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The use of energy harvesting for powering wireless sensors is made more challenging in most applica-
tions by the requirement for customization to each specific application environment because of specifici-
ties of the available energy form, such as precise location, direction and motion frequency, as well as the
temporal variation and unpredictability of the energy source. Wireless power transfer from dedicated
sources can overcome these difficulties, and in this work, the use of targeted ultrasonic power transfer
as a possible method for remote powering of sensor nodes is investigated. A powering system for pipeline

Key words: monitoring sensors is described and studied experimentally, with a pair of identical, non-inertial piezo-
Wireless power transfer R . . ..

Ultrasonic electric transducers used at the transmitter and receiver. Power transmission of 18 mW (Root-Mean-
Acoustic Square) through 1 m of a 118 mm diameter cast iron pipe, with 8 mm wall thickness is demonstrated.
Pipeline By analysis of the delay between transmission and reception, including reflections from the pipeline
Monitoring edges, a transmission speed of 1000 m/s is observed, corresponding to the phase velocity of the L(0,1)
Sensor axial and F(1,1) radial modes of the pipe structure. A reduction of power delivery with water-filling is

observed, yet over 4 mW of delivered power through a fully-filled pipe is demonstrated. The transmitted
power and voltage levels exceed the requirements for efficient power management, including rectifica-
tion at cold-starting conditions, and for the operation of low-power sensor nodes. The proposed powering
technique may allow the implementation of energy autonomous wireless sensor systems for monitoring
industrial and network pipeline infrastructure.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Remote powering of wireless sensors can resolve the main lim-
iting factor in the widespread adoption of wireless sensor network
(WSN) technologies. The maintenance and environmental burden
of battery usage has become more important, despite the signifi-
cant energy density increases of the last decade, because of the
expansion of applications requiring the permanent installation of
a large number of sensors. Examples include industrial monitoring
for optimized maintenance and control, smart management of
urban infrastructure, and monitoring of resource distribution net-
works for reliability and security.

Energy harvesting, the exploitation of environmental energy
that is locally available to a sensor, has been demonstrated to con-
siderably enhance energy autonomy of a diverse range of wireless
systems. The available energy is adequate in a number of cases, but
typically requires the development of bespoke harvesting devices.
This requirement inhibits the adoption of energy harvesting solu-
tions in commercial systems.
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The case of motion energy harvesting is a representative exam-
ple. Enough energy is available in a wide range of environments,
including industrial, vehicle and infrastructure equipment. In addi-
tion, the micro-electro-mechanical systems (MEMS) technology
required for the production of motion micro generators is suffi-
ciently advanced. However, each application has a different vibra-
tion spectrum, and different power and size specifications,
requiring a customized implementation. In order to solve this
problem, a number of promising techniques have been proposed,
such as frequency up-conversion based on bi-stable systems [1],
non-linear (broadband) mechanical oscillators [2], pre-biasing of
piezoelectric transducers [3], pre-loading of cantilevers with
mechanical compression [4], and free-mass non-resonant devices
[5]. Effectively, these approaches reduce the maximum possible
energy density in exchange for broadband operation and hence
broader applicability.

In a different approach proposed here, the high-performance of
vibration energy harvesters at resonance can be exploited by
inducing vibration at a suitably selected frequency into the sensor
environment. Thereby, a resonant powering system suitable for a
range of environments such as those involving flat or longitudinal
solid structures can be developed. This approach is similar in con-
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cept to the tuning of RF harvesting devices to the central WiFi/GSM
frequencies or to a dedicated RF power transmitter [6,7].

