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Transducer Placement Option for Ultrasonic Lamb
Wave Structural Health Monitoring (SHM) on
Damage Tolerant Aircraft Substructure

Vincentius EWALD?, Roger GROVES?, Rinze BENEDICTUS?

ABSTRACT

In this paper, we review two transducer placement options to locate and
quantify damage in primary aircraft structures using ultrasonic Structural Health
Monitoring (SHM). The first placement approach concerns a known expected
damage location, for example a fatigue crack growth from rivet hole. The location
of such a damage can already be predicted by fracture mechanics and therefore the
focus of this SHM system design is to determine the damage size. For this
approach, we have developed our previous work in finite-element (FE) modelling
of a damage tolerant aluminum fuselage by introducing an artificial crack into the
structural FE model and assessed its influence on the Lamb wave propagation.
Image processing was performed by subtracting the wave propagation image of the
damaged from the undamaged structure.

A second category of damage occurs at locations that cannot be predicted by
fracture mechanics, such as impact damage from hail. This type of damage requires
the SHM system to both locate and assess the size of the damage and this is heavily
influenced by the positioning of the transducers. Optimal sensor placement (OSP)
techniques tend to rely on assessment using the probability of detection (POD)
parameter. In this work, we propose an alternative placement method which
maximizes the detectability of the transducer coverage area based on the pulse-echo
technique without relying on the POD parameter, by determining the fitness
function based on sensor coverage area for single and multiple sensors and random
damage locations. Results from both these approaches are compared in this paper,
with a perspective towards the overall design of SHM systems.
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INTRODUCTION
Sensor Positioning for Lamb Wave SHM

Lamb waves are one of the promising SHM techniques due to their capability to
propagate many meters [1, 2]. For damage monitoring, the technique relies on the
interaction between the Lamb wave and the damage [3]. At damage locations,
Lamb waves are scattered, reflected, absorbed, diffracted, and subject to mode
conversion and the change in the received signal can be calculated as a damage
indicator (DI). The most commonly used sensor in ultrasonic SHM is a
piezoelectric transducer (PZT), which is generally attached to the surface of the
structure, thus making sensor placement tremendously important since the DI
quantification heavily relies on the sensor placement.

According to [4], a structure designed using the damage tolerance principle is
safe to operate until a critical damage threshold is reached. Because a Lamb wave
can interact with damage which has a size at least the half of its wavelength [5, 6],
and this critical damage tolerant threshold is generally larger than the wavelength, it
is safe to assume that a Lamb wave can interact with the critical damage. The task
of sensor placement in SHM is therefore to ensure that 1). the interaction between
the damage and the wave is sufficient and 2). the location of the sensor enables the
capture of this wave — damage interaction.

Literature Overview and Objective

Sensor placement options (SPO) have been previously described, for example
prioritizing the sensor location based on the detectability limit [7], the modal
analysis parameter for damage localization on a truss structure [8], and by using a
global search and greedy algorithm [9]. Haynes [10] proposed sensor placement by
minimizing Bayesian cost and thus selected a locally optimal sensor location.
However, if the damage occurs outside of that area, it might fail to detect it.

In a more recent study, Thiene et al. [11] introduced DI-free sensor placement
optimization based on a fitness function that maximizes the coverage area of the
sensor network. Venkat et al. [12] used a Finite Element (FE) simulation platform
to build differential images between undamaged and damaged structure. The
summed-up energy captured by all sensors were plotted to determine the optimal
sensor location from the highest captured energy.

From the above-mentioned articles, we summarized that two SPO streams exist:
1). predictable damage location approach, and 2). random damage location
approach. Given the current state of the art of SPO, the objectives of this article are:
1). to generalize the current techniques of both approaches, 2). to propose an
alternative DI parameter for the known damage location approach, and 3). to
propose the maximization of sensor coverage area by the pulse-echo method.



THEORY
Lamb Wave Propagation

The theoretical analysis of wave propagation in metallic materials, composite,
and hybrid materials is described in [13 — 15]. The elastodynamic wave equation in
an anisotropic inhomogeneous medium in a bounded domain Q — RY (d = 2,3 for 2-
and 3-dimensional cases, respectively) is given in Eq. (1), where u(x,t) is the time
and space dependent displacement, p material density, Ciju material stiffness tensor,
ex strain tensor, and f(x,t) source function, respectively, with i, j, k, and | being the
standard notations in the generalized Hooke’s law. After applying boundary
conditions of two parallel surfaces, there are two solutions to Eq. (1) for wave
propagation in homogeneous material of given density, which are well-known as
symmetrical modes (S0, S1, S2...) and asymmetrical modes (A0, Al, A2...) [16],
respectively.

