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Abstract 13 

Structural Health Monitoring (SHM) processes for aeronautic composite structures are generally 14 

based on the comparison between healthy and unknown databases. The need for prior baseline signals 15 

is one of the barriers to an industrial deployment and can be avoided with “baseline-free” SHM (BF-16 

SHM) methods based on the attenuations and reflections of symmetric and antisymmetric Lamb waves 17 

modes attributable to a damage. A promising mode decomposition method is based on the use of dual 18 

PZTs (concentric disc and ring electrodes lying on a single PZT). However, performances of such 19 

methods highly depend on the Lamb wave modes properties (propagation speed and attenuation that 20 

vary with material orientation and inter-PZT distance), the number and the sensitivity of the dual PZT 21 

to each mode (which depends on the frequency and element size). Considering these constraints, an 22 

original three-step process able to design a full dual-PZT network and the optimal range of excitation 23 

frequencies to consider on a highly anisotropic and arbitrarily complex aeronautic structure is presented. 24 

First, the dispersion curves of Lamb waves in the investigated material together with the minimal size 25 
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of the damage to detect are used to estimate the size of the dual PZT as well as convenient excitation 26 

frequencies. A Local Finite Element Model representative of the full-scale structure is then used to 27 

estimate optimal distance and orientation between neighbor PZTs elements. Finally, a network 28 

optimization solver applies these parameters to place dual-PZTs on a fan cowl of an aircraft nacelle and 29 

provides a candidate network covering the whole structure. 30 

1. Introduction 31 

Monitoring in real-time and autonomously the health state of structures is referred to as Structural 32 

Health Monitoring (SHM) [1]. Damage detection using Lamb waves is one of the most common method 33 

for the SHM of aeronautic composite structures. Among all the methods employed to trigger and catch 34 

Lamb waves, the use of piezoelectric transducer (PZT) is one of the cheapest and easiest-to-settle. The 35 

common approach is based on the comparison of signals recorded on a “pristine” structure - the baseline 36 

- against those obtained on a possibly damaged structure. The resulting signals that will be used to 37 

elaborate damage indexes strongly depend on the structure’s mechanical and geometrical properties as 38 

well as on environmental conditions. Some solutions have been proposed to compensate for the effect 39 

of temperature [2-5] or to extend baseline data to a wider range of environmental conditions [6, 7]. This 40 

drawback of existing methods has also fed the interest for “baseline-free” methods. “Baseline-free” is 41 

here an abusive word (see Axiom II in [1]) since data, models, or physical assumptions are always 42 

needed to decide whether a structure is damaged or not. This expression thus refers here to methods 43 

where prior reference signals recorded from the pristine condition of the monitored structure is not 44 

necessary for damage detection. 45 

Symmetric and antisymmetric Lamb wave modes are very useful for SHM as they convey 46 

complementary information when interacting with damages [8], [9, Ch. 19.4]. Lamb wave modes are 47 

related to Lamb solutions for wave propagations in isotropic plates but are also commonly (and 48 

abusively) used to designate plate-like waves that propagate in anisotropic materials. Early studies on 49 

damage detection in composite structures stated that 𝑆0 mode was more appropriate than 𝐴0 mode for 50 

delamination detection since it exhibits higher sensitivity in the structural thickness [8, Para. 3.3]. In 51 



3 

 

most SHM application on composite structures, 𝑆0 mode is actually preferred since it has lower 52 

attenuation, allowing for larger distances between neighbor PZTs in the designed network. However, 53 

𝐴0 mode can be more appropriate since it allows an interaction with a delamination at smaller excitation 54 

frequencies than 𝑆0 mode and has been favored in most recent works [10–12]. Actually, both modes can 55 

be used as long as the excitation frequency chosen (and the resulting wavelength of each mode)  allow 56 

an interaction with the damage [9, Para. 19.5.2.2]. Common methods used to study the behavior of a 57 

given mode (𝐴0 or 𝑆0) are based on response signal obtained with collocated transducers [9, Ch. 17], or 58 

the use of “sweet spot frequencies” [13, Ch. 8] where only one mode is generated. The former method 59 

requires having access to both sides of the instrumented structure and a perfect collocation of the 60 

transducers, and the latter restrains the application to specific excitation frequencies that may not 61 

correspond to the damage size to detect. Those limitations are overcome by dual PZTs. Dual PZTs are 62 

made of a concentric ring and disc as shown in figure 1. Both parts can be used as actuators and sensors 63 

bringing more signal combinations than conventional PZTs and allow for the isolation of the first 64 

antisymmetric 𝐴0 or symmetric 𝑆0 mode . With dual PZTs, a damage can then be detected in a “baseline-65 

free” manner by using the damage-introduced mode conversion and attenuation (which is not the same 66 

for each mode) of the propagating waves [8]. The theoretical aspect justifying the use of those PZTs for 67 

“baseline-free” SHM (BF-SHM) is well developed in [18] and experiments are reported in [19] on 68 

aluminum and in [20] on composite structures. However, the interaction of each mode with the damage 69 

is conditioned by the wavelength of the waves generated by the dual PZT and the damage dimension. 70 

As a consequence, the transducer’s dimensions as well as excitation frequencies must be chosen with 71 

care. The first objective of the present work is to propose a method for dual-PZT sizing and excitation 72 

frequency selection according to the targeted application, i.e. BF-SHM. Furthermore, previous works 73 

with dual PZTs have been carried out on quasi-isotropic structures but, to our knowledge, no studies 74 

have been reported on anisotropic structures. In such materials, the amplitude as well as the propagation 75 

speed of 𝐴0 and 𝑆0 modes on a path between two PZTs depends on the angle between the path direction 76 

and the orientation of the carbon fibers composing the structure [9]. Since the mode decomposition 77 

method depends on the amplitude ratio between both modes, the PZT positions (in terms of distance and 78 

orientation) need to be chosen carefully to guarantee a sensibility of both modes in any configuration. 79 
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The second objective of the present work is then to propose a method to determine the optimal distance 80 

and orientation between neighbor dual-PZTs. Another underlying objective is to optimize the number 81 

of active elements which is a key point for industrial deployment specially in aeronautical applications 82 

 83 

Figure 1 : Simplified view of a dual PZT composed of a concentric ring and a disk. 

