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Abstract. The condition of avionic structures has to be continuously monitored. In
favor of such a Structural Health Monitoring (SHM), the evaluation of acoustic Lamb
waves can contribute substantially. Methods for an effective, signal processing are
required to detect wave modes and to reduce noise as much as possible. Frequently, a
further necessity exists to integrate the measuring technique into the structure to be
monitored. To meet these requirements, sensor near units for signal processing have to
be developed, which can be connected as nodes within a network.
A compact, sensor near signal processing structure has been realized containing
components for analog preprocessing of acoustic signals, their digitization, algorithms
for data reduction and network communication. The core component is a digital signal
processor (DSP), which effectively performs the basic algorithms necessary for
filtering, down sampling, mode selection and correlation of spectral components.
For a fiber composite plate as the first application, impact detection and
characterization of delaminations were realized. Starting from the simulation of wave
propagation, characteristic signal parameters were determined. In some experiments, it
could be proven that impact locations and delaminations can be identified from the
detected Lamb waves. The final aim is to develop a special Structural Health
Monitoring (SHM) system for selected aircraft components (e. g. stringer elements,
panels).

1. INTRODUCTION
There exist several structural health monitoring concepts for damage detection in fiber
composite materials including fiber Bragg sensors and modal analysis techniques. The former
one provides information only when the damage is near the sensor, while traditional
vibration-based monitoring techniques deliver only global information about the structure by
identifying and analyzing specific resonance modes. Due to the low frequencies only large
defects can be identified in many cases, which cannot be precisely localized in general.
For crucial parts of a structure, vibration monitoring can be efficiently supplemented
by using elastic waves in the kHz frequency regime. These ultrasonic waves have a shorter
range but are more sensitive to smaller defects and thus, can serve as an early-warning system
raising an alarm long before a critical damage occurs. If the wavelengths are of at least the
same size or larger than the typical dimensions of the structure, the waves are called “guided
waves”.
In using elastic waves in structural health monitoring, two different approaches are
applicable, a passive and an active one. For a passive SHM system only sensors are needed
and “natural” sources like impact, ambient vibrations or acoustic emission (AE) caused by
crack generation and growth are detected (Fig. 1). The AE events can be localized and
characterized. This configuration can also be used for imaging purposes using acoustic
emission tomography [4].
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In an active SHM system, the transducers are acting as both, sensors and actuators
(Fig. 2). By using pulse-echo or acoustic signature techniques, scattered waves from inside
the structure or changes in acoustic signature response can be detected and used as damage
indicators. A set of transducers spans a so-called “synthetic aperture”. By temporally delayed
excitation and detection by individual actuators and sensors, elastic wave fields can be
focused to specific control volumes of the structure serving as basis for powerful SHM
imaging techniques.

Sensors/Actuators

Sensors

Fig. 1: Passive SHM approach: The sensors are used
for detection of acoustic emission events caused by
impacts or crack generation and growth. Also
ambient vibrations can be monitored in principle.

Fig. 2: Active SHM approach: The transducers are
used as both, actuators and sensors, in pulse-echo or
transmission mode. Changes in acoustic signature
response due to delamination generation and growth
serve as damage indicators during lifetime of the
structure.

Guided waves in their simplest form can be found in plate-like structures through
which so-called Lamb waves are propagating. In general, symmetric and antisymmetric wave
modes are being distinguished (Fig. 3 left picture). The dispersion diagram of a 1.5 mm thick
aluminum plate showing phase velocity as a function of frequency reveals that various
symmetric and antisymmetric wave modes are present and that they are dispersive in general
(Fig. 3 right picture). In most cases, SHM techniques are working in the low-frequency
regime below 500 kHz and thus, only the 0th order Lamb waves are of interest for monitoring
applications.
In addition to the Lamb waves, also horizontally polarized shear waves (SH waves)
can be used. In contrast to the Lamb waves the 0th order SH wave is non-dispersive.
Numerical and experimental investigations show that each wave mode mentioned above
exhibits different sensitivity to specific kinds of damage. For example the antisymmetric
mode turns out well-suited for detection of delaminations.
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Fig. 3: Modes of vibration for 0th order Lamb waves (left). Dispersion diagram on the right: Phase velocity as a
function of frequency (for a 1.5 mm thick aluminum plate), showing various symmetric and antisymmetric wave
modes. The 0th order SH wave (horizontally polarized shear wave) is non-dispersive.
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In Fig. 4 the interaction of Lamb waves with internal defects obtained by numerical
simulation using the elastodynamic finite integration technique (EFIT, [5]) is shown for an
anisotropic 3 mm thick GFRP plate, an incident A0 mode scattered by a circular
delamination.