d2u(x,t) _vy. (iicijk.sk.) = f(x1) 1)

yo,
atz k=1 1=1

FE Simulation of Lamb Wave Interaction with Material Inhomogeneities

The FE formulation for Lamb wave propagation is based on Hamilton’s
principle [17] and this is described in Eq. (4), where I and ® are the surficial and
volumetric integral areas, u and U are the particle displacement vectors in the
material and their corresponding accelerations, and & is the strain tensor. The
external forces can be classified as surface load Fs and volume load Fv. To
numerically solve Eq. (2), the geometry involved is divided into mesh elements
over which the equation can be approximated, where the numerical stability of time
integration is ensured by the Courant-Friedrich-Lewy (CFL) condition [18].

O:(—I[pﬁgT-g+5gT-Cijk,-g]d®J+[J.(5gT-Fv)d®+.r[(5gT-Fs)j )

(O] (O]
Damage Detection Approach: Pulse-Echo vs. Pitch-Catch Technique

In the pulse-echo technique, the transducer acts both as a sensor and actuator,
and the coverage area is circular, while the resulting area in the pitch-catch
configuration is elliptical (Fig. 1). The disadvantage of this pulse-echo technique is
that the localization of the damage becomes less precise in comparison to the pitch-
catch technique. Nevertheless, the performance of the pulse-echo method can be



improved by utilizing multiple sensors. The further investigations in this paper are
with the pulse-echo technique.
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Figure 1: Coverage area of pulse-echo technique (left) and pitch-catch technique (right). The distance
between sensor and damage is marked by dezr-Damage, while a, b, e, f are the ellipse parameters

METHODOLOGIES

SPO Approach for Predictable Damage Location by Numerical Simulation

For a damage tolerant design, fracture mechanics is used predict the most
probable damage location under a certain loading condition [19]. A damage will
most likely appear in an area with higher local stress intensity factor (SIF). By
knowing the most probable damage location and the critical damage size for a
certain geometry, two FE simulations scenarios of Lamb wave propagation can be
performed: 1). in an undamaged structure and 2). in a critically damaged structure.
An example of these scenarios is depicted in Fig. 2a-d.

Figure 2: Lamb Wave propagation in a). healthy structure at 20 s, b). healthy structure at 60 ps, c). damaged structure at
20 ps, d). damaged structure at 60 ps. The ultrasonic pulse is excited at t = 0 ps from the point ‘x’. The yellow and red
rectangles are regions of interest referenced in the text.

In Fig. 2a-d, Lamb wave propagation in an aluminum plate with a size of
160x160x1 mm was simulated using ABAQUS FE software. To ensure calculation
accuracy, a quadratic brick element (C3D20) was used and the global mesh size
was kept at 1 mms3, resulting in around 25000 elements. One can clearly see from
Fig. 2a and 2c by comparing the regions in the yellow squares, that at t = 20 ps the
propagation was partially interrupted at the crack front and a part of the wave has
been reflected. As the wave is continuously propagating in time and space, the



wave pattern is also changing every time increment, as depicted in the red squares
in Fig. 2b and 2d. Differential images of wave scatter can be created from those
images. More on this processing can be found in results and discussion section.

SPO Approach for Random Damage Location by Pulse-Echo Technique

For an unpredictable damage location such as an impact, the time-dependent
wave scatter image approach is hardly useful since it requires too many simulations.
In this case, we define the sensor coverage area as the circular area in which all
pixels are covered within the distance between PZT and the damage. Fig. 3a depicts
an example of a single PZT in the random damage scenario in simplified square
structure represented by 10 x 10 pixels. A damage which is close to the PZT will
result in smaller coverage area (blue pixels in Fig. 3b). The further the damage is
located from the PZT, the larger coverage area will be (red pixels in Fig. 3c).

Damage 1 Damage 1 Damage 1
! 1
:rPZT-Damagel: PZT PZT
PZT ' e——
,»’,! N
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-y 0y, <
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\ \ \
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Figure 3a: Scenario with 3 random Figure 3b: Area covered between PZT Figure 3c: Area covered between PZT
damages and Damage 1 and Damage 2

There are two main wave attenuations during Lamb wave propagation: 1).
attenuation due to a geometric barrier (e.g. rivet holes or step thickness) and 2). a
frequency attenuation factor due to material properties. Even without geometric
spreading, an attenuation by material properties will always take place. Thus we
define the target function f which represents the coverage area A at pixel p(xi,y;) as

f(4,y,)=a-In(A)-exp() ©)

In Eq. (5), a is the attenuation parameter due to geometric spreading in an area
A which is measured from the distance between the PZT and the pixel, and B is the
frequency attenuation factor [20] which increases if the excitation frequency is
increased. By calculating f for all pixels, the total score TS for a certain sensor
position S at pixel ps(xi,y;) in the structure with a geometric barrier B at pixel



pe(Xm,yn) is defined in Eqg. (6). The sensor coverage can then be mapped as a
function of the pixel coordinate.