Some of the BF-SHM methods, where mode decomposition using dual PZT is of interest, are here 84 

quickly reviewed. The “instantaneous baseline” method is based on a transducer network with paths 85 

having the same dimensions and orientations. Instead of comparing signals obtained at unknown 86 

conditions with a pristine baseline, signals are compared instantaneously between paths even under 87 

varying environmental conditions [15, 21–24]. Drawbacks concern examined paths that must have 88 

identical PZT positioning and bonding and avoidance of elastic waves reflections from boundaries. 89 

Another technique called the “time reversal” process assumes that for a pristine structure by sending 90 

back the reverse signal received by a given PZT, the input signal used in first place should be recovered. 91 

A damage potentially breaks this relation, allowing for its detection. This method has been validated on 92 

composite structures [11, 25–28] and its limitations have been identified [29]: a high dependency on the 93 

excitation frequency, mode dispersion, and reflections from boundaries. In the “reciprocity principle” 94 

method, two signals obtained from both possible directions of a given path are directly compared. This 95 

method has been used successfully in aluminum [15, 19, 30] and quasi-isotropic composite [12] 96 

structures. Its drawbacks are that the implemented PZTs must be identically bonded to the structure, and 97 

that damages localized far from the investigated path are difficult to detect.  98 
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Figure 2: Different steps for the optimal design of a dual-PZT network on an anisotropic composite structure. 

BF-SHM studies focus on the description of damage detection methods, but do not address the problem 99 

of network design when dealing with large structures. However, the PZT network (size, number, 100 

distance, and orientation of transducers as well as excitation frequency) to be used highly depends on 101 

the considered damage detection method, the environmental conditions, and the geometry of the 102 

structure. This step must thus be considered with great care. There have been studies on Optimal Sensor 103 

Placement (OSP) for reference-based Lamb-wave based SHM applications [31–36] with recent focus 104 

on composite structures [36–38]. These studies show that relevant criteria for PZT positioning are the 105 

distance between two neighbor PZTs and the presence of complex geometries [37] (large holes, 106 

stiffeners…) on paths between PZT. In BF-SHM applications, additional and very restrictive constraints 107 

on PZT networks exist. Based on the observations described above, the current work proposes an 108 
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original three-step process to design an optimal dual-PZT network for a structure to be monitored by 109 

means of BF-SHM methods. As depicted in figure 2, the different steps of this process are: 110 

1. The mechanical properties of the structure are used to compute the dispersion curves of Lamb 111 

waves in the investigated material. Dispersion curves and the minimal size of the damage to be 112 

detected allow sizing dual-PZTs and determining excitation frequencies of interest. 113 

2. A local FEM model (a plate corresponding to a small part of the monitored structure) equipped 114 

with two dual-PZTs is used. Lamb wave attenuation with distance 𝑟 and orientation 𝜃 and for 115 

different excitation frequencies 𝑓0 is extracted. Two original indexes quantifying the ability of 116 

the set (𝑓0, 𝑟, 𝜃) for mode decomposition are then computed. This provides optimal parameters 117 

(𝑓0, �̂�, 𝜃) for neighbor dual-PZTs of the network. 118 

3. The network optimization solver applies the optimal parameters obtained from the local FEM 119 

model to the real structure to propose a candidate optimal dual-PZT configuration. 120 

The rest of the paper is organized as follows, in section II, the material and geometry of the targeted 121 

aeronautical structure under study are presented. Then in section III, each step of the process is described 122 

and illustrated with results obtained on a highly anisotropic composite material. Finally, in sections IV 123 

and V, PZT networks obtained for different geometries and different composite materials are displayed, 124 

analyzed and discussed. 125 

2. Material and structure under study 126 

Composite materials are of great interest in an aeronautical context since they provide lighter 127 

structures having the same mechanical properties than previously used materials. The composite 128 

material under study is a highly anisotropic composite fiber reinforced polymer (CFRP) with 16 plies 129 

oriented at [0°/ 90°]. Mechanical properties of one ply are listed in table 1. 130 

Table 1: Properties of a layer of the CFRP composite laminate. 131 

𝑬𝟏  
[GPa] 

𝑬𝟐  =  𝑬𝟑 
[GPa] 

𝝂𝟑𝟏 𝝂𝟐𝟑 = 𝝂𝟏𝟐 
𝑮𝟐𝟑 = 𝑮𝟑𝟏 

[GPa] 
𝑮𝟏𝟐 

[GPa] 

𝝆 
[kg. m−3] 

121 8.6 0.06 0.31 4.3 5.9 1520 
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A part of a nacelle from an A380 plane (the fan cowl as shown in figure 3) is considered to illustrate the 132 

three-step process proposed to design an optimal dual-PZT network for BF-SHM methods. This 133 

geometrically complex structure is 2.20 m in height for a semi circumference of 5.80 m and is made of 134 

composite monolithic carbon epoxy material. Piezoelectric elements manufactured by NOLIAC (see 135 

table 2) are used to trigger and collect Lamb waves in that structure. 136 

Table 2: Electro-mechanical properties of the PZT material NCE51 from Noliac. 137 

𝑬𝟏𝟏 
[GPa] 

𝑬𝟑𝟑 
[GPa] 

𝒂 
[1/K] 

𝝂 
𝒅𝟑𝟏 

[pC/N] 
𝒅𝟑𝟑 

[pC/N] 
𝒔𝟏𝟏

𝑬  

. 𝟏𝟎−𝟏𝟐 

𝒔𝟑𝟑
𝑬  

. 𝟏𝟎−𝟏𝟐 

𝝆 
[kg. m−3] 

62.50 52.63 2. 10−6 0.38 −195.00 460.00 16.00 19.00 7600 
 138 

 

Figure 3: Aircraft nacelle (left), original fan cowl geometry and simplified 3D geometry of the subpart studied 

(right). 

3. Optimal dual PZT sizing and placement 139 

1.1 PZT dimension and excitation frequency 140 

In this first step of the proposed method, the dimensions of the PZT to be used as actuators and 141 

sensors and the excitation frequencies are determined based on the material properties and on the 142 

minimal size of the damage to be detected. This approach is developed to meet three main goals (see 143 

figure 4): 144 
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(i) Only the first symmetric and antisymmetric modes 𝑆0 and 𝐴0 must be generated,  145 

(ii) The dual PZT used as an actuator and the frequencies of the signal used must guarantee the 146 

excitation of 𝑆0 and/or 𝐴0 modes with a wavelength small enough to interact with the 147 

targeted minimal damage, 148 

(iii) The dual PZT used as sensor must be sensitive to both 𝑆0 and 𝐴0 modes on the selected 149 

range of excitation frequencies. 150 

 

Figure 4: Schematic illustration of the three steps followed to select the dimensions of the dual PZT from 

dispersion curves. This corresponds to Step 1 in figure 2. 