Acoustic power transfer has been under investigation in recent
years for power delivery through metal enclosures, biological tis-
sues, and through air. Various through-wall systems delivering
more than 50 W at greater than 50% efficiency have been demon-
strated, while also incorporating communication capabilities
[8,9]. As an example, Leung et al. have recently demonstrated
74% efficient acoustic power delivery of 62 W, through a 70 mm
thick aluminium panel, using 28 kHz Langevin transducers [10].
Ozeri et al. demonstrated through-tissue power delivery of
100 mW with 39% efficiency at 5 mm distance, and 45 mW at
40 mm [11]. A comparison between acoustic and inductive power
transfer for biomedical implants has shown that the former will be
more efficient for longer distances and small receivers [12]. Finally,
contactless acoustic power transfer at short distances has recently
been studied by Shahab et al. at Georgia Tech [13]. A review of
acoustic energy transfer works including an analytical model of
through-wall systems can be found in [8].

Acoustic power transfer through solid structures may also be
applicable for longer distances, depending on the geometry and
the type of material. While highly efficient transfer may be imprac-
tical to accomplish, especially when using application-defined,
unmodified structures, the aforementioned vibration transmitter
and receiver approach may allow the use of one or more tuned har-
vesting devices, which have been shown to provide sufficient
energy density for the operation of wireless sensor networks
[14,15].

In a previous paper, a proof of concept of acoustic power trans-
fer through cast iron water pipes was presented, and the acoustic
impedance matching was analyzed with respect to efficient and
non-intrusive mounting of devices [16]. A power delivery of
330 uW at 1 m distance was demonstrated, using a 48.5 kHz sig-
nal. The intended application is the powering of multiple buried
sensors (e.g. corrosion sensors) from an accessible section of pipe.
Here, a further developed implementation is used, with an
improved device mounting method, to analyze the acoustic trans-
mission in more detail. The effect of filling the pipeline with water
is also experimentally studied, and discussed in relation to the
transmission spectrum and power level. The profile of the received
signal is analyzed with respect to transmission speed of the main
acoustic modes for pipeline structures, and reflection at mounting
points. The scaling of received power with the transmitted signal
intensity is studied experimentally and conclusions are drawn
regarding the applicability of this technique to powering pipeline
monitoring sensor systems for different classes of infrastructure.

2. System concept

The proposed concept of acoustic-powered pipeline sensors is
schematically described in Fig. 1. A power transmitter device is
attached externally to the pipe surface. Through an impedance
matching acoustic contact, it can inject vibrations into the pipeline
structure at a chosen frequency.

Depending on the mounting method, the vibration is transmit-
ted along the pipeline, through the pipeline wall or through the
fundamental guided acoustic modes of the cylindrical structure,
i.e. the axial (longitudinal) L(0,1), radial (transverse) F(1,1), or tor-
sional T(0,1) modes. In the case of a liquid-filled pipeline, transmis-
sion is also possible through the liquid. These modes and their
dispersion characteristics have been extensively studied [17]. It
has been shown that the dispersion curves depend on the radius
of the cylindrical structure. In the case of an embedded pipeline,
attenuation of the L(0,1) and F(1,1) modes occurs mainly by leak-
age to the surrounding material. The water borne mode however

wireless communication

+—r
node
exciter electronics harvester
i sensor\
vibration ~. /
A
Y2
552
liquid / gas @

/
metal pipeline *

Fig. 1. Conceptual description of powering pipeline sensors through acoustic
waves.

experiences lower attenuation, offering longer propagation dis-
tances. A complete study of pipeline acoustic modes, including
attenuation in soil-embedded structure can be found in [17].

One or more acoustic harvesters installed at a distance along
the pipeline and tuned to the transmitter frequency can receive a
portion of the acoustic power that is available in the pipeline,
either for direct use or for storage and subsequent use within a
desired sensing and data transmission scheduling scheme.

The power transmitter may be integrated into the local commu-
nications server, which controls and concentrates the measured
data. The efficiency of RF wireless communication between the
data concentrator and the sensors will depend on the surrounding
environment. In cases where RF transmission is obscured, such as
in buried pipelines, the acoustic power transmission may be mod-
ulated to carry control or other information signals.

