
ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 105 (2019) 616 – 629

DOI 10.3813/AAA.919342

Broadband Vibrational Energy Harvesting with a
Spherical Piezoelectric Transducer Devoted to
Underwater Wireless Sensor Networks

Daher Diab1,3), Nikolay Smagin1), Fabrice Lefebvre1), Georges Nassar1), Samih Isber2),
Fawaz El Omar3), Adnan Naja3)

1) Univ. Polytech. Hauts-de-France, CNRS, Univ. Lille, ISEN, Centrale Lille, UMR 8520 - IEMN, DOAE,
59313 Valenciennes, France. daher_diab_90@hotmail.com

2) Department of Physics, American University of Beirut, Bliss Street, Riad el Solh, 1107 2020 Beirut, Lebanon
3) Laboratory of Physics and Modeling, EDST, Lebanese University, Tripoli, 1300 Lebanon

Summary
A new sensing node container based on a spherical piezoelectric transducer is proposed. This device provides
broadband vibrational energy harvesting and sensing facilities intended for underwater wireless sensor networks.
The transducer is composed of two acrylic glass (PMMA) half-spherical shells and a Pz26 piezoelectric ring
clamped between the two shells. A simulation model of vibrational energy harvesting has been developed with
electromechanical circuits for thickness and radial vibrational modes. This approach was validated by a finite
element simulation. As a result, optimal power harvesting conditions and estimated harvested voltage were de-
fined. A prototype of 2.2 cm in diameter was realized and characterized. Analysis in air environment reveals
several structural resonance modes in the 20–80 kHz frequency range. The directivity patterns corresponding to
these modes was obtained using laser Doppler vibrometry. The measurements for the underwater environment
show that the structural resonance modes shift down in frequency to the 10–60 kHz range, and exhibiting low
directivity dependence. Power harvesting performances was measured and quantified relative to acoustical pres-
sure measurements using a hydrophone. The average conversion coefficient value was found to be in the order of
3 V/MPa. In broadband excitation mode, and for an acoustic pressure of 10 kPa, the amount of harvested power
out of 5 main resonance modes is 3.3 µW.

PACS no. 43.40.At

1. Introduction

Recently, Underwater Wireless Sensor Networks
(UWSNs) [1, 2, 3] as a part of the general Wireless
Sensor Networks (WSNs) concept [4, 5] have attracted
substantial attention due to their promising applications
in monitoring, tracking and detection in shallow water as
well as in deep oceans [6, 7, 8, 9]. Electromagnetic radio
frequency and optical waves demonstrate low efficiency in
underwater applications because of high attenuation and
scattering in aqueous media. On the other hand, acoustical
waves provide sufficient performances in propagation
distance and emitting/receiving antennas [10, 11].

In order to provide a sustainable UWSN operation, the
problem of autonomous and permanent energy supply for
low-power electronics of sensing nodes should be solved
[12]. For underwater applications, electric batteries are not
preferable due to low accessibility of the sensing nodes for
battery replacement and the danger that batteries present

Received 6 December 2018,
accepted 23 May 2019.

to aqueous ecosystems. In this context, energy harvesters
converting ambient energy into electrical energy are con-
sidered as a promising solution for a long-term energy sup-
ply [13].

Ocean contains large quantities of acoustic energy ex-
ploitable for electronics power supply, such as, ultrasonic
waves generated in the ocean either naturally by animals,
geological activity or artificially by antennas for underwa-
ter detection, navigation and communication [14, 15]. One
of the fascinating points is that underwater ambient acous-
tic noise can be used for medium parameters monitoring
and positioning [16] simultaneously with the energy sup-
ply function. Nevertheless, underwater ultrasonic energy
harvesting is challenging due to efficiency issues in cou-
pling of acoustic waves with energy harvesting device, as
well as elevated requirements for durability and packaging
[17, 18].

Vibration energy conversion mechanisms generally
used for energy harvesting are electromagnetic [19], elec-
trostatic [20], piezoelectric [21, 22]. Among these, the
piezoelectric energy harvesting has an advantage of high
power density, wide property range and ease of applica-
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tion [23, 24]. Common harvester configurations are based
on mass-loaded cantilever beams [21] as well as pressure-
loaded plates or membranes [25]. A promising approach
is to use custom-shaped (generally, cylindrical or spheri-
cal) shells completely made of a piezoelectric material or
of a sandwich structure containing such a material [26].
Up to date, most of the results on shell-type piezoelec-
tric transducers were obtained by analytical and numerical
modeling with few experimental implementations. Kim et
al.developed a model for a clamped circular monomorph
piezoelectric plate (of radius a), they investigated the in-
fluence of thickness and pattern of the layer on the effect
of energy conversion and harvesting. They found out that
an optimal pattern for clamped circular monomorph un-
der uniform pressure loading is obtained by reversing the
polartity in the piezoelectric layer beyond (

√
2/2)a, they

have also suggested that the patterned polarization con-
cept may be useful in other structures [27]. This approach
is promising but it could be challenging to implement due
to issues with fabrication of the shell.