Dispersion curves are computed numerically by finding all the possible frequencies that satisfy Lamb 151 

waves dispersion relations with iterations on the wave number 𝑘 [39]. Once those values are computed, 152 

the dispersion curves can be displayed as the variation of wavelength 𝜆 = 2𝜋/𝑘 of each symmetric and 153 

antisymmetric modes with frequency. Dispersion curves can also be computed for some rheological 154 

materials (please refer to [40] for an open software). The dispersion curves displayed in figure 5 are 155 

computed considering plane waves propagating in a homogenized material with the properties given in 156 

table 3 corresponding to the 0° direction of a [0°, 90°]16 CFRP plate. The 0° orientation is chosen since 157 

it is the direction where wavelengths are larger, hence a dual PZT dimensioned for those wavelength 158 

will respect criteria described in figure 4 in all orientations. 159 

  160 
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Table 3: Mechanical properties of the [0°, 90°]
16

 homogenized CFRP plate  161 

𝑬 [GPa] 𝝂 𝝆 [kg. m−3] 𝒕 [mm] 

45.5 0.09 1600 2 

 162 

BF-SHM methods targeted here consist in tracking 𝑆0 and 𝐴0 mode conversion and attenuation. It is 163 

thus necessary to restrain the domain of applications where only those first two modes propagate. 164 

Dispersion curves for higher frequencies (not displayed here) show that the excitation frequency should 165 

not exceed 𝑓𝑚𝑎𝑥 = 906 kHz (corresponding in our case to the minimal excitation frequency for which 166 

mode 𝐴1 is generated) to meet this condition. A second point to consider is that theoretically half the 167 

wavelength 𝜆 of the wave used to detect a damage must be shorter than or equal to the size of the damage 168 

∅𝑑 in order to allow an interaction with it [41]: 169 

𝜆

2
≤ ∅𝑑 (1) 

This leads us to bound the frequency range under which 𝑆0 and 𝐴0 can be exploited: the largest 170 

wavelength validating equation (1) is 𝜆𝑑 = 2 × ∅𝑑. According to this criterion, the excitation frequency 171 

used should be greater than a frequency 𝑓𝐴0
 for 𝐴0 mode and 𝑓𝑆0

 for 𝑆0 mode, corresponding to excitation 172 

frequencies for which wavelength 𝜆𝐴0
 and 𝜆 𝑆0

 are lower than 𝜆𝑑. (see figure 5). As advised by the 173 

aeronautical manufacturer who provided the samples, the minimal damage size that must be detected 174 

(BVID for Barely Visible Impact Damage) is 20 mm, hence in our case, 𝜆𝑑 = 40 mm, 𝑓𝐴0
 = 12 kHz 175 

and 𝑓𝑆0
= 134 kHz (see figure 5). 176 

Furthermore, it is mandatory to ensure that at these frequencies the dual-PZT element can actuate and 177 

receive the desired modes. This then leads us to select optimal dual PZT dimensions. Two criteria are 178 

important in the choice of the PZT according to [42]:  179 

 as an actuator, the optimal PZT size ∅𝑃𝑍𝑇 is obtained for 180 

∅𝑃𝑍𝑇 = 𝜆 (𝑛 +
1

2
) ,  𝑛 = 0,1,2, … (2) 
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 as a sensor, the sensitivity of the PZT increases as its size is reduced and the size of the PZT 181 

must be inferior to half the wavelength to be detected, i.e. 182 

∅𝑃𝑍𝑇 ≤
𝜆

2
 (3)  

When classic circular PZT are used as actuators and sensors, the optimal PZT size is obtained for ∅𝑃𝑍𝑇 =183 

∅𝑑 by considering criteria described by equations (1), (2) and (3). However, this choice limits in practice 184 

the application of detection to very few excitation frequencies. An advantage of the dual PZT, in addition 185 

to its mode decomposition ability, is that both parts of the PZT can be chosen independently. 186 

Nevertheless, as the disk part of the dual PZT is also used as an actuator for the mode decomposition 187 

process, it should not be too small to allow the generation of Lamb waves. The choice of ring part 188 

dimension of the dual PZT, ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔 is chosen such that the maximum energy (see equation (2) with 189 

𝜆 = 𝜆𝑑 and 𝑛 = 0) is communicated to the structure for the targeted minimal damage size. According 190 

to [42], the equivalent diameter for a ring PZT ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔 can be determined as the outer diameter minus 191 

the inner diameter i.e. 192 

∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔 = ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔
𝑜𝑢𝑡𝑒𝑟 − ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔

𝑖𝑛𝑛𝑒𝑟 =  ∅𝑑 (4) 

In our case, it gives ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔 = 20 mm. The choice of the central part dimension of the dual PZT 193 

∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 is governed by the range of frequencies on which BF-SHM methods will be investigated. In 194 

the case presented in figure 5, it is interesting to have sensors sensitive to both modes for frequencies 195 

up to 𝑓𝑆0
 because it is the smallest frequency for which both modes are activated and interact with the 196 

targeted damage size. To guarantee the sensitivity of the 𝐴0 mode at this frequency, the dimension of 197 

the central part of the dual PZT should be sensible to wavelength equal to 𝜆𝑚𝑖𝑛 = 𝜆𝐴0
(𝑓𝑆0

) (wavelength 198 

of mode 𝐴0 obtained at 𝑓𝑆0
 , see figure 5). Using equation (3), this dimension of the disk is obtained for:  199 

∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 = 𝜆𝐴0
(𝑓𝑆0

) 2⁄  (5) 

In the current application, 𝜆𝑚𝑖𝑛 = 11 mm, hence ∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 = 5.5 mm. 200 
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Figure 5: Dispersion curves for material described in table 3.It shows the minimum frequency to use (𝑓𝐴0
=

12 kHz for 𝐴0 mode and 𝑓𝑆0
=134 kHz for 𝑆0 mode) to allow for an interaction between the propagating wave 

and a damage of size ∅𝑑 = 20 mm. It also shows the range of frequencies to use to guarantee a sensitivity of the 

dual PZT to 𝐴0 mode and 𝑆0 mode for frequencies up to 𝑓𝑆0
= 134 kHz. The disk part of the dual-PZT is also 

sensible to 𝑆0 mode up to 𝑓
𝑆0

𝑚𝑎𝑥 = 478 kHz. ∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 =  5.5 mm and ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔 = ∅𝑑 = 20 mm. 

Figure 5 highlights four distinguishable areas:  201 

 0 < 𝑓0 < 𝑓𝐴0
: the dual PZT triggers 𝐴0 mode but it does not interact with the damage  202 

 𝑓𝐴0
< 𝑓0 < 𝑓𝑆0

: the dual PZT triggers 𝐴0 and 𝑆0 modes but only 𝐴0 mode interacts with the 203 

damage. Both modes can be properly measured by the disk part of the dual PZT, but the ring 204 

part is theoretically only sensitive to the 𝑆0 mode. 205 

 𝑓𝑆0
< 𝑓0 < 𝑓𝑆0

𝑚𝑎𝑥: the dual PZT triggers 𝐴0 and 𝑆0 modes and both modes interact with the 206 

damage, but only 𝑆0 mode can be properly measured by the disk part of the dual PZT, and the 207 

ring part is theoretically insensitive to any mode. 208 

 𝑓0 > 𝑓𝑆0

𝑚𝑎𝑥: the dual PZT triggers 𝐴0 and 𝑆0 modes and both modes interact with the damage, 209 

but the PZT is not sensitive to any mode. 210 
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According to the PZT manufacturer (NOLIAC), the gap between the two electrodes designed on the 211 

upper surface of the PZT should not be less than 1 mm. Following this instruction and equations (4) and 212 

