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Abstract
This article is based on research done during théhar's PhD at Cardiff University, UK.

A prototype of a novel wireless energy transmissistem aimed at the use with wireless aircraft
structural health monitoring (SHM) sensor nodesdl@éscribed. The system uses ultrasonic guided
plate waves (Lamb waves) to transmit energy alamglaminium plate, similar to those used in
aircraft structures. Three types of piezoelectrransducers generating and receiving the
ultrasonic vibration were compared. The Smart MialeMFC M8528-P1 was found to achieve
the best performance, allowing the transmissiod ©imW across a 54 cm distance, while being
driven with a 20 V signal. Laser vibrometer imagigd LISA software simulation of the Lamb
wave propagation in the experimental plate wereo gherformed. Based on these, ideas for
a further development of the system were proposed.

Keywords: Structural Health Monitoring, wireless ultrasonienergy transmission system,
transmission transducers tests

INTRODUCTION

The experimental energy transmission system destiii this article was originally aimed at
the use with wireless sensor nodes of an aircrafttsiral health (SHM) monitoring system. Such
systems are at present under investigation, amdmgrsy by the Cardiff University School of
Engineering [1]. The system is to consist of a nembf ultrasonic damage detection sensors
distributed over the structure of the aircraft. Daeaaircraft weight and assembly constraints, the
sensors should be designed to work without wiredneotions. This requires a wireless data
transmission and an autonomous energy supply soltdibe developed.

Currently the power requirement of a sensor nodstisnated at 170 mW during operation and
50 mW in sleep mode, although these values arecteghéo decrease as the development of the
technology progresses. For the purpose of the aotons energy supply, various types of
batteries as well as vibration and thermal energgvédsting devices are considered. Due to
regulatory and life time considerations batteries asually ruled out in aircraft applications.
Energy harvesting devices, on the other hand, noay@ able to provide sufficient power during
all phases of aircraft operation.

In an attempt to overcome the above shortcominggredess energy transmission system was
proposed. The proposed system uses ultrasonic dyyole waves (Lamb waves) propagating
through the aircraft structure to transmit energySHM sensor nodes. A vibration generator
(“transmitter”) is to be positioned near an exitpawer supply line in the aircraft and be supplied
with energy from this line. The vibration will thgmropagate through the structure in the form of
plate waves. Upon reaching a sensor node, the ingomibration will drive a piezoelectric
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transducer (“receiver”) and generate electricityohhwill be used to power the sensor electronics
(Figure 1).
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Figure 1. lIllustration of the concept of the ultrasonic energy transmission system
for aircraft SHM sensors

REVIEW OF PREVIOUSUL TRASONIC ENERGY TRANSMISSION DEVELOPMENTS

Energy transmission using ultrasound has been nabssh previously. Published work
concentrated on the transmission through the teskrof a solid material with the use of bulk
acoustic waves. Setups aimed at applications imarecal engineering were reported by several
research groups [2] — [6]. Typically the applicatiwwas the power supply to sensors located inside
pressure vessels without the need to breach theelvesall. Applications in the medical
engineering field, aimed at supplying power throtighue to implants were also reported [7], [8].
The power throughputs ranged from 30 mW to 1 kWhechanical engineering applications and
from 0.002 to 0.2 mW in medical engineering appiaes. Transmission distances in all
applications were not higher than 150 mm. More médgea start-up company began working on
a wireless charging solution for mobile consumeviaks [9]. The proposed system is to use
focused beams of ultrasound propagating througatalistances of several metres.

LAMB WAVE ENERGY TRANSMISSION SYSTEM CONCEPT

The SHM power supply application requires energpgmission with throughputs on the order
of 100 mW across distances on the order of oneet@ral metres. Because of the required
distance, the previously developed bulk acousticeAlzased systems cannot be directly applied.
The energy transmission system described in thideatakes advantage of the fact that aircraft are
built of plate structures. Acoustic vibration prgpges in plates in the form of a particular type of
a guided wave, known as the guided plate wave @l wave, after the researcher who first
described it) [10]. This type of wave, as showihis article, is characterised by a low attenuation
over distance. This makes it particularly suitaddea medium for energy transmission.

EXPERIMENTAL LAMB WAVE ENERGY TRANSMISSION SETUP

The aim of the research described in this articds wo build a proof-of-concept Lamb wave
energy transmission system, understand factorgeindling its performance and identify the best
performing types of piezoelectric transducers toubed as transmitters and receivers of guided
plate waves.