More recently, the acoustic metamaterials have been
found to possess appropriate abilities for the energy har-
vesting applications, Gonella el al. proposed a multifunc-
tional periodical structure design to absorb elastic waves
within specific frequency ranges. They investigated a new
structure for energy harvesting based on a regular hexag-
onal honeycomb embedded with piezoelectric microstruc-
ture. They proposed a new type of device relying on inter-
nal mechanisms rather than the conventional devices ex-
ploiting the direct interaction of the piezoelectric material
with external vibrations [28]. While conventional energy
harvesters are usually based on the structural resonance
phenomena, metamaterials have a unique ability to con-
centrate energy inside the device due to the local resonance
phenomena [23, 29]. This ability could be used to scale
down energy harvesters because of operation in subwave
length mode [30]. Energy harvesting with metamaterials
is an emerging field now and it is supposed to become an
efficient alternative to conventional devices.

Most studies have considered harvesting devices des-
ignated for functioning in conjunction with the ambient
excitation at a given frequency [23, 31]. In general, such
devices are designed using cantilever beams which pro-
vide a resonance-based energy harvesting [21, 32]. Reso-
nance harvesters have to be pre-tuned to the external exci-
tation but it is also possible to design a self-tuning device
[33, 34]. However, in many applications, the ambient en-
ergy is random and broadband, and the energy harvester
must be adapted for these conditions.

The purpose of this work is to develop an efficient,
wideband and low- cost piezoelectrical energy harvester
and sensing node container for UWSNs. We designed a
spherical outer shell as a resonator and a clamped PZT ring
as an energy converter. Our proposed configuration allows
operating in a wide frequency range because of 5 principal
structural resonating modes distributed in a rather narrow
frequency rang (10–60 kHz). Our measurements showed
a low directivity dependence which is quite favorable for

Figure 1. Concept of a spherical sensor where the hollow portion
of the sphere contains embedded electronics.

operation in random ambient conditions. To the best of our
knowledge, this is the first realization of a spherical multi-
frequency structural resonator for UWSN applications.

The outer sensor shell is assembled out of two half-
spheres acrylic glass (PMMA) with 10 mm inner radius
and 1 mm thickness as shown in Figure 1. The piezoelec-
tric ring (PZT-Pz26, 1 mm of thickness) is clamped be-
tween the two half-spheres. In comparison to shell devices
[26], a PZT ring-based device is simpler to fabricate. In
addition, two half-spheres configuration gives a possibil-
ity to easily design a self-containing device, which can en-
close all energy harvesting and communication electronics
and has an inherent water pressure resistance and floater
abilities allowing maintaining sensor position in aqueous
media.

Conventionally, bandwidth widening can be achieved
using a generator array (or multi-cell approach), a me-
chanical stopper, nonlinear (e.g. magnetic) springs or bi-
stable structures [34]. Wideband solutions have been also
proposed by several authors based on stack piezoelec-
tric transducer configuration [31]. From a methodological
point of view, our study is similar to that of Ahmed et al.
[30] where multi-frequency approach has been employed
for the case of a sonic crystal consisting of a spherical
core encapsulated inside an elastic matrix, but in the ex-
perimental study, only one particular resonating mode has
been chosen.

Furthermore, in this work, the optimal load impedance
was determined by analytical modeling taking into ac-
count the various mode of vibrations. The simulation
model of the piezoelectric ring has been developed consid-
ering two natural modes of vibration: the thickness mode
and the radial one. For each mode, the ring behavior was
simulated by an equivalent electromechanical circuit con-
necting the mechanical ports (forces and velocities) to
the electrical port (voltage and current). It was found that
the radial mode is predominant in power generation, and
thus, it was used to calculate the optimal load impedance
(25 kΩ).