Fig. 4: Interaction of A0 mode with a circular
delamination in a 3 mm thick GFRP plate.

2. PZT fibeR transducers
For the SHM system piezo fiber transducers made of lead zirconate titanate (PZT) are used
due to their low thickness and flexibility. Fig. 5 shows the layout of a PZT fiber transducer
with the corresponding electrode structure. It can be used for both, excitation and detection of
elastic waves.
The directional characteristics of the PZT fiber transducer depends on its size, the
material properties of the structure and the signal frequencies used for monitoring. Therefore,
transducers optimized for specific kinds of structures can be designed and applied. Moreover,
by using enhanced electrode configurations, a wave-mode specific excitation and detection of
guided waves is possible.
The PZT ceramic is prepared by a special sol-gel process. Gelous PZT-precursors are
spun to thin fibers with a diameter of around 30 µm. The endless green fiber is cut into 30 cm
long threads to be sintered at 1100 °C in a special gas atmosphere. The sintered piezoceramic
fiber threads are embedded in a polymer matrix and electrically connected with silver
electrodes in an interdigital design (Fig. 5). After polarization in an electrical field of 3
kV/mm these thin and flexible transducers (Fig. 6) are ready for use.

Fig. 5: Interdigital electrode on
piezoelectric fibers, image courtesy
Fraunhofer ISC

Fig. 6: Piezoelectric fiber composites
- moldable to different geometries, image
courtesy Fraunhofer ISC
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Tests of fiber sensors laminated into a glass fiber reinforced plate show a high
sensitivity to impact events depending on the orientation of the fibers. For ultrasonic
applications the piezoelectric transducers can be manufactured in a special design for
frequencies up to higher than 10 MHz. Fig. 7 shows a transducer resonance in the impedance
spectrum of a piezoelectric fiber composite. The transducers are developed and produced by
Fraunhofer ISC Würzburg.
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Fig. 7: Resonance of an ultrasonic transducer.

3. Sensor Node Electronics
Acoustic monitoring of aircraft structures requires signal processing to be located nearby the
sensor, in order to reduce failures. Such signal processing components comprise analog
processing units like analog filters and amplifiers, data reduction algorithms and digital
communication. Digital signal processors are capable of computing the necessary basic
algorithms like filtering, down sampling, fast Fourier transformations and correlation of
spectral signal parts. For this purpose, compact electronic modules are needed which integrate
analog electronics and a DSP with peripheral components as well.
To standardize the development of microsystem components, we use a 3D-packaging
technology. It consists of several modules manufactured with micro-techniques, suitable to be
combined to application specific systems (Fig. 8).

Fig. 8: Principal construction of sensor node electronics (here: four modules with assembled bottom PCB’s).

The 3D-packaging technology facilitates to stack several PCB’s (printed circuit
boards) on top of each other and thus making full use of the third dimension. As PCB basic
material Al2O3 ceramic with a thickness of 50 mm is used. Each module consists of a
“bottom” PCB, a frame and a “cover” PCB. The bottom as well as the cover can be assembled
with electronic circuits like COB (chip-on-board) or CSP (chip-sized-packages). For

4

applications in acoustic diagnostics, a customized Ball-Grid-Array (BGA) has been designed
in thick film multilayer technology, as a stacked 3D-BGA based on the generic construction.
Fig. 9 shows the stack configuration of the sensor node module including the following
operational elements:
1. Piezoelectric transducer for receiving and transmitting of elastic waves from/into a test
specimen
2. Evaluating processor unit as a 3D microelectronic system with four modules:
- sensor interface with analog preamplifier
- waveform generator with power amplifier
- digital signal processor (DSP) with A/D converter for signal detection, signal
processing, control and communication via digital standard interface, e. g. CAN-bus
- power supply module.

Fig. 9: Stack configuration of a sensor node.

The completely stacked BGA with the four modules contains a total of 33 conductive layers
and 1440 balls. Fig. 10 illustrates the mechanical dimensions of one single module.

Fig. 10: Dimensions of a single module.

