of only three PWAS. 

 

4.1 Correlation of damage distance and damage index 

 

The correlation between damage distance to the considered PWAS transducer and damage 

index is done for the RMSD metric and the MAPD metric, see Equations (3) and (4). Figure 

5 presents the calculated damage indexes at PWAS  over the radial distance of the 

considered damage locations within PWAS 1 to 4. Figure 5 (a-b) shows the damage 

indexes calculated by the FE results (pristine and 10 damage locations) for the impedance 

 according to Equations (5-6). Figure 5 (c-d) shows the damage indexes calculated by 

the (pristine and 21 damage locations within PWAS) experimentally measured 

impedance, . The considered frequency range is  to  kHz, representing a typical 

bandwidth of the E/M impedance method [12] (a frequency range  to  kHz showed 

similar results). Furthermore, Figure 5 (a-d) shows functions fitted (by , , , ) to the 

numerical and experimental results by least squares method, i.e., considering normally 

distributed data. Considered functions are a two-term exponential function series 

 ,� =  � � +   �   (7) 

 

and a two-term Hankel function of the first kind series 

 ℎ,� =  |H� � | +  |H � | .  (8) 

 

Furthermore, the exponential functions FE found with the FE results, see Figure 5(a-b), 

are fitted by an offset variable ,�EXP to the experimental results, see Figure 5 (c-d). All 

considered functions show an excellent coefficient of determination, �  (see Figure 5).  
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(a) (b) 

  
(c) (d) 

Figure 5: Damage index over radial distance to PWAS 1 and fitted functions, (a) RMSD and (b) 

MAPD  from FEM results, (c) RMSD  and (d) MAPD  from measurements 

 

However, for considered damage metrics the exponential function shows a slightly higher 

determination for both, numerical and experimental results (for one-term series, the 

Hankel function turns out to be significantly better). The experimental results show 

slightly higher coefficients of determination for the RMSD metric. The FE results show 

slightly higher coefficients of determination for the MAPD metric. The FE results fitted 

to the experimental results by FE + ,�EXP show a higher coefficient of determination for 

the MAPD metric. Consequently, for the further damage localization the exponential 

function and the MAPD metric is used.  

 

4.2 Damage localization by triangulation 

 

The localization of the additional masses considered as damage is realized by considering 

the individually (for every PWAS �) fitted functions ,�. The triangulation is carried out 

data-based by applying the experimentally found functions ,�EXP and model-based by 

applying the numerically found function FE (with the experimentally found offset 

coefficients ,�EXP). The number of considered experimentally measured damage locations 

and the total number of PWAS, �, can be varied (in our case � =  to minimum ). Figure 

6 shows true and predicted locations of a damage (found by triangulation of four PWAS, 

only based on experimental data). Considered number of damage locations for the fitting 

of ,�EXP is 21. First, the dynamic impedances  of all, i.e., � =  PWAS are measured 

individually (cf. Section 3). Second, damage indexes are calculated with respect to the 

pristine structure according to Equation (4). Third, radial distances � of the damage from 

the considered four PWAS are found by the functions ,�EXP. Fourth, the approximate 

damage location is calculated by Equation (9), assuming equal normal distribution of the 
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Figure 6: Damage localization by triangulation of four PWAS transducers 

 arg min{ �, �} [∑ ∆ ���= ] = arg min{ �, �} [∑ |{ �,��,�} − { }| − ���= ] , (9) 

 

true radial damage distances around the predicted distances �. Calculating the standard 

deviation of the fitted functions ,�EXP would also allow plotting probability density 

functions for the damage location over the considered area. However, the current work 

uses the prediction error, which is the distance of the true to the predicted damage position 

(see Figure 6), to evaluate the localization performance. 

 

4.3 Evaluation of damage localization with four transducers 
 

The evaluation of the proposed damage localization by triangulation and fitted 

exponential correlation functions is assessed by counting the number of true damage 

locations within a circle of radius � around the predicted locations (see Figure 6). Hence, 

this percentage of inclusion can be interpreted as a cumulative probability density 

function for damage localization. This probability of enclosing the true position within a 

certain circular area is investigated for all damage localizations. Figure 7 shows the 

cumulative distribution function of the discrete number of damage locations within the 

radial location error �, (a) for the 21 damage locations within and (b) for the 4 locations 

outside the PWAS transducers. For comparison, Figure 7 shows both, the cumulative 

distribution function for the localization purely based on experimental data and model-

based (based on FE results and experimental data for ,�EXP, see Section 2.1). The 

correlations of damage distance and damage index are found based on the 21 locations 

within the PWAS transducers, i.e., the fitted exponential functions are extrapolated to 

find the four damage locations presented in Figure 7 (b). Furthermore, Figure 7 shows the 

dependency of the location probability within a certain radial distance to the number of 

experimentally measured damage locations (out of the 21 within the PWAS) used to fit 

the exponential functions ,�EXP respectively FE + ,�EXP, representing the correlation of 

damage distance and damage index. Presented numbers of used measurements are 4, 7 
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(a) (b) 