617



ACTA ACUSTICA UNITED WITH ACUSTICA Diab et al.: Energy harvesting
Vol. 105 (2019)

To validate the electromechanical circuit model, a Fi-
nite Element Method (FEM) simulation was employed.
The results of FEM modeling allowed us to estimate scav-
enged voltage for the first two resonating frequencies. Fi-
nally, experimental measurements of Electrical Impedance
Analyzer (EIA) combined with Laser Doppler Vibrome-
ter (LDV) allowed us to identify the first five resonating
modes in air environment. All resonance frequencies for
the five modes were found to be in the 10–100 kHz range.
Furthermore, harvesting performance of the spherical shell
in water was also studied, we measured the resonance fre-
quencies shift, directivity patterns and generated power.
The performance of energy conversion of the spherical
shell in water was estimated to be (∼3 V/MPa) and an out-
put power ranging from ∼0.15 µW to ∼2.5 µW.

2. Analytical Model Of Piezoelectric Ring

At a first step, we introduce an analytical model of a piezo-
electric ring responsible for energy conversion. The major
deformations of the ring are considered to be the thickness
deformation (Figure 2a) and the radial one (Figure 4a).
Flexural modes were neglected because these are not nat-
ural deformation of the capsule. Figure 2a represents a
schematic of the piezoelectric ring, the dimensions of the
ring are given by its thickness L = 1 mm and its outer and
the inner radius ra = 11 mm, rb = 10 mm, respectively.

Small dimensions of the piezoelectric element lead to
higher resonance frequencies in comparison to those of the
spherical capsule. Thus, the piezoelectric ring is used out-
side its resonance and the spherical shell acts as a mechan-
ical amplifier. Our simplified model of the piezoelectric
ring was based on Mason equivalent circuit theory [35],
the Pz26 piezoelectric ring mechanical and electrical char-
acteristics were taken from [36]. For each mode (thickness
and radial), the ring behavior was described by an equiv-
alent electromechanical circuit connecting the mechanical
ports (forces and velocities) to the electrical port (voltage
and current). This way we combined the electromechan-
ical part with the electronics that process the energy di-
rectly in a Spice-based simulator.

2.1. Thickness Mode

2.1.1. Mason equivalent model

The piezoelectric ring in thickness resonating mode is
shown in Figure 2a. Velocities v1, v2 and forces F1, F2

are parallel to the longitudinal coordinate axis Oz, A (�
66 mm2) corresponds to the area of the ring. The theoreti-
cal model we have used is classical and can be found in the
literature [37]. We will briefly describe it with emphasis on
the essential points.

From the fundamental principle of dynamics, it can be
shown that in harmonic modes, the forces (F1, F2) applied
to the faces of the ring are related to the corresponding

Figure 2. (a) The piezoelectric ring in thickness mode and (b) its
Mason equivalent circuit.

velocities (v1, v2) by the expressions

F1 − h33e33S × A = (1)

Z
v1 + v2

j sin sin(kl)
+ j tan tan

kl

2
v1 ,

F2 − h33e33S × A = (2)

Z
v1 + v2

j sin sin(kl)
+ j tan tan

kl

2
v2 ,

where Z is the characteristic impedance of the piezoelec-
tric material measured in Rayl (kg m−2s−1), k = ω ρ/c33

is the wave number in m−1, ρ (= 7.70 × 103 kg/m3) and
c33 (= 9.56 × 1010 N/m2) are respectively the density in
kg/m3 and the Young modulus. h33 (= 23.7 × 108 V/m) is
the charge piezoelectric constant, e33 (= 14.7 C/m2) is the
field piezoelectric constant and S is the relative deforma-
tion in z-direction.

The equivalent electromechanical circuit is shown in
Figure 2b. The term F = h33e33S × A represents a force
due to the piezoelectric contribution. The impedances
are given as follows: ZT

1 = ZT
2 = jZ tan(kl/2) and

ZT
3 = −jZ/sin(kl), the blocked capacitance C0 = �s

33A/L
where �s

33 = 62.10−10 F/m is the clamped dielectric per-
mittivity.

2.1.2. Resonance frequency of piezoelectric ring
Resonance frequency was determined for an unloaded
ring, i.e. F1 = F2 = 0. The electrical impedance of the
piezoelectric ring is then given by Equation (3) [37],

Z =
1

iωC0
1 − (Kt)2

tan(kl/2)
(kl/2)

, (3)

where Kt = h33 �s
33/c33 is thickness coupling factor. Res-

onance frequency is obtained by solving Equation (3) for
Z = 0.
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Figure 3. (Colour online) Theoretical (red solid) and experimen-
tal (blue dashed) admittances of the piezoelectric ring in thick-
ness vibration mode.