4. Realization of Circuitry
As a great advantage in comparison with the conventional PCB technology, AL2O3
technology offers much better heat conductivity, enabling a higher power consumption
concentration and thus a larger integration value. The modules are configured as Ball-Grid5

Arrays and consist of a cover and a bottom board, connected via one or two frames. (Two
frames are necessary if higher electronic packages are to be assembled on the bottom or cover
board.) Cover and bottom board carry the electronic elements on one side and can
communicate with each neighboring module via 144 ball pins on the other board side. The
frame serves as a wiring carrier with 108 plated-through holes, the limiting factor for data
transmission. The frame has to carry the connections between cover and bottom as well as the
data bus of the whole sensor node system.
The schematic circuit diagram of the partial components is represented in Fig. 11. The
central electronic element is a digital signal processor, configured with peripheral components
as quartz, RAM etc. in one BGA layer. It contains, besides the components for fast signal
processing, a 16 channel 12Bit Analog-Digital-Converter (ADC) with a sampling rate of 12.5
MSamples/s and a CAN interface (CAN: Controller-Array-Network). The power supply
module provides the necessary voltage for all components. It needs an input voltage in the
range 9-28 V.

Fig. 11: Components of the realized 3D package.

Analog components of the sensor node are a waveform generator / power amplifier
module and a sensor interface module. The waveform generator configures a 64kByte SRAM
in which a freely selectable waveform can be loaded via SPI interface (SPI: Serial Peripheral
Interface). This waveform is sampled with 18 MHz and converted by a Digital-AnalogConverter (DAC). The connected power amplifier controls a piezoelectric actuator.
The acoustic signal, transmitted by the piezoelectric actuator, is modified
characteristically by the test specimen and is detected by a piezoelectric sensor element.
Adapting the input signal to the ADC element is the task of the sensor interface module which
consists of amplifier and filter elements. The ADC is digitizing the pre-processed input signal
and the DSP stores the data in the RAM. Algorithms of signal processing (e.g. digital
filtering, fast Fourier transform, correlation), implemented in the firmware of the DSP,
generate specific parameters describing the transfer behaviour between sensor and actuator,
ultimately characterizing the test specimen. In the following, two characteristic BGA layers of
the sensor node electronics are described in order toillustrate the properties of an individual
sensor node.
DSP module
Characteristic features of the DSP are:
• 32Bit fixed point DSP
• Clock PLL at frequencies of 15-150 MHz
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• Processing power of 400 MIP’s
• 16 channel 12Bit ADC with sampling rate of 12.5 MSamples/s
• Flash memory of 128 kWords
• RAM of 18 kWords internal, 1 MWords external
• Interfaces: CAN, SPI, SCI, PWM, GPIO, IRQ, 1Wire, I2C
• Modes: Idle, Standby, HALT
• Timer: Watchdog, three general purpose 32Bit timers.
Fig. 12 and 13 show the bottom and the cover board of the DSP module.

Fig. 13: Cover board - DSP element and
peripherals.

Fig. 12: Bottom board - external RAM.

The Waveform generator module holds an SRAM 512 kByte waveform memory and a power
amplifier for capacitive loads with the parameters: 38 Vpp, 1 A, 5 MHz.
Other modules: There are different analog input modules with several filter and amplifier
configurations, depending on features of the connected sensor. Hence, no universal feature
description can be given. For wireless data transmission, a Bluetooth module is available too.
5. Applications
By connecting a complete BGA module with a CAN-Bus connector on the one side and a
miniaturized piezoelectric disc on the other side, the sensor network node of Fig. 14 has been
obtained (Fig.14).

Fig. 14: Sensor network node.

Combining four of such sensor nodes, an elementary impact detection and localization
system for plates has been developed (Fig. 15). Beyond this simple instance, such systems can
be demonstrated for various materials as GFRP, CRFP or GLARE. In these cases, the
transducers are integrated in the composite material. It is essential that, besides the four sensor
nodes, only a simple PC with CAN interface for data visualization is required.
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Fig. 15: Instrumentation of a composite plate with four sensor/actuator nodes.

Fig. 16 shows an aircraft sandwich-wing with embedded PZT fiber transducers. The SHM
system is able to detect impacts, fiber cracks and delaminations in this sample and also in
other similar structures. The typical production process for such structures needs only minor
changes to ensure reliable electric contacting of the transducers after curing the fiber
composite material.

Fig. 16: Embedded PZT fiber transducers for Structural Health Monitoring of an aircraft wing. Image
courtesy Fraunhofer LBF.
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