Figure 7: Comparison of cumulative distribution functions for true damage locations enclosed by 

normalized radial location error �/� for data-based (EXP) and model-based (EXP and FE) 

damage location, (a) within PWAS and (b) outside of PWAS (extrapolated functions) 

 

and 21 for the use of only experimental data and 1, 2, 4 and 21 for the model-based 

localization. These measurements used for determining the functions ( ,�EXP, ,�EXP) are 

selected randomly out of the 21 measurements. This procedure is executed 10 times for 

every used number of measurements. This shall reproduce a realistic usage situation, 

where random damages yield the collection of location data during the operational 

lifetime of a structural component. However, as expected, for the use of the whole 

measurement set (21 measurements) the exclusively data-based location shows a better 

performance. However, only for larger localization errors �/ ≳ .  and only for the 

locations within the PWAS. The four damage locations outside the PWAS are predicted 

significantly better by the model-based approach, see Figure 7 (b). For a reduced 

measurement set, the location performance of the model-based approach is considerably 

better, yielding already good results for only one used measurement. Furthermore, for the 

unique determination of the data-based exponential correlation functions ,�EXP at least 

four measurements are needed, yielding a location performance significantly below the 

model-based approach. 

 

4.4 Comparison of damage localization with three respectively four transducers 

 

The comparison of the damage localization with three or four PWAS transducers is 

assessed analogously to the evaluation in Section 4.3 by counting the number of true 

damage locations within a circle of radius � around the predicted location (see Figure 6), 

interpreted as cumulative probability density function. In this section, only the model-

based location approach is presented. However, performing the same analysis on a sole 

experimentally based approach shows similar results. Figure 8 shows the cumulative 

probability density function of the discrete number of damage locations within the radial 

location error �, (a) for the 21 damage locations within and (b) for the four locations 

outside the PWAS transducers. For comparison, Figure 8 shows both, the cumulative 

distribution function for the localization based on three and four PWAS transducers.  

Considered number of measurements for fitting the exponential correlation functions FE + ,�EXP (see Section 2.1) are 1, 2, 5 and 21. The curves presented in Figure 8 for three 

PWAS transducers use exclusively PWAS 1 to 3. However, other PWAS combinations 

were tested and showed similar results. Both damage locations, within and outside of the 

PWAS show a better performance if four instead of three PWAS are used. This was 

expected and shows that more data provided by more transducers yields better results. 
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(c) (d) 

Figure 8: Comparison of cumulative distribution functions for true damage locations enclosed by 

normalized radial location error �/� for model-based (EXP and FE) damage location 

considering 3 or 4 PWAS, (a) within PWAS and (b) outside of PWAS (extrapolated functions) 

 

However, the improving effect of adding further transducer data is expected to decrease 

by every further PWAS. 
 

5.  Conclusions 
 

The present work shows a unique correlation of the distance of a damage – represented 

by an attached point mass – to E/M impedance measurements of a circular PWAS 

transducer applied on a large and thin aluminum plate. The correlation can be described 

by neglecting the plate’s boundary influence in radial direction and by a two-term 

exponential function series, which enables to conclude on the radial distance of a damage 

within a certain range by an E/M impedance measurement. Consequently, this correlation 

can be used to find a damage location by triangulation of E/M impedance measurements 

of at least three separate transducers. The correlation in terms of an exponential function 

can be found data-based, i.e., exclusively by experimental measurements, or model-based 

by a combination of experiments and numerical simulations. This model-based approach 

yields a similar accuracy and reliability in predicting the location of a damage 

(respectively the point mass on the considered thin aluminum plate) as the data-based 

localization, however, at a significantly reduced number of formerly needed experiments. 

Only for a large experimental data-base the model-based approach is slightly 

outperformed. Furthermore, is found for the considered experimental setup that the 

employment of more than three PWAS transducers (minimum number needed for unique 

damage localization by triangulation on a plate) improves the introduced localization 

method.  

Future research shall investigate if mechanical models can predict the two-dimensional 

attenuation of E/M impedance signals reliable and at moderate effort for real structures – 

addressing topics like varying boundary conditions, inhomogeneous and anisotropic 

material properties and the interference of unknown damage parameters and location. 
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