3. Experimental setup

In order to study the proposed power delivery method and eval-
uate its performance on common pipeline structures, an evaluation
setup was developed, using a 1.8 m long, 118 mm diameter cast
iron tube, with a wall thickness of 8 mm. This type of pipeline is
commonly used in existing urban water distribution infrastruc-
tures, such as Thames Water’s distribution network in London, U.
K. The pipe was supported by two 150 x 150 x 50 mm polystyrene

pipeline
base

Fig. 2. Experimental setup concept used for evaluation of acoustic power transfer
through cast iron pipe.
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pads centered at a distance of 200 mm from the pipe ends. A sche-
matic description of this experimental setup is presented in Fig. 2.

A practical exciter/receiver installation method usually requires
more than one points of contact. In designing transducers cus-
tomized for particular transmission modes, these points of contact
must be selected with precision, taking into account the propaga-
tion speed and phase of the acoustic wave. In turn, this would
imply specific frequency bands, which is fine for an optimized pro-
duct design but not convenient for a broadband power transfer
study. Therefore, for the implementation developed and used in
the present work, a simple PZT layer and acoustic matching design
is employed, with an aluminium reflector and adaptor as depicted
in Fig. 2. This design allows the transfer of both the axial and radial
modes of the PZT disk to the radial, F(1,1), and longitudinal, L(0,1),
modes of the pipe structures respectively. The PZT disk was
selected to suit the size of typical embedded sensors and the pipe
diameter, but also to achieve a large vibration displacement and
thereby reduce the effect of interface gaps.

The power transmitter consists of an APC International Ltd PZT
850 disk with diameter 48 mm and thickness 7.9 mm, stacked
between a 60 x 60 x 20 mm aluminium reflector on top, and an
aluminium adaptor of the same size with a concave underside.
The density, dielectric constant and voltage constant of the PZT
850 material are 7600 kg/m>, 1900 and 26.8 mV/m respectively
[14]. The disk dimensions correspond to radial and axial resonance
at 50 kHz and 300 kHz respectively [16]. The electrical impedance
of the PZT disk was measured before installation. The results are
plotted in Fig. 3, demonstrating the expected radial and axial reso-
nance and corresponding harmonics. The effect of installation to
the impedance spectrum is to smoothen the resonance peaks,
due to the resulting mechanical coupling between the disk and
the structure [16].

An image illustrating the transmitter, pipe and receiver is
shown in Fig. 4. Therein, a red hook-and-loop strip is used for
clamping. For the experimental evaluation presented in this paper,
a G-clamp was used with silicone grease at the interface to
improve acoustic coupling. The transmitter was mounted at a dis-
tance of 400 mm from one end. An identical stack was used at the
receiver, mounted in the same way, 400 mm from the other end of
the pipe. The distance between the centers of the transmitter and
the receiver was 1 m.

A block diagram of the transmitter driver and measurement
systems used during the experiments is shown in Fig. 5. A signal
generator and a Falco WMA-300 high voltage amplifier were used
to drive the PZT ceramic, through a 4 W, 27 Q resistor to allow
monitoring of the current. The voltage and current of the transmit-
ting transducer were monitored using an oscilloscope. The voltage
at the detector was also monitored by an oscilloscope, in both open
circuit and loaded conditions. A 0-10 kQ variable resistor was used
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Fig. 4. Image of the experimental setup showing the transmitter transducer stack.
The receiver is also visible, at the other end of the test pipe.

Signal
Generator
Oscilloscope
|
Falco
WMA -300
Amplifier . .
transmitter receiver
| PZT || PzT | R
AAA% d
27 Q

Fig.5. Block diagram of the driving and measuring circuit.

as the load, allowing the determination of the optimal load value
for maximum real power delivery.