(5) the dual PZT dimension must respect: 213 

∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 ≤  𝜆𝐴0
(𝑓𝑆0

) 2⁄  214 

∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔
𝑖𝑛𝑛𝑒𝑟 ≥  ∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 + 2 mm 215 

∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔
𝑜𝑢𝑡𝑒𝑟 =  ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔

𝑖𝑛𝑛𝑒𝑟 + ∅𝑑 216 

The smallest dual PZT that satisfies all those recommendations is obtained for ∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 = 5.5 mm, 217 

∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔
𝑖𝑛𝑛𝑒𝑟 = 7.5 mm and ∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔

𝑜𝑢𝑡𝑒𝑟 = 27.5 mm. The associated excitation frequency range of interest 218 

is from 12 to 134 kHz because it allows mode conversion tracking for both modes while guaranteeing 219 

an interaction of the propagating Lamb waves with the damage. 220 

3.2 Optimal distance and orientation between neighbor PZTs of the network 221 

Two important information not provided by dispersion curves are the attenuation of waves 222 

propagating within the material and the efficiency with which both Lamb wave modes are converted to 223 

electric signals by the dual-PZT. In anisotropic materials, the attenuation varies a lot with the distance 224 

and the orientation of the fibers, and symmetric and antisymmetric modes are not identically affected. 225 

This is rarely considered in the design of the PZT network whereas it is of great importance to estimate 226 

optimal relative placement of neighbor PZTs, as illustrated in figure 6. The analysis of the 227 

electromechanical efficiency of the dual-PZT will be useful to assess the mode decomposition abilities 228 

of the chosen PZT and to validate the ability of the network to be used in a BF-SHM manner. 229 
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Figure 6: Schematic illustration of inputs and outputs to the local FEM (Step 2 of figure 2) as well as limiting 

parameters for the optimal placement of neighbor PZTs and excitation frequencies. 

3.2.1 Local Finite Element Model representative of the structure 230 

A local FEM model is built using SDTools® [43]. This model is local in the sense that it corresponds 231 

only to a FEM model of a rectangular plate made up of the same material as the whole structure instead 232 

of a FEM model of the complete structure (see figure 7 and table 2). This local approach aims at 233 

diminishing the number of nodes of the FEM model and provide an affordable simulation in terms of 234 

computation time. It is necessary in a context where parametric studies are conducted with transient 235 

simulations performed at various excitation frequencies. Quadratic elements with dimension 2 mm ×236 

 2 mm are used for the meshing of the plate. This mesh size is compatible with the wavelength of 𝐴0 237 

and 𝑆0 modes which value does not exceed 11 mm on the investigated frequency range and has been 238 

validated by a convergence test. The excitation signal is chosen as a 5 cycles sinusoidal tone burst 239 

modulated by a Hanning window at an amplitude of 10 V and a central frequency 𝑓0 varying from 10 to 240 

140 kHz (average interval from 𝑓𝐴0
 to 𝑓𝑆0

 in figure 5) by steps of 10 kHz. For each step, simulations are 241 

conducted alternatively with each possible emission scheme (entire PZT, ring part, disk part), leading 242 

to a total of 30 simulations. The time step for the transient simulation is 0.36 µs and corresponds to a 243 

sampling frequency of 2.8 MHz. The transient simulation is performed with Newmark’s method and 244 
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the structure dynamic damping is simulated by considering a coefficient of 5.10−8 for the stiffness 245 

matrix and no damping coefficient for the mass matrix (coefficients obtained from a calibration with 246 

experimental measurements and used in [44]). The plate used for the simulation is a [0°, 90°]16 CFRP 247 

plate with the properties given in table 1 modeled as a 3D orthotropic material and homogenized using 248 

Mindlin theory for thin laminate plates. The PZT elements are composed of Noliac NCE51 material (see 249 

properties in table 2) and simulated as piezoelectric shell finite elements. The inter-distance between 250 

PZTs is 400 mm and the circle arc to study attenuation with orientation is placed 150 mm away from 251 

the actuator. Previous works, using this software, have been conducted to assess SDTools® proposed 252 

PZT elements reliability for SHM applications. Indeed, the electromechanical interaction and the effect 253 

of glue and temperature have been experimentally validated [45, 46]. The displacement is saved for each 254 

node between the actuator and the sensor to estimate Lamb wave attenuation with distance, and on the 255 

circle around the actuator to estimate Lamb wave attenuation with orientation (see figure 7). 256 

 

Figure 7: Local FEM composite plate with two dual PZTs and the sensing point (black line and circle) used to 

study antisymmetric and symmetric mode propagation (left) and mesh of the dual PZT (right) 

3.2.2 Lamb waves attenuation and dual-PZT electromechanical efficiency 257 

The electric signal measured by the dual PZT 𝑉𝑎→𝑠, depending on the PZT part used as actuator 𝑎, 258 

the PZT part used as sensor 𝑠, the distance 𝑟 between actuator and sensor, the orientation compared to 259 

the 0° ply 𝜃 and the excitation frequency of the input 𝑓0 can be analytically expressed as: 260 

  261 
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𝑉𝑎→𝑠(𝑟, 𝜃, 𝑓0, 𝑡) = 𝑉𝑎→𝑠
𝐴0 (𝑟, 𝜃, 𝑓0, 𝑡) + 𝑉𝑎→𝑠

𝑆0 (𝑟, 𝜃, 𝑓0, 𝑡) (6) 

𝑉𝑎→𝑠
[𝑋]0(𝑟, 𝜃, 𝑓0, 𝑡) = 𝐶[𝑋]0(𝑟, 𝜃, 𝑓0, 𝑡) × 𝑆𝑎→𝑠

[𝑋]0(𝑓0) (7) 

where 𝑡 is the time, 𝑉𝑎→𝑠
𝐴0  and 𝑉𝑎→𝑠

𝑆0  refer to the electrical signal measured by the PZT for 𝐴0 and 𝑆0 mode 262 

when part 𝑎 is used as actuator and part 𝑠 is used as sensor. [𝑋] is either 𝐴 or 𝑆 referring to antisymmetric 263 

or symmetric mode. 𝐶[𝑋]0 is independent of the actuator or sensor size as shown in [18], and corresponds 264 

to the mechanical displacement attributable to the [𝑋]0 mode at the sensor position. In the approach 265 

proposed here, the antisymmetric mode is assumed to correspond mainly to the out-of-plane 266 

deformations and the symmetric mode to correspond mainly to the in-plane deformations. 𝑆𝑎→𝑠
[𝑋]0 then 267 

corresponds to the electromechanical efficiency of the PZT to mode [𝑋]0 for actuator 𝑎 and sensor 𝑠. 268 