Table I. Theoretical and measured thickness resonance frequen-
cies (MHz) of the piezoelectric ring.

Evan et al. [38] Theoretical Experiment

Frequency 1.7 1.48 1.42
Δ × 100% 19.7 4.2 —

Figure 3 shows the admittance versus frequency curve
of the piezoelectric ring. The resonance frequency is found
to be close to 1.5 MHz. The theoretical admittance curve
(see Appendix A1) is compared to the experimental curve.
The experimental measurements of the admittance was
done using a precision impedance analyzer (Wayne Kerr
6520).

Evan et al. [38] developed analytical formulas to de-
termine the resonance frequency of a ring for various vi-
bration modes. For the thickness mode, the resonance fre-
quency is given by

fthickness =
1

2L ρsD
33

, (4)

where sD
33 is the elastic compliance at constant charge den-

sity (see Table A1).
In Table I, theoretical and experimental values are re-

ported and compared with the value obtained in [38]. The
second line in the table shows % error for the resonance
frequency Δ = |ft − fm|/fm where ft and fm are the the-
oretical and measured resonance frequencies in thickness
mode, respectively.

The resonance frequency predicted by the equivalent
electromechanical circuit model is within the 10% toler-
ance of material properties provided by the manufacturer
[36]. The value calculated using Equation (3) was found
to be 10% off the threshold tolerance.

2.2. Radial Mode

The motion equations for radial vibrational mode [39] are
written in cylindrical coordinates (r, θ, z). In Figure 4a

Figure 4. (a) The piezoelectric ring in radial mode and (b) its
equivalent electromechanical circuit.

Figure 5. Admittance of the piezoelectric ring in radial vibra-
tional mode.

Fra, Frb and ϑra, ϑrb are external radial forces and veloci-
ties at the outer and inner surfaces of the ring, respectively.

The corresponding electromechanical circuit repre-
sented in (Figure 4b) has the same structure as that rep-
resenting the thickness mode but with new redefinition of
the components in terms of radial parameters. For the def-
inition of these components, see Appendix A1.

2.2.1. Resonance frequency of piezoelectric ring

The impedance function for the radial vibrational mode
is presented in Appendix A2. Experimental measurement
with the EIA (red solid line in Figure 5) shows that a reso-
nance frequency is closed to 45 kHz. The theoretical curve
calculated accordingly to Equation (13) is presented in the
same graph (blue dashed line).
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Evan et al. [38] proposed an approximate formula to
calculate the radial resonance frequency of a piezoelectric
ring,

fradial =
1

2 ra + rb ρsE
11

, (5)

where sE
11 is the elastic compliance at constant electric field

(see Table A1 in Appendix A1).
The comparison between the experimental and the cal-

culated values of resonance frequencies is given in Ta-
ble II. The second line in Table II shows the relative fre-
quency prediction error Δ = |ft−fm|/fm where ft and fm

are the theoretical and measured resonance frequencies in
radial mode, respectively.

The resonance frequency calculated with the electrome-
chanical circuit model fall within the 10% tolerance guar-
anteed by the piezoceramics manufacturer. At the same
time, Equation (5) gives the exact value of resonance fre-
quency. We do not know if it is due to exactness of the
Equation (5), or to the tolerance of PZT properties, as
no statistical analysis has been done. It is worth while
mentioning that the approach of Evan et al. [38] does
not include the calculation of equivalent electrical circuit
of the piezoelectric ring and thus, to determine the opti-
mal charge impedance, which is an important goal of our
present study.

3. Voltage response of the spherical trans-
ducer

3.1. Electromechanical circuits model

In the thickness vibrational mode, the electromechanical
equivalent circuit (Figure 2b) is composed of two parts
connected by a transformer of ratio h33C0. A pure mechan-
ical part takes the forces F1 and F2 and velocities ϑ1, ϑ2

as input variables and an electric part produces the output
voltage VT and current 4IT in a load Zint which represents
the input impedance of the harvester electronics. The volt-
age VT versus the force F1 is established by applying the
basic Kirchhoff’s rules,

VT =
2h33C0Zint

1 + jC0ωZint 2h2
33C0Z

T
elec + 2ZT

3 + ZT
1

F1. (6)

In this equation, ZT
elec is the equivalent impedance seen by

the secondary of the electromechanical transformer,

ZT
elec = − 1

jC0ω
+

Zint

1 + jC0ω × Zint
. (7)

In the radial vibrational mode, the voltage response is de-
termined using the same procedure as in the thickness
mode,

VR =
2N31Zint

1+jC0rωZint 2N2
31Z

R
elec +2ZR

3 +ZR
2

F ��ra, (8)

where ZR
elec = Zint/(1 + jC0rωZint) is the equivalent

impedance of the electrical part.