4. Power transmission

A series of experiments was performed to study various aspects
of the proposed method. This study included the maximum power
delivery that can be demonstrated by this setup, the delay and tim-
ing of different wave components arriving at the receivers, the
effect of water filling and the scaling of output power with input
power.
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Fig.3. Measured impedance amplitude (left) and phase (right) of the PZT disk.
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In all experiments the maximum power delivery was observed
for a drive frequency of approximately 48 kHz. This corresponds to
the resonance of the Mason model of the @ 48 mm PZT disk, in the
radial direction [16]. A plot of the voltage input at the transmitter
and the voltage output at the receiver measured across a 1kQ
resistive load, is shown in Fig. 6. The input and output amplitudes
are 150V and 6V respectively. This corresponds to continuous
Root-Mean- Square (RMS) power of 18 mW delivered to the recei-
ver load. This compares well with the power requirements of sen-
sor nodes, which depending on the sensing scenario and the type of
sensor can have an average power demand in the range between
0.1 mW and 100 mW. Moreover, the voltage output is high enough
to support efficient direct passive rectification. This is critical
because it allows cold-starting, which is a highly desirable feature
of energy autonomous systems.

5. Wave modes and delay analysis

Given the short length of the pipe sample used in the labora-
tory, reflections from the ends may play an important role in the
power that is picked up by the receiver. This can be examined by
modulating the excitation at the transmitter with a pulsed signal
and analysis of the waveform shape at the receiver. A 2 ms pulse
excitation at 47.5 kHz is shown in Fig. 7. The shape of the received
signal indicates the existence of more than one received pulse. The
delay between the transmission start and the start of the received
pulse is 1 ms. Given that the distance between the transmitter and
the receiver is 1 m, this delay indicates a wave speed of 1000 m/s,
which corresponds to the speed of the first order axial, L(0,1) and
radial, F(1,1), modes of iron pipes for this frequency range, as pre-
dicted by Long et al. [17].

The bulk cast iron propagation speed of longitudinal waves is
4600 m/s. Such a fast signal is not observed in the results of
Fig. 7. At this speed and the operating frequency of 47.5 kHz, the
bulk wavelength would be ~10 cm; since this is more than 10x
the wall thickness, such bulk waves would not be expected to
propagate. In order to analyze the morphology of the received sig-
nal, propagation through the fluid inside the pipeline should be
considered, as well as the expected reflections coming from the
pipeline ends and mounting points. To assist this analysis, the
velocities of different modes of vibration transmitted through the
cast iron pipe and the filling fluid are summarized in Table 1.
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Fig. 6. Transmitter and receiver voltage at 47.5 kHz, at a distance of 1m. A
continuous received signal with amplitude 6 V on a 1 kQ load demonstrates 18 mW
(RMS) of received power.
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Fig. 7. Transmitter and receiver voltages at 47.5 kHz, with an 1 kQ receiver resistor,
for a separation of 1 m, using pulse modulation to study the morphology of the
received signal.

Table 1

Speeds of vibration propagation through cast iron pipelines.
Mode Value (m/s)
Bulk cast iron longitudinal wave 4600
Axial (longitudinal) wave L(0,1)* 1000
Radial (transverse) wave F(1,1)* 1000
Air at 20 °C 343
Water at 20 °C 1482

? For a frequency-radius product >1 MHz mm [17].

An analysis of the expected time of arrival of the main signals
contributing to the received waveform are plotted in Fig. 8. In this
analysis, only the timing is studied; signal attenuation and reflec-
tion efficiency are not considered, and hence a discretized ampli-
tude is used to indicate signal presence or absence. The signal
generated at the transmitter creates waves traveling in both right
and left directions. After 1 ms, the right-traveling wave arrives at
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Fig. 8. Analysis of the experimental data of Fig. 7 by comparison with the expected
arrival times of different transmission modes, including expected reflections from
the pipe mounting points.