Since 𝑆𝑎→𝑠
[𝑋]0 only depends on the excitation frequency 𝑓0, it can be determined from the electrical signal 269 

obtained on the dual PZT electrodes of the PZT sensor and the mechanical displacements measured at 270 

the center of the sensor (the white cross in figure 7). With equations (6) and (7) and 𝐶[𝑋]0(𝑟, 𝜃, 𝑓0, 𝑡) 271 

obtained from the FEM simulation, 𝑆𝑎→𝑠
A0 (𝑓0) and 𝑆𝑎→𝑠

S0 (𝑓0) are computed with an iterative process that 272 

consists in finding the minimum mean square error between the envelope of the signal measured on the 273 

PZT electrode 𝑉𝑎→𝑠(𝑟, 𝜃, 𝑓0, 𝑡) and the sum of envelopes of 𝐶A0(𝑟, 𝜃, 𝑓0, 𝑡) × 𝑆𝑎→𝑠
A0 (𝑓0) and 274 

𝐶𝑆0(𝑟, 𝜃, 𝑓0, 𝑡) × 𝑆𝑎→𝑠
S0 (𝑓0) (the iteration is performed on values of 𝑆𝑎→𝑠

A0 (𝑓0) and 𝑆𝑎→𝑠
S0 (𝑓0)). Figure 10(b) 275 

shows an example of envelopes of each mode displacements scaled by their respective 276 

electromechanical efficiencies and the response signal measured by the disk part of the dual PZT. 277 

Figure 8 shows the variation of electromechanical efficiency of ring and disk parts of the dual PZT for 278 

𝐴0 and 𝑆0 mode depending on the excitation frequency. The disk part appears to be much more efficient 279 

than the ring part to measure the 𝐴0 mode on the whole range of frequencies considered, whereas both 280 

parts are efficient to measure the 𝑆0 mode. This graph echoes the results observed in figure 5 and the 281 

associated observations. It also explains the ability of dual-PZTs to decompose modes in the measured 282 

signal since each part of the dual PZTs exhibit different electromechanical efficiency for each mode. 283 
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Figure 8: (a) Variation of electromechanical-efficiency of PZT sensor ring and disk for 𝑆0 and 𝐴0 mode against 

excitation frequency 𝑓0. (b) Response signal obtained for 𝑟 = 150 mm, 𝜃 = 0°, 𝑓0 = 80 kHz with the disk as 

actuator and the ring or the disk as sensor. 

Figure 9(a) shows that 𝐴0 and 𝑆0 have different amplitude variation with excitation frequency: 𝐴0 mode 284 

is significantly greater for lower frequencies (below 35 kHz) whereas 𝑆0 mode is greater for higher 285 

frequencies (after 90 kHz). Figure 9(b) shows that 𝐴0 mode attenuates faster than 𝑆0 mode with distance. 286 

From figure 10(a) one can see that 𝑆0 is much more impacted by the wave propagation direction than 287 

𝐴0. The 𝑆0 mode tends to propagate well in the composite fibers directions (maximum at 0° and 90°) 288 

but its amplitude can be reduced to 10 % of its maximum value (around 17° and 73°). The 𝐴0 mode 289 

amplitude (maximum at 0°) is only reduced to 50% of its maximum value at 45°. Figure 10 emphasizes 290 

the fact that, both modes may have the same amplitudes in the 0° direction, but this comparison varies 291 

a lot with the direction of propagation. 292 
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Figure 9: (a) Maximum amplitude variation of out-of-plane (~𝐴0) and in-plane (~𝑆0) displacement with 

frequency 150 mm away from the actuator in the 0° direction. (b) Maximum amplitude variation of out-of-plane 

(~𝐴0) and in-plane (~𝑆0) displacement with distance for 𝑓0 = 80 kHz in the 0° direction. 

 293 

 

Figure 10: (a) Maximum amplitude variation of out-of-plane (~𝐴0) and in-plane (~𝑆0) displacement with 

orientation for 𝑓0 = 80 kHz and at a distance of 150 mm from the actuator. (b) Response signal measured by the 

disk part of the dual PZT for 𝑓0 = 80 kHz, at 𝑟 =  150 mm and 𝜃 = 0° or 𝜃 = 45°. 
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3.2.3 Optimal frequencies for mode conversion using dual PZT 294 

In a BF-SHM context where 𝐴0 and 𝑆0 mode conversion and attenuation in presence of damage are 295 

investigated [10, 16, 18, 47, 48], distance between neighbors dual-PZTs and orientation of the dual PZT 296 

path with respect to fiber orientation as well as frequency of excitation must be correctly chosen such 297 

that: 298 

(i) The two modes propagate and are measured in comparable proportions, 299 

(ii) The first wave packet of the 𝐴0 mode must not superpose too much with the 𝑆0 mode.  300 

To evaluate those two parameters, two criteria are proposed: 301 

�̃�𝑎→𝑠
𝐴0 𝑆0⁄

(𝑟, 𝜃, 𝑓0) =  
max [env (𝑉𝑎→𝑠

𝐴0 (𝑟, 𝜃, 𝑓0, 𝑡))]

max [env (𝑉𝑎→𝑠
𝑆0 (𝑟, 𝜃, 𝑓0, 𝑡))]

 
(8) 

𝜏𝑎→𝑠(𝑟, 𝜃, 𝑓0) =
∫ env (𝑉𝑎→𝑠

𝐴0 (𝑟, 𝜃, 𝑓0, 𝑡))
𝑡1

𝑡0
+ ∫ env (𝑉𝑎→𝑠

𝑆0 (𝑟, 𝜃, 𝑓0, 𝑡))
𝑡2

𝑡1

∫ env (𝑉𝑎→𝑠
𝐴0 (𝑟, 𝜃, 𝑓0, 𝑡))

𝑡3

𝑡0

,  (9) 

where env(. ) denotes the envelope of the signal. [𝑡0, 𝑡3] is the time interval corresponding to the first 302 

𝐴0 wave packet, 𝑡1 the instant when 𝑉𝑎→𝑠
𝐴0  gets higher than 𝑉𝑎→𝑠

𝑆0 , and 𝑡2 the end of the first 𝑆0 wave 303 

packet (see figure 12(b)). �̃�𝑎→𝑠
𝐴0 𝑆0⁄

 represents the amplitude ratio of the contribution of the 𝐴0 mode against 304 

the contribution of the 𝑆0 mode in the measured response signal. 𝜏𝑎→𝑠 qualifies the superposition of 305 

modes in the measured response signal: it represents the intersection of both modes against 𝐴0 mode 306 

measured in the time corresponding to the first 𝐴0 wave packet (see figure 12(b)). These two criteria 307 

depend on the distance between actuator and sensor 𝑟, the orientation of the path actuator-sensor in 308 

comparison with the 0° ply of the structure 𝜃, and the excitation frequency 𝑓0. The PZT part chosen as 309 

actuator has very little influence on the criteria chosen since it affects both modes amplitudes 310 

proportionally. And as the disk part of the dual PZT is sensible to both 𝐴0 and 𝑆0 modes (in opposition 311 

to the ring part), only results obtained with the disk part as actuator and sensor are displayed. 312 