Table II. Theoretical and measured resonance frequencies (MHz)
of the ring in radial mode.

Evan et al. [38] Theoretical Experiment

Frequency 0.048 0.045 0.048
Δ (%) 0 6.2 —

Figure 6. (a) Finite elements model of the sphere and (b) of the
sphere in a fluid cavity.

3.2. Force applied on the ring and induced voltage

Deformations of the structure in aqueous media create
stresses on the piezoelectric ring which are converted into
electric charges. Therefore, to calculate the force field
applied to the ring due to the acoustical field, a finite
elements model was built with COMSOL Multiphysics
(Figure 6). The model combines three physical domains:
acoustics, mechanics and piezoelectricity.

Geometrical properties of the piezoelectric ring were set
to be the same as for the analytical modeling (see Sec-
tion 2). Two half-spheres made of PMMA (Young modu-
lus E = 3300 MPa, Poisson coefficient v = 0.39, density ρ
= 1190 kg/m3) were attached to the ring from both sides.
The inner radius of each semi-sphere is 10 mm (equal to
the ring inner radius rb) while their thickness is 1 mm
(equal to the ring width ra − rb). The height of the semi-
spherical shells was slightly reduced to take into account
the ring thickness so that the whole structure formed an
almost perfect spherical body.

The mesh model uses tetrahedral elements and is refined
for the piezoelectric ring. The frequency range was chosen
from 1 kHz to 40 kHz corresponding to the main response
of the sphere. Element size was 1/4 times of the wave-
length in respective constituent at the highest frequency
(∼ 40 kHz). The total number of degrees of freedom is
43883. It was assumed that a uniform harmonic pressure
field is applied omnidirectionally on the whole surface of
the sphere.

The acoustical pressure level was set to 20 kPa for each
analyzed frequency, it was distributed uniformly in space.
The force applied to the faces of the piezoelectric ring
was obtained by integrating the pressure per unit area for
each frequency. Figure 7 shows the force versus frequency
curve obtained by this method. This force is used as input
to the simplified Mason models of the piezoelectric ring
presented above in order to determine the corresponding
output voltage.
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Figure 7. Force applied on the ring as computed by the FEM.

Figure 8. Deformation of the sphere at two resonance frequencies
(19.9 kHz (a) and 34.8 kHz (b)).

Figure 8 shows the deformation of the sphere under the
action of uniform harmonic pressure field for frequencies
19.9 kHz and 34.8 kHz. The output voltage at the electrical
port terminals induced by the force F (f ) is given by

V (f ) = �e H (f ) F (f ) , (9)

where H (f ) is the force-voltage transfer function given by
equations (6) and (8) for the thickness and the radial mode,

Figure 9. Total harvested voltage versus frequency computed
from equivalent electromechanical circuits and finite elements.
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Figure 10. Total harvested power versus load impedance Zint.

respectively, �e stands for the real part. The total voltages
obtained by finite elements method and electromechanical
circuits are shown in Figure 9. As one can see, the ex-
pected harvested voltage is of the order of 100 millivolts
and more.

3.3. Estimation of harvested power

The two equivalent electromechanical circuits correspond-
ing to the two vibrational modes are intended to represent
the mechanical to electrical energy conversion. The elec-
trical energy is processed by some harvesting electronics
in order to supply the embedded utilities. The total load
impedance is (Zint) in which the electrical energy is con-
sumed. For the sake of simplicity, Zint is assumed here
to be purely resistive. To consider this charge effect, the
transferred power has been analytically calculated with
equations (6) and (8) depending on the load impedance
Zint. The voltage response presented in Figure 9 was used
as an input for these calculations.