58 M.E. Kiziroglou et al./Ultrasonics 77 (2017) 54-60

the receiver. The left wave is expected at the receiver 0.4 ms later,
as it travels a distance of 0.2 m leftward, gets reflected by the left
mounting point, and then travels rightward for 1.20 m (see Fig. 2
for a geometry reference). The reflection of the right wave from
the right mounting point also arrives at t=1.4ms. In addition,
the portion of the signal traveling through air arrives at t =3 ms
and, as the tube is open from both sides, does not include signifi-
cant reflections. A curve showing the overlapping of different sig-
nals is shown in Fig. 8 (light blue in the electronic edition), with
label “Signal arrival at receiver”, in comparison with the measured
signal. According to this analysis, the first 2 ms part of the received
signal (from t = 1 ms to t = 3 ms) can be attributed to the L(0,1) and
F(1,1) modes of the pipe, and to their reflections. This is repeated
again at the receiver, starting at t = 3.8 ms, after the signals have
completed a full cycle along the pipe. From t=3 to 5 ms, the air
contribution is also expected to be present, increasing the number
of overlapping signals. More echoes of pipeline modes follow, at
t=6.6 ms, t =9.4 ms, etc., without the air signal’s contribution. It
is noted that the air contribution to the signal at the receiver is
expected to be very small, due to the large impedance mismatch
at the metal-air interfaces. On the other hand, the effect of the fluid
contained by the pipeline to the acoustic power propagation can be
significant, especially in the case of water or other liquids. The
effect of water filling is studied experimentally in the following
section.

6. The effect of water filling

The effect of filling the pipeline with a liquid on power trans-
mission was studied by measuring the receiver voltage for differ-
ent transmission frequencies, for the cases of empty, quarter-full,
half-full and full pipeline, using water. The resulting spectra for
the different cases are shown in Fig. 9. A uniform reduction in volt-
age amplitude across the spectrum is observed for increasing water
levels. It is concluded that the liquid filling increases the attenua-
tion of the transmitted vibration throughout the spectrum. Never-
theless, the power delivery and the voltage amplitude at the
receiver remain in the desired range, i.e. >1 mW and 1V, respec-
tively, in all cases.

The delay analysis method introduced in Section V for the case
of transmission through an empty pipe is also applied here to eval-
uate the role of different vibration transmission modes. This anal-
ysis is shown in Fig. 10. The expected arriving times for the cast
iron pipeline modes and their reflections are the same as in
Fig. 8. However, the fluid contribution now propagates at a much
higher speed (1482 m/s) and experiences reflection at the pipeline
edges. Its right-traveling portion is expected to arrive at the recei-
ver for the first time at 0.7 ms, a bit faster than L(0,1) and F(1,1). It
overlaps with the arrival of the left-traveling fluid wave, which
arrives at t=1.2 ms, and with the first incidence of the cast iron
wave packets and their reflection from the right mounting point.
This overlap gives the largest expected waveform between
t=1ms and t = 3 ms, which is in line with the experimentally mea-
sured peak also shown in Fig. 9. The second incidence of the waves
is expected to occur between t =3.2 and 5.2 ms. This again agrees
with the experimentally observed signal, which is significantly
attenuated. After that, the timing is more irregular, as the velocity
and traveling length differences lead to a phase shift between the
water and iron wave packets.

Overall, this analysis provides an explanation of the doubling of
the measured signal duration at the receiver (2 ms compared to the
1 ms of the transmission signal, in both occurrences). It also shows
that in contrast to the air-filled pipeline experiment, in the case of
water, the first arriving wave packet is expected to have the high-
est amplitude, as is experimentally observed.
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Fig. 9. Received voltage as a function of frequency for different pipe water levels.
The spectral profile is similar but an attenuation increase with water level is
observed.

7. Voltage and power scaling

The power requirements of sensor nodes vary with the applica-
tion scenario. In some cases continuous power delivery may be
required, while in others the periodic charging of a sensor node
may be preferable. In the design of a particular power delivery sys-
tem based on acoustic power transfer through structures, the fol-
lowing points should be considered:

e The transmitter can be permanently installed or portable (e.g. a
portable charger).

e The voltage and power level at the transmitter must be opti-
mized according to the sensor energy and to the transmitter
portability requirements.

e Depending on the sensor node operation cycle and the sensor
type, the average required acoustic power can be significantly
lower than 1 mW.

e For lower power applications, the voltage at the receiver needs
to be adequate for passive rectification, at least at the beginning
of charging, for cold starting.
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Fig. 10. Analysis of pulse modulated excitation data at 47.5 kHz, from the fully
water-filled pipeline, by comparison with the expected arrival times of different
transmission modes, including expected reflections from the pipe mounting points
and edges.