The experimental system was built on a 1000 x 88 a5 mm thick aluminium plate. The
distance between the transmitting and the receivargsducers was 535 mm (Figure 2).
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Figure 2. Dimensions of the experimental aluminium plate and locations of transducers

Three transducer types were investigated. The M@NEgD kHz transducers had originally
been developed as aviation acoustic emission SHigose [11]. It is made of a ~18 mm diameter
x ~10 mm tall lead zirconate titanate (PZT) crystatiosed in a brass case. The size of the crystal
results in well-defined resonance frequencies &t drid 150 kHz, and a narrow band (of several
kHz) around the 117 kHz resonance within whichttaasducer operates efficiently.
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Figure 3. Photograph of the three types of piezoelectric transducers used
in the experimental energy transmission system

The remaining two tested transducers were of thehpgpe. This work is, to the author’s
knowledge, the first example of the use of suchddacers in the ultrasonic energy transmission
application. The Mide Quick Pack QP10n transduséilt from a 0.25 mm-thick solid sheet of
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PZT [12]. The dimensions of the sheet are 20 x 46 (other transducer sizes are available from
the manufacturer). The transducer is brittle anthoaibe bent without damage. The rigidity of the
transducer patch results in the existence of maltipsonances within the investigated frequency
range of up to 200 kHz. As shown below, this chizrstic made the Quick Pack-based energy
transmission function efficiently only in narroneffuency ranges.

The Smart Material MFC M8528-P1 is built from mplé parallel PZT fibres in an epoxy resin
matrix. The fibres are approximately 18t tall and 36(Qum wide and separated from each other
by approximately 5um [13]. Such a composite structure makes the amtdigxible, which is
a significant advantage over rigid actuators sushthee Quick Pack. The dimensions of the
investigated transducer were 85 x 28 mm (otherssae also available). The flexibility of the
fibre-based transducer resulted in a lack of resoem, which made the transducer function
efficiently across a broad frequency range.

The transmission transducers were driven with aileAg33220A signal generator. The drive
circuit also comprised an inductor for the compénsaof the transducer reactance and a resistor
for the current measurement. The signal generatmuges voltage waveforms with up to 20 V
peak-to-peak amplitude. Since the maximum drivetagad of the patch transducers is
approximately 1000 V [14], an increase of the dvedtage amplitude is a simple way to increase
the system power throughput beyond values repantdds article.

The reception transducers were connected to aitcc@onprising a load resistor and a reactance
compensation inductor. The voltage drop across$oid resistor was used to derive the magnitude
of the received electric power. All voltage measugats were made using an Agilent four channel
digital oscilloscope.

ENERGY TRANSMISSION MEASUREMENTS

Energy throughput of three setups, each contaiingair of transducers of one of the
previously described types, was measured. The merasat was performed across the frequency
range of 20 — 230 kHz. Additional measurements, reported in this article, showed that the
energy throughput maxima of all investigated tramsds fell within this range. Furthermore, the
20 kHz lower limit was chosen in order to ensurattkthe system operated above sound
frequencies audible to humans. Recorded power rnrigsgn characteristics are shown in
Figure 4.
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Figure 4. Transmitted power characteristics of investigated setups

The McWade transducers was the least efficienhefihvestigated types. The setup based on
this type transmitted 0.001 mW of power when drivéth the maximum available 20 V signal.
The reported energy throughput occurred only atlthiz kHz resonance frequency and decreased
steeply away from it.
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The Quick Pack transducer setup transmitted 13 mithl &1 % efficiency. The optimum
frequency range was also narrow and was centreshdr®s kHz.

The MFC transducer transmitted 17 mW with 30 % cedficy. Unlike the previous two
transducers, its operating frequency range was.Wie optimum frequency was 224 kHz, and
the power throughput decreased gradually, reacBih@bo of the maximum at approximately
200 Hz.

The MFC transducer was shown to perform signifigattetter in the ultrasonic power
transmission application than the other two tedtadsducer types. The power throughput and
transmission efficiency achieved with the MFC tduter were the highest of the three tested
transducer types. In real-life application, the M&=@ide operating frequency range will make
achieving a close-to-optimum operating frequengyi§icantly easier. Also matching transducer
examples with slightly differing frequency charatdtcs will not pose a difficulty. Finally, the
adjustment of the operating frequency in order ¢ooant for Lamb wave propagation effects
(such as the formation of a standing wave, as textin the next section) will be possible to be
made without a large decrease in the available maxi power throughput.

LAMB WAVE PROPAGATION MAPPING AND SIMULATION

The propagation of the Lamb wave in the experiniepkae was imaged using a Polytec
scanning laser vibrometer. Subsequently, the ptgag was modelled using LISA finite
difference method software.