The variation of the total power is shown in Figure 10,
one can observe that the power reaches a maximum value
of 58 µW for an optimal load impedance Zint � 25 > kΩ.
This harvested power level is sufficient to supply specially
designed low power electronics and processors.
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4. Experimental characterization

4.1. Frequency response and emission diagrams of
the spherical transducer in air environment

The purpose of this section is experimental characteri-
zation of energy harvesting performance of the spherical
shell. The sensor prototype has been realized according to
the brief description given in section 2 and contained no
electronics inside. It consisted of two PMMA half-spheres
bonded on a piezoelectric ring at the center by a double
component epoxy glue (Figure 11a). Similarly, as it was
mentioned in Section 3.2, the height of the half-spheres
was reduced by 0.5 mm in order to account for the ring
thickness. Electrical connection with the ring was made
with a thin coaxial cable. The cable was soldered to the
ring inside the sphere, and the other cable’s extremity was
brought out from the sphere via a small hole. The hole was
leak-proofed by the same epoxy glue as was used for the
half-spheres assembly. All sensor dimensions correspond
to those given in precedent sections: shields and ring outer
radius is equal to 11 mm, and their inner radius is equal to
10 mm.

The spherical transducer frequency response was re-
corded with a EIA Wayne Kerr 6520 (Figure 11b) and
compared to the values predicted with FEM modeling
(Figure 7). As shown in Figure 11b, the electric impedance
exhibits several resonance frequencies. The first two reso-
nance modes are observed experimentally at frequencies
20.5 and 33.3 kHz while the FEM modeling predicts a re-
sponse at frequencies 19.9 and 34.8 kHz. These discrep-
ancies are most probably due to imperfections of spheri-
cal shield assembly with epoxy glue. Further characteriza-
tion with a Laser Doppler Vibrometer (LDV) revealed the
accuracy of resonance patterns corresponding to the first
two modes (see below). Complete simulation of spherical
shield behavior with FEM is out of the scope of this work.
However, a relative correspondence of the results for the
first two resonance modes allows validating FEM model
and the estimated power output as presented in Section 3.3.

The spherical shell directivity patterns were also re-
corded at the main resonance frequencies using an LDV.
The experimental setup is depicted in Figure 12. The
spherical transducer was used in emitter mode. As the sen-
sor’s outer shell is made of transparent acrylic glass, it was
necessary to cover the measurement zone with an ultrathin
retro-reflective adhesive tape (Polytec A-RET-S001, Fig-
ure 12a). Taking into account a rather low measurement
frequency range (1–100 kHz), such modification was not
expected to modify the transducer behavior and no change
in impedance curve has been observed with the EIA.

The spherical sensor was mounted on a manual rotat-
ing plate providing angular positioning in the horizontal
plane perpendicular to the Oz axis (Figure 12a). In Fig-
ure 12b, the entire experimental setup for LDV charac-
terization is presented. The LDV consisted of the Poly-
tec OFV-552 optical fiber head connected to the Polytec
OFV-5000 controller. The VD-09 velocity decoder (DC –

Figure 11. (a) Photo of the realized spherical transducer and (b)
real part of its electrical impedance vs frequency.

Figure 12. (a) Scheme of the spherical transducer scanning con-
figuration with the LDV and (b) of whole experimental LDV
setup.

1.5 MHz measurement range) was chosen. Decoded sig-
nal from the LDV was acquired by a digital oscilloscope
(LeCroy 44Xi) and transmitted by Ethernet connection to
a personal computer (PC) for further analysis. Excitation
of the sensor was provided by the Agilent 33220A function
generator. The generator was controlled via GPIB by the
computer and the maximum output amplitude of 20 Vpp
(in the “high-Z load” mode) was used.

The spherical shell directivity patterns were obtained by
measurement of the normal vibrational component along
a half circle in a plane perpendicular to the piezoelec-
tric ring Figure 12a. The angle scanning range was θ =
−90◦ . . . 90◦ with the angle step δθ = 1◦. The acoustical
field distribution on the opposite half circle not covered by
measurement points is assumed to be identical by symme-
try. Frequency sweeping from 5 to 100 kHz with the step
of 0.2 kHz was performed. For each frequency, a tone burst
of 7 cycles was emitted. The starting part of the signal cor-
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Figure 13. (Colour online) Directivity diagrams of the spher-
ical transducer at first five resonance frequencies (blue
solid curves) and two intermediate frequencies (red dash-dot
curves) measured with the LDV.

responding to the first 3 cycles was omitted in order to
cancel out transient effects. Only the 3 following cycles of
the transducer response were analyzed using the FFT al-
gorithm. In such a way, ending transition effect were can-
celed out as well.