In order to investigate power scaling of the proposed method,
the receiver voltage was measured at open-circuit and in connec-
tion to a resistive load, for different voltages applied at the trans-
mitter. The measurements were performed using a continuous
sinusoidal 47.5 kHz signal. The voltage and current at the transmit-
ter were monitored by an oscilloscope and the power input was
calculated from the amplitudes of the measured voltage and cur-
rent waveforms, and their phase difference 0:

Py = IIN,RMS - Vingms - cos 0 (1)

The receiver output power was calculated from the voltage
amplitude measured on a Ry =750 Q resistive load, selected for
maximum power transfer by matching the measured output impe-
dance of the receiver PZT:

VZ
POUT _ Olg‘.RMS (2)
L

More specifically, the resistive load was selected by measuring
the voltage on a variable resistor connected to the receiver. The
maximum power transfer point corresponds to a load resistance
equal to the output impedance amplitude of the PZT element. It
can be determined by setting the voltage observed on the load at
half the open-circuit voltage value. The power delivery efficiency
could be further improved by using active load power manage-
ment techniques such as pre-biasing [3].

The voltage measured at the receiver load is plotted as a func-
tion of transmitter voltage in Fig. 11. The results demonstrate a
near linear scaling, with the maximum voltage observed for this
set of measurements being 5.25V, for 150V at the transmitter.
For a transmission of amplitude 5 V, the measured voltage ampli-
tude on the load was 115 mV. The corresponding plot of received
power as a function of transmitter real power is shown in
Fig. 12. A near-linear scaling is again observed, corresponding to
a power delivery efficiency of 0.1%. This low efficiency could be
improved, for example by improving the transducer-to-pipe cou-
pling, or by using larger, more efficient or multiple receiver
devices. The latter case would be convenient for the installation
of a number of sensor nodes, powered by a common transmitter.
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signal.
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signal, corresponding to the voltage measurements of Fig. 11.

8. Conclusion

The experimental results presented in this paper show that
acoustic waves of substantial power can be injected into metallic
pipelines, by simple non-inertial piezoelectric exciter structures.
The waves travel along the pipeline at a speed of around 1000 m/
s, corresponding to the first longitudinal and radial pipe acoustic
modes. Continuous power delivery of 18 mW (RMS) is demon-
strated, over a distance of 1 m, using a 47.5 kHz signal and a piezo-
electric receiver identical to the transmitter. The effect of water-
filling on the power transfer spectrum was studied showing a
reduction of received power. At full-filling, power delivery over 4
mW is still demonstrated. Acoustic reflections from mounting
points and the ends of the pipe overlap with the direct wave,
allowing an increase of power delivery during continuous trans-
mission. In longer installations, reflections may play a significant
role only in the vicinity of reflection points. The received power
and voltage levels are adequate for efficient power management,
including rectification and storage, and for powering typical low
power sensor node systems. Specific power management tech-
niques such as the use of a reactive load at the receiver could fur-
ther improve the efficiency of power reception.

Low bit-rate data communication can potentially be achieved
through the acoustic power delivery signals, building on previously
reported acoustic communication techniques [18]. In this direc-
tion, a study of the dispersion characteristics of the main propaga-
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tion modes for different pipeline filling conditions would be desir-
able. Such a study could be performed by applying the Disperse
software that is available by the non-destructive evaluation group
of Imperial College London [19], and would also be helpful towards
more specific exciter and receiver device designs.

The acoustic power delivery method proposed in this work may
allow the implementation of energy-autonomous, low-duty-cycle
pipeline monitoring systems for industrial distribution infrastruc-
ture [20,21].
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