We introduce two thresholds 𝜀�̃� and 𝜀�̃� to determine whether a sensor position and excitation frequency 313 

can be considered as suitable for mode decomposition. These thresholds will serve as tuning parameters 314 

of the proposed method. The amplitude ratio of the 𝐴0 mode against the 𝑆0 mode as described in equation 315 
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(8) is used to select optimal frequencies where both modes are in comparable proportion in the response 316 

measured by the disk part of the PZT. The threshold 𝜀�̃� is set to 1/3 so that the amplitude of the 𝐴0 317 

mode should not exceed 3 times the amplitude of the 𝑆0 mode and vice versa. Figure 11(a) shows the 318 

maximum amplitude of each mode contribution obtained with equation (7) for the disk part of the dual 319 

PZT at 150 mm from the actuator (the electromechanical efficiency of the sensor according to frequency 320 

𝑆𝑎→𝑠
[𝑋]0 is considered). The striped area depicts the frequency range for which the amplitude ratio does not 321 

respect the threshold (�̃�𝑎→𝑠
𝐴0 𝑆0⁄

> 1/𝜀�̃�) ). Hence, the optimal frequency range to observe mode 322 

conversion is from 40 to 140 kHz. This graph also shows that the optimal frequencies for 𝐴0 mode 323 

studied alone would be for frequencies below 40 kHz because the amplitude of the 𝐴0 mode is 324 

significantly higher than the 𝑆0 mode. 30 kHz corresponds to the “sweet spot frequency” of the 𝐴0 mode 325 

in mode tuning methods. Those methods consist in an appropriate selection of the excitation frequency 326 

of Lamb waves in order to generate only one of the Lamb wave modes [13, Para. 8.8]. The frequency 327 

range obtained here is for the 0° orientation and is discussed for other orientations later. Figure 11(b) 328 

shows the contribution of each mode on the measured response signal. A difference between the 329 

maximum amplitude of the response signal (𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘) on wave packets corresponding to 𝑆0 (first wave 330 

packet) and 𝐴0 (second wave packet) and the maximum amplitudes of each mode contribution 331 

(𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘
𝐴0  and 𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘

𝑆0 ) is noticed because a little mode conversion (from 𝑆0 to 𝐴0) occurs at the 332 

edge of the ring part of the PZT and is measured by the disk part. 333 

  334 
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Figure 11: (a) Maximum amplitude of 𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘
𝐴0  and 𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘

𝑆0  in the response signal measured by the disk part 

of a dual PZT place for 𝑟 = 150 mm. The striped area represents the frequency range where the amplitude ratio 

�̃�𝑎→𝑠
𝐴0 𝑆0⁄

 (right axis) between maximum amplitude of 𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘
𝐴0  and 𝑉𝑑𝑖𝑠𝑘→𝑑𝑖𝑠𝑘

𝑆0  does not respect the threshold 𝜀𝑉 =

1/3. (b) Superposition of contributions of each mode and the signal measured by the disk part of the dual PZT 

for 𝑓0 = 80 kHz, at 𝑟 =  150 mm and 𝜃 = 0°. 

3.2.4 Optimal distance and orientation between neighbor dual-PZTs 335 

The minimum distance is obtained by observing the superposition 𝜏 described in equation (9). 336 

Results displayed in figure 12(a) show that a minimum distance 𝑟𝑚𝑖𝑛 of 150 mm must be respected to 337 

avoid superposition of the modes in the chosen excitation frequency range, and the superposition 338 

threshold 𝜀�̃� is set to 5% based on decomposition algorithm results observations. This allows us to 339 

clearly distinct between 𝑆0 and 𝐴0 modes. 340 

  341 
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Figure 12: (a) Mode superposition against distance and excitation frequency for direct contribution of Lamb 

waves propagating in the 0° direction of a composite plate measured by the disk part of the dual PZT. (b) 

Representation of the superposition criteria estimation (equation (9)). 

Given the orientation of the plies of the composite structure under study, it is relevant to notice that there 342 

is a symmetry in the wave propagation such as propagation from 0° to 45° is exactly the opposite of the 343 

propagation from 90° to 45° (this is observable on the results displayed in figure 10). First, from figure 344 

10 (a), orientation 17°[𝜋
2⁄ ] and 73°[𝜋

2⁄ ] should be avoided since 𝑆0 mode hardly propagates in those 345 

directions. Since 𝐴0 and 𝑆0 modes have different amplitude variations with frequency (see figure 9(a)), 346 

distance (see figure 9(b)), and orientation (see figure 10), the amplitude criteria �̃�𝑎→𝑠
𝐴0 𝑆0⁄

 cannot meet the 347 

threshold 𝜀�̃� for every excitation frequency, orientation and distance. Figure 13 shows the amplitude 348 

ratio as measured by the disk part of the dual PZT for varying excitation frequencies and orientation. It 349 

shows that for 150 mm (minimum distance for the superposition criteria), the threshold is exceeded for 350 

excitation frequencies above 100 kHz and orientations 10° away from fiber directions. Except for an 351 

excitation frequency of 40 kHz, this observation is not applicable for 300 mm (because 𝐴0 mode 352 

attenuates faster than 𝑆0 mode, see figure 9(b)). However, at this distance the threshold is not respected 353 

for frequencies higher than 130 kHz. Therefore, the range of frequencies is reduced to 50 to 140 kHz, 354 

minimum distance between actuator and sensor 𝑟𝑚𝑖𝑛 is evaluated at 230 mm (for shorter distance, 𝐴0 355 

mode is too high compared to 𝑆0mode at 𝑓0 =  60 kHz) and maximum distance 𝑟𝑚𝑎𝑥 is evaluated at 270 356 

mm (for larger distances, 𝑆0 mode is to high compared to 𝐴0 mode for 𝑓0 =  140 kHz and 𝜃 = 0°). 357 
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Figure 13: Amplitude ratio of the 𝐴0 mode against 𝑆0 mode amplitude and excitation frequency for 𝑟 = 150 mm 

and 𝑟 = 300 mm. 