Spherical transducer directivity patterns for the five first
resonance frequencies are presented in Figure 13. These
patterns correspond to magnitude of surface displacement
versus emission angle characteristics. Figure 13 demon-
strates that the spherical shell with rigid piezoelectric
disc exhibits multi-lobe resonance patterns as in a well-
studied case of a uniform spherical shell [40]. For the latter
shell the fundamental mode represents ‘respiratory’ move-
ments, when the shell maintains its spherical form while
having its radius oscillating. For the considered case, the
presence of the rigid ring in the structure makes the fun-
damental mode to be directive with the maximum in the
direction perpendicular to the ring (Figsures 8a and 13a).
Experimental measurements and FEM modelling for supe-
rior resonance frequencies reveal the presence of axisym-
metric modes only. Simulated resonance pattern for the 2nd

mode shown in Figure 8b corresponds to the directivity
pattern in Figure 13b. The FEM-modelled resonance pat-
terns for the 3rd and 4th resonance modes are shown in the

insets of Figures 13c and 13d respectively. Two intermedi-
ate frequencies 28 and 37 kHz (Figure 13a,b) are included
as well in order to illustrate that non-negligible acoustic
power is emitted out of resonances as well. Some asym-
metry can be observed (especially, for 37 kHz); which is
probably due to imperfections of transducer assembly.

As one can observe, the acoustical emission in the
whole angle range ±90◦ with some nodes and antinodes
(minima and maxima) is possible. Returning to the in-
tended use of the spherical transducer under a broadband
excitation in 10–100 kHz frequency range, one can expect
that for each acoustic field incidence direction there will
correspond some directivity lobes assuring high efficiency
of energy conversion.

4.2. Directivity of the spherical receiver in water

Low directivity of acoustical sensors and harvesters is im-
portant for underwater applications as signals or energy
are supposed to come from random directions. Our mea-
surements were carried out in a tank (with 100 × 100 ×
50 cm dimensions) filled with water, the spherical trans-
ducer was used in receiver mode. In order to character-
ize the sensor in a wide frequency range, two different
high power transducers were used. The first transducer is
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Figure 14. Frequency responses of the (a) Tonpilz and (b) the
single-piezoelement transducer measured with the LDV.

a Tonpilz-type [41] one, while the second is a “classical”
transducer based on a single piezoelectric element; both
transducers had the same circular aperture of 40 mm di-
ameter.

Frequency responses of the transducers was character-
ized with the LVD (Figure 14). The measurement point is
situated in the center of the aperture. The transducers ex-
hibit almost piston-type emission, they were excited with
the Agilent 33220A generator (20 Vpp). The Tonpilz-type
transducer has several resonance frequencies due to differ-
ent vibrational modes while the other transducer possesses
one main resonance. Emission frequencies of the both
transducers were closed to resonance frequencies of the
spherical shell. In order to avoid reflections from side walls
of the water tank, the transducers were excited with short
7 cycles tone bursts. This permitted equally to broaden
the transducers emission spectra at the expense of the out-
put power. The situation is illustrated in Figure 14, where
transducer responses for 350, 35 and 7 cycles tone burst
excitation are presented.

It is known, that external or internal static pressure can
provoke a shift of the spherical shell resonance frequen-
cies [42]. We estimated this shift using the EIA and by
comparing the impedance curves for the submerged spher-
ical transducer (10 cm depth in water, red dash- dot curve
in Figure 15) with the impedance curve corresponding to
air environment (similar to Figure 11, blue solid curve in
Figure 15). Frequency shifts starting from 8.4 kHz for the
first resonance and progressing till 15.4 kHz for the fifth
one were observed. For this reason, all our experiments in
water were limited to 10–60 kHz frequency range.

Figure 15. Effect of external water pressure on impedance curve
of the spherical transducer.

Figure 16. Experimental setup for underwater energy harvesting
measurements.

The scheme of the setup for underwater measurements
is presented in Figure 16. The spherical transducer was
mounted on a 4-axis positioning system (Micro-Contrôle,
3 translation axes, and one rotational axis in the horizontal
plane Oxy), the piezoelectric ring of the transducer was
perpendicular to the Oxy plane. The center of the sphere
situated at the central directional axis of the emitter.