Figure 5. shows vibration amplitude maps takenguéive vibrometer during the operation of
the Quick Pack (left image) and the MFC (right impgansducers. The maximum amplitude of
vibration generated by the Quick Pack is 30 nm artdnm when generated by the MFC (the
numbers are zero-peak values). Immediately visaloke standing wave patterns. These patterns
emerge as waves propagating from the transducetstharse reflected from the plate edges
overlap and interfere. The difference between #tepns generated by the two transducer types
correspond to transducer directional charactesisitie Quick Pack-generated pattern is periodic
in two perpendicular directions — along and actbsstransducer length. Directional transmission
measurements [15] showed that this transducer gesetamb waves of similar magnitudes with
both its shorter and longer ranges. Waves propagationg two perpendicular axes and their
reflections interfere to create the observed patter
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Figure5. Vibration amplitude cans of the experimental plate during the operation
of the Quick Pack and the MFC transducers. Magenta denotes maximum recorded values
(30 nm for the Quick Pack and 1.5 nm for the MFC). Operating frequencies are 65 kHz
for the Quick Pack and 181 kHz for the MFC.
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The MFC-generated pattern is periodic in one dimact along the transducer’s longer edge.
Directional transmission measurements [16] showtthia transducer generates Lamb waves only
in the direction along its longer edge, which cep@nds to the one-directional periodicity of the
interference pattern.

The wavelengths of the standing waves are in ageaenvith the Lamb wave wavelengths
expected at the investigated operating frequenods65 kHz (the Quick Pack operating
frequency) the theoretically-derived asymmetrig)(RBamb wave mode wavelength in a 1.5 mm
thick aluminium plate is 14.6 mm. The measuredditapwave wavelength is 8 mm. This is close
to %2 of the propagating wave wavelength and iggnre@ment with the theoretical expectation.

The Ay mode wavelength at 181 kHz (the MFC operating deegy) is 8 mm, and the
measured standing wave pattern was 4 mm — alsgré@ement with theory.

The symmetric (§ mode amplitudes generated by both transducestgpe approximately 10
times smaller than thep/Anode amplitudes [16]. This explains the absencano® mode-related
interference patterns in the vibrometer scan.

Figure 6. shows the maps of continuously transohitieamb wave propagation in
a model of the experimental plate simulated usihggltiISA software. While the laser vibrometer
maps showed amplitudes of vibration of the platéase (the time and wave phase information
was missing), the simulated maps show snapshdteqiropagating waves at a particular point in
time. The wavelength of the simulated pattern atenin (for the Quick Pack model at 65 kHz)
and 8 mm (for the MFC model at 181 kHz). These eslare close to the theoretically-derived A
mode wavelengths at both frequencies. Overall, dgeeement between the measured and
simulated Lamb wave propagation patterns is satigfy
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Figure 6. Snapshots of smulated in-plane x-axis (horizontal on the illustration)
component displacement. Vibration is continuoudly transmitted by a Quick Pack (left) and MFC
M8518-P1 transducer model (right). Snapshots taken 10 msinto simulation

The following information about the design of thestem can be drawn from the measured
patterns. Firstly, the Lamb wave wavelength is mpldttimes shorter than the length of the
transducer. Such a situation is not favourablegcesihamb waves are generated and received
optimally when the length of the transducer is elts Y2 of the wavelength [17]. This indicated
the possibility to optimise the transducer desi§acondly, due to the existence of the standing
wave pattern, it is possible that the receivingigchucer will be located in an area where the
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vibration amplitude is decreased due to destrudtiverference. Because the geometry of the
standing wave changes with frequency, a frequencyng system can be envisioned. Such
a system could adjust the pattern until the vibratat the receiver location is maximised. The
MFC transducer is best suited for the operatiom wiich a system, due to this transducer’s wide
operating frequency range.

CONCLUSION

In the reported study the feasibility of the Lamlawe energy transmission method was
demonstrated. An experimental setup consisting bamm thick aluminium plate and pairs of
transmitting and receiving transducers was builte Bnergy transmission distance was 54 cm.
Three transducer types were evaluated. The befirpeng type, the MFC M8528-P1, achieved
a power transmission throughput of 17 mW with 3@#ficiency at 220 kHz frequency while
being driven by a 20 V peak-to-peak voltage. Tla@gmitted power is of an order of magnitude
lower than required by the currently developed giygde SHM sensor node. This value, however,
can be increased by increasing the drive voltageciwin reported experiments were at 2 % of the
transducer maximum.

Imaging of the Lamb wave propagation in the experital setup plate was performed using
a scanning laser vibrometer. The imaged patternggmond to the theoretical expectation. The
patterns were used to derive knowledge about theacteristics of the transmission system and
propose improvements to the design. A simulatiohef wave propagation was also conducted
using the LISA software. The results of the simolamatch the experiment.
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