Figure 13 shows that the amplitude ratio at high frequencies is the limiting parameter for the maximum 358 

distance between two PZT neighbors. On the one hand, having a larger range of frequencies enables to 359 

robustify damage detection process (since damage indexes can be applied to several excitation 360 

frequencies), and on the other hand, reducing the range of frequencies toward lower accepted values 361 

lead to greater maximal distances 𝑟𝑚𝑎𝑥, which means fewer PZT on the targeted network. Hence, a 362 

tradeoff between the robustness of the detection and the number of PZT is necessary.  363 

3.3 PZT network optimization solver 364 

The previous simulation step allows the determination of PZT placement requirements given by the 365 

minimum and maximum distance between PZT (𝑟𝑚𝑖𝑛 and 𝑟𝑚𝑎𝑥), and optimal angles of PZT paths 366 

compared with the 0° orientation of the structure (𝜃𝑜𝑝𝑡). Those requirements and the mesh of the 367 

structure under study constitute the input parameters of the PZT network optimization as described in 368 

the following algorithm: 369 

  370 
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Algorithm: PZT placement 

 Step 1: First PZT node is randomly selected 

 - A node of the mesh is randomly selected and validated as the first PZT position 

End  

 

End  

Step 2: Other PZT nodes are chosen 

 - One PZT node is selected as the reference node from the nodes already validated as PZT 

positions.  

- All the nodes respecting the requirements (eligible nodes) are determined. To be selected, 

a node must:  

(i) respect a distance at least equal to 𝑟𝑚𝑖𝑛 from all the validated PZT positions  

(ii) respect a distance at most equal to 𝑟𝑚𝑎𝑥 with the node selected as reference 

(iii) respect an orientation belonging to the optimal angles 𝜃𝑜𝑝𝑡 with the node selected 

as reference. 

- One node is randomly selected among nodes respecting the requirements and added to the 

validated PZT positions. Eligible nodes common to multiple PZT nodes and farthest node 

from existing PZT nodes are favored. 

 

End 

Step 3: The algorithm stops 

 - The distance between each node of the mesh and the validated PZT positions is computed.  

- If each node of the mesh is at a distance lower than 𝑟𝑚𝑎𝑥 of any PZT, the algorithm stops. 

Else, it returns to step 2. 

 371 

This approach may appear basic compared to other studies focusing on network optimization but allows 372 

for a simple transition from a local model to a larger structure. A constraint on boundary conditions is 373 

also considered to avoid border reflection influence on measured signals. Figure 14 shows the solver 374 

process for the selection of the first 3 PZT nodes respecting 𝑟𝑚𝑖𝑛, 𝑟𝑚𝑎𝑥 and 𝜃𝑜𝑝𝑡. The “forbidden” 375 
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orientation refers to orientations 17°[𝜋
2⁄ ] and 73°[𝜋

2⁄ ], corresponding to orientation not contained in 376 

𝜃𝑜𝑝𝑡. It is important to notice that the placement requirements are constrained by the capability of two 377 

neighbor PZTs to allow mode decomposition on the path they form: if a dual PZT is placed in a 378 

“forbidden orientation” (see figure 14), the decomposition process may be difficult to apply. However, 379 

a damage in this zone will always interact with the propagating waves (at least with the 𝐴0 mode since 380 

it is less influenced by plies orientations than the 𝑆0 mode, and is generated on all the given excitation 381 

frequency range with wavelength allowing an interaction with the targeted damage size), hence the 382 

influence of the damage on both modes will still be measured by the dual PZT path. In an aeronautical 383 

context, the minimum number of transducers should be observed for weight purposes. In practice, the 384 

algorithm considers this by taking a minimal distance which is close to 𝑟𝑚𝑎𝑥 instead of 𝑟𝑚𝑖𝑛. 385 

 

Figure 14: Illustration of the solver parameters and PZT node selection process. The optimization solver choses 

nodes that are optimal for the maximum number of PZT nodes available. 

4. Results 386 

4.1 Tested cases 387 

Four different cases (described in table 4) are considered in order to show the applicability of the 388 

process to different structures. These cases are considered to show the influence of the anisotropy of the 389 

material on the PZT network proposed, and the implementation to 2D and 3D structures. Two different 390 
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geometries and three materials are used. The first geometry - called “Plate” - is a large plate of 2000 ×391 

500 × 2 mm3, and the second one is the geometry of the subpart from the fan cowl (see figure 3). Three 392 

different materials are compared (see table 4). The first one is the highly anisotropic CFRP with 16 plies 393 

oriented at [0°/ 90°], used for structure #1 and #4. The second material is an isotropic material with 394 

simplified properties as displayed in table 3 used for structure #2. The third one is a quasi-isotropic 395 

CFRP with 16 plies oriented at [0°/ 90°/45°/−45°] and properties of each ply described in table 1 396 

(same ply properties as structure #1 and #4). 397 

Figure 15 shows the variations of amplitude of 𝐴0 and 𝑆0 modes with orientation depending on the 398 

material properties. 399 

 

Figure 15: Mode attenuation for the three materials used in the tested cases of 𝐴0 (red) and 𝑆0 (blue) with varying 

orientation at 𝑓0 = 100 kHz and a distance of 150 mm from the disk part of the dual PZT used as actuator. 

4.2 Results 400 

Table 4 sums up the results obtained for the dual PZT network implementation on the four different 401 

structures described in the previous paragraph. For each structure, outputs, from each step, are displayed. 402 

  403 
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Table 4: Application of the process on four different structures 404 

 structure #1 structure #2 structure #3 structure #4 

Geometry Plate Plate Plate Fan Cowl 

Material [0°/ 90°]
16

 isotropic 
[0°/ 90°/45°
/−45°]

16
 

[0°/ 90°]
16

 

S
T

E
P

 1
 O

U
T

P
U

T
 

∅𝑃𝑍𝑇−𝑑𝑖𝑠𝑘 

[mm] 
5.5 5.5 5.5 5.5 

∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔
𝑖𝑛𝑛𝑒𝑟

 

[mm] 
7.5 7.5 7.5 7.5 

∅𝑃𝑍𝑇−𝑟𝑖𝑛𝑔 
𝑜𝑢𝑡𝑒𝑟

 

[mm] 
27.5 27.5 27.5 27.5 

𝑓0 [kHz] 12 ⋯ 134 12 ⋯ 134 13 ⋯ 138 14 ⋯ 134 

S
T

E
P

 2
 O

U
T

P
U

T
 𝑟𝑚𝑖𝑛 

[mm] 
230 150 150 230 

𝑟𝑚𝑎𝑥 

[mm] 
270 350 360 270 

𝜃𝑓𝑜𝑟𝑏𝑖𝑑𝑑𝑒𝑛 

[[π/2]°] 
17,73 - - 17,73 

𝑓0 [kHz] 50 ⋯ 140 50 ⋯ 140 50 ⋯ 140 50 ⋯ 140 

S
T

E
P

 3
 O

U
T

P
U

T
 

PZT 

network 

    

Number of 

PZT 
16 12 11 14 
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4.3 Observations 405 