TS(%,Y;) =2 fs (%, ¥;) = fa (X, Va) (6)

RESULTS AND DISCUSSION
Differential Images of Wave Scatter with Blob Analysis

Differential images of the wave scatter are depicted in Fig. 4a-d, where the
green pixels are increased signal and the magenta pixels are reduced signals due the
crack. MATLAB has quick and ready-to-use blob detection algorithm in the image
processing toolbox, which was used for the analysis. The images were first
converted into 256 greyscales (see Fig.5a-d), and the area of the non-white pixels
(either the increased or reduced wave portion) are detected as blobs whose
boundaries are marked by red polygons and whose centroid can be calculated. Each
centroid of the blobs can be calculated. Physically, these centroids correspond to the
averaged changes in the wave scatter and accordingly, to maximize damage
detectability a PZT sensor should be placed at the centroid coordinates.

In Fig. 5a-d, the largest centroid is marked by the red dot, the second largest by
the green dot, and the remaining centroids by the blue dots. The coordinates of the
largest centroids are given by Table 1. The scaling is 4.81 pixels per cm. In later
work, we plan to develop an algorithm which combines the centroid coordinates
from all time frames to assess the variation of the crack angle on the detectability.

(B

b) c) d)

f ) s = ® = i
Ui S = B Ret

Figure 5: Detected blobs in Fig. 4a-d, where the red dot is the largest centroid, the green dot is the second largest
centroid, and the blue dots are the remaining centroids



Time Largest centroid Second-largest centroid

frame [pixel] [cm] [pixel] [cm]

30 ps (385,443) (80.0,92.1) (385,22) (80.0,4.6)

40 Ys (388,529) (80.7,110.0) (386,280) (80.2,58.2)

50 s (389,644) (80.9,133.9) (385,123) (80.0,25.6)

60 s (296,44) (61.5,9.1) (476,35) (99.0,7.3)
Table 1: (X,Y) — Coordinates of the largest and second largest centroid in pixels and in cm

Sensor Coverage Score Mapping

As a demonstration of the total score mapping in Eq. (5), a flat plate with
dimensions of 80 cm x 50 cm was modelled. The spatial resolution was 1 cm?, so
there are 4000 pixels in total. By calculating the target function f from Eq. (5) for
every pixel, a coverage map can be built. As an example, sensor placement at
coordinate (x|y = 40|25 cm) gives the coverage map depicted in Fig. 6, where the
area closer to the PZT is marked by blue to green color indicating a higher f-value,
thus better damage detectability and the area further from the PZT has reduced
damage detectability, which is marked by yellow to red color.

This approach was extended to the riveted lap joint with multiple rivet holes
depicted by Fig. 7. The plate has the same dimension as previously mentioned and
sensors were placed at (x|y = 10|25 cm) and (x]y = 70|25 cm). In this plate, several
rivet holes exist and their coordinates are (x|y = 50[5 cm ; 50|15 c¢cm ; 50|25 c¢cm ;
50[35 ¢cm ; 5045 cm ; 60|5 cm ; 60|15 cm ; 60[25 cm ; 60|35 cm ; 60|45 cm). Also
Fig. 7 shows that area closer to the PZT is marked by a blue to green color, while
the area surrounding the rivet holes is marked by an orange to red color. The
damage detectability around the rivets is heavily reduced since the wave
propagation will be blocked by the rivet holes.

Since both Fig. 6 and Fig. 7 are only a representation of target function f of Eq.
(5) from every pixel, they cannot be scaled on the same level due to different
geometrical conditions (e.g.: without hole in Fig. 6 vs rivet holes in Fig. 7). In
future work, we plan to make an experimental validation of this approach.

Coverage Map <1074 Coverage Map
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Figure 6: Coverage map based on f-value for sensor Figure 7: Coverage map based on f-value for sensors

placement at (x]y = 40|25 cm) in an 80x50 cm plate placement at (xJy = 10|25 cm) and (x]y = 70[25 cm) in an
80x50 cm plate



CONCLUSION AND OUTLOOK

In this paper, we have proposed a workflow for sensor positioning based on a

knowledge of the damage location. An algorithm which can minimize the target
function TS will be further developed as a continuation of this project.
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