For all structures, same dual PZT dimensions are advised as output of step 1 (see table 4). Actually, 406 

variations of mechanical properties of the material influence more the usable range of frequencies than 407 

the dimensions of the dual PZT. Dual PZT dimensions would be more affected by changing damage 408 

sizes (downsized as the damage size is lowered and vice-versa). For the chosen composite materials, 409 

there is very little variation of the mechanical properties, hence the range of excitation frequencies 410 

obtained with the dispersion curves do not change a lot. The frequency range would be more affected 411 

by a change in the thickness of the material: for a given material if the thickness is divided by 𝑛, the 412 

range of frequencies obtained as output of step 1 would be divided by 𝑛.  413 

Comparing results obtained for structure #1 and #2 from table 4 shows the influence of the anisotropy 414 

of the structure on the PZT network. For the isotropic material, there is no amplitude variations of modes 415 

with orientation (see figure 15), and a greater distance between transducers 𝑟𝑚𝑎𝑥 can be achieved with 416 

respect to the superposition and amplitude ratio criteria. This greater distance and the fact that there is 417 

no orientation constrains for structure #2 leads to a smaller PZT network of only 12 dual PZTs, compared 418 

to the 16 obtained on the anisotropic case of structure #1. The minimum distance (𝑟𝑚𝑖𝑛 = 150 mm) of 419 

structure #2 is imposed by the superposition criteria in opposition to #1 where minimum distance 420 

(𝑟𝑚𝑖𝑛 = 230 mm) is imposed by the amplitude ratio criteria.  421 

Structure #2 and #3 show very little difference since mode attenuation with orientation for those two 422 

materials is very similar, and in both cases, 𝑆0 and 𝐴0 modes amplitude is constant with orientation 423 

contrary to the anisotropic material (see figure 15). 𝑆0 mode amplitude in the isotropic case is greater 424 

than in the quasi-isotropic case leading to a smaller maximum distance between transducers (𝑟𝑚𝑎𝑥 =425 

350 mm for structure #2 and 𝑟𝑚𝑎𝑥 = 360 mm for structure #3).  426 

Comparison of results obtained for structure #1 and #4 from table 4 shows the ability of the algorithm 427 

to be applied on 3D meshes and to provide a PZT network that respects the placement constraints. The 428 

introduction of a cavity in the structure is not really taken into account by the algorithm. It is somehow 429 

considered since no PZT node can be placed in the hole (it does not contain any node), the supplementary 430 
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constraint on boundary conditions is applied to hole edges, and the computing of distances between 431 

nodes takes the hole into account. 432 

5. Discussion 433 

The proposed method opens several discussion points:  434 

- The sizing method described in the first step of the process is theoretical. Experimental 435 

measurements often give exploitable results even if the PZT dimensions do not respect the 436 

Lamb wave constraints. However, this theoretical approach is the first attempt to justify the 437 

dual PZT electrodes sizes, and those dimensions are consistent with physical properties of the 438 

structure and lamb wave propagation. There is not only one good sizing, but this method gives 439 

landmarks for the choice of the dual PZT, which is hardly discussed in other studies. The range 440 

of frequencies chosen does not take into account the continuous mode conversion well 441 

described in [9, Pt. IV]. However, by targeting a minimal damage size ∅𝑑 > 7 mm (maximum 442 

width of roving in twill fabric composites), wavelengths of both modes obtained on the selected 443 

range of frequencies are larger than the eventual roving thus limiting continuous mode 444 

conversion due to coupling elements. This phenomenon could be responsible for 𝐴0 mode 445 

measurements arriving before the main wave packet in experimental conditions. 446 

- The thresholds for the superposition criteria and the amplitude ratio criteria may appear 447 

arbitrary but they have been empirically verified. They could be softened if the aim is to place 448 

fewer transducers on the structure or hardened if the aim is to obtain the best mode 449 

decomposition results. This article presents here a concept methodology and some parameters 450 

can be flexible. 451 

- The large structure presented in this article is not very complex compared to other SHM 452 

applications (only one hole, no stiffener) and the proposed optimization solver would not be 453 

very robust for very complex structures. Still, the local FEM approach could be improved by 454 

integrating stiffeners, holes, and/or complex local geometries preventing the simulation from 455 

modeling the full-scale model at once.  456 
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- Hypotheses done on the local FEM are not very strong and allow to have a good appreciation 457 

of the limiting criteria for the current BF-SHM methods. Even if the model has been calibrated 458 

properly to fit the real material, future works on composite structure will allow the validation 459 

of the obtained optimal parameters meeting the targeted expectations. 460 

- Results obtained for different structures in part 4 show that a quasi-isotropic structure behaves 461 

quite similarly to an isotropic structure concerning mode attenuation with orientation. This 462 

observation shows that for such a poorly anisotropic structure, the orientation between 463 

transducers has no influence on the designed PZT network, and larger distances can be 464 

considered since the amplitude ratio between 𝐴0 and 𝑆0 modes is nearly constant in all 465 

directions. In the case of the highly anisotropic structure, the amplitude of both modes highly 466 

depends on the propagation orientation, and it has a great impact on the distance and orientation 467 

between transducers. 468 

6. Conclusion 469 

This article presents a process to design a PZT network on a large structure for BF-SHM methods 470 

based on the tracking of mode variations in a composite structure. This work falls within the framework 471 

of research which tries to bridge the gap between laboratory research and industrial deployment of SHM 472 

processes [49]. Indeed, the method proposed in this work tackles one of the problems that hinders the 473 

deployment of a promising dual PZT BF-SHM method, which is how to choose optimally the PZT 474 

elements in terms of size, number and placements.  475 

The first contribution of this work, is to propose a generic solution to the choice of dimensions of the 476 

dual PZT (used to decompose 𝐴0 and 𝑆0 mode contributions in the response signal) based on the 477 

dispersion curves and the damage size to detect. This also brings out the range of excitation frequencies 478 

that favor an interaction with the eventual damage. 479 

The second contribution resides in the precise and careful exploitation of Lamb wave mode propagation 480 

simulated in a local FEM. Particularly, two criteria are proposed (mode superposition ratio and mode 481 

amplitude ratio) in order to define the best actuator-sensor placement (optimal distance and orientation) 482 
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and optimal excitation frequencies in a context where both 𝐴0 and 𝑆0 modes have to propagate in the 483 

structure and be measured by the PZT sensor. This local model gives the relevant parameters for the last 484 

key point of this article, which is a simple PZT network optimization solver. This solver guarantees that 485 

dual PZT are optimally placed on the monitored structure, and together with the local FEM avoid the 486 

need for a large-scale FEM simulation. 487 

This article does not give an absolute method for a PZT network design but proposes a generic process: 488 

given the material and geometry of a structure, dual PZT size, placement and excitation frequencies are 489 

proposed in order to optimize the implementation of BF-SHM method on the structure to monitor. The 490 

authors have chosen to apply it on four different structures. This emphasizes the need for a local FEM 491 

for highly anisotropic structures to understand the Lamb wave propagation in such materials before 492 

being confronted with unexplainable results in real experimentation. 493 
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