The acoustical sensor was connected to a 25 kΩ charge
accordingly to the calculations in Section 3.3. The sen-
sor output was connected to a digital oscilloscope (LeCroy
44Xi) using a 1 MΩ coupling. In order to take power mea-
surements, a current probe was connected to the oscillo-
scope as well. Excitation of the transducers was provided
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Figure 17. (Colour online) Directivity diagrams of the spher-
ical transducer at first five resonance frequencies (blue solid
curves) and two intermediate frequencies (red dotted curves)
in water environment. The voltage levels are not normalized,
so they are influenced by the spectral efficiency of the emitter.

by the Agilent 33220A function generator with 20 Vpp
output amplitude. The positioning system was operated by
a personal computer via the Newport ESP 301 motion con-
troller.

The spherical receiver was placed at a distance of 50 cm
from the emitter. For the highest frequency of 60 kHz used
in this study, near or Fresnel field zone rf is given by
rf = D2/4λ = 1.6 cm [43]. This distance represents a de-
marcation between Fresnel and Fraunhofer field regions.
Operation in far field Fraunhofer zone beyond 1.6 cm dis-
tance allows to neglect diffraction effects and to assume
that the spherical receiver is placed under a plane wave
projection. In this case, contrary to the point measurement
with the LDV presented in Figure 13, several directivity
lobes of the sphere are simultaneously subjected to excita-
tion with incident acoustical field.

Similar to the case of the LDV measurements, the spher-
ical receiver was rotated along the Oz axis (Figure 12a)
in the angle scanning range θ = −90◦ . . . 90◦ and with
the angle step δθ = 1◦. The obtained reception directivity
distributions for five resonance frequencies corresponding
to the EIA measurements (Figure 15) as well as for two
intermediate frequencies are presented in Figure 17. One
can observe that these characteristics are not strictly om-

nidirectional, but there is no “dead” angle sectors, except
for the case of 13.5 kHz reception exhibiting a bipolar be-
havior. The received voltage was not negligible at inter-
mediate frequencies. It is interesting that at 26 kHz the
spherical transducer exhibits an almost omnidirectional re-
ception. In contrary to the results presented in Figure 13,
the first resonant mode in Figure 17 shows a lower volt-
age response because the frequency 13.5 kHz is situated
at the limit of the bandwidth of the transmitter emission
spectrum (Figure 14). Therefore, the spherical transducer
receives less of acoustic power at this frequency, which
influences the absolute value of voltage response.

In contrast with the LDV measurements (Figure 13), the
spherical receiver appears to be more efficient at θ = ±90◦

for frequencies higher than 24 kHz. This increased effi-
ciency in the perpendicular direction is possibly due to the
fact that multiple directivity lobes are excited by an in-
cident plane wave simultaneously. Starting from the third
resonance frequency at 32.6 kHz (Figure 17c), one can ob-
serve an asymmetry in reception which alternates from one
resonance to another (Figure 17d and 17e). As in the case
of the LDV measurement, this behavior is supposed to be
the consequence of imperfections of spherical shell assem-
bly.
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Figure 18. (Colour online) Harvested voltage for 25 kΩ load
(blue solid) and acoustical pressure (red dash-dot) versus fre-
quency for the case of incident acoustic field created by the (a)
Tonpilz-type and (b) single-element transducer.

4.3. Measurement of energy harvesting perfor-
mances

The experimental configuration for the studies reported
below is similar to that presented in the precedent section
(Figure 16). In order to quantify the efficiency of energy
harvesting with the spherical transducer, electrical mea-
surements of harvested power with the oscilloscope were
combined with absolute measurements of acoustical pres-
sure Brüel&Kjær 8103 hydrophone type. First, a measure-
ment with the spherical receiver was performed, and then,
the hydrophone was introduced at the same position of the
transducer and the measurement was repeated. This per-
mitted us to relativize the scavenged electrical voltage ac-
cordingly to acoustic pressure applied to the energy har-
vesting device.

Two typical curves for these combined measurements
are presented in Figure 18a,b. For Figure 18a, the inci-
dent acoustical field is created by the Tonpilz-type trans-
ducer, the receivers were located at 50 cm distance from
the emitter, the PZT ring was set parallel to the face of the
transducer (θ = 0◦). Acoustic pressure at 13.5 kHz corre-
sponding to the first resonance frequency was found to be
weak, however the other four resonances could be clearly
seen. Observable shift in frequency peaks between the hy-
drophone measurement (red dash-dot curve) and the elec-

Figure 19. (Colour online) Conversion coefficient values for 5
resonance frequencies (red bars) and for several intermediate fre-
quencies (green hatched bars).

trical measurement of the spherical transducer response
(blue solid curve) is due to the fact that the resonance fre-
quencies of the receiver and the emitter does not coincide
exactly (Figure 14a vs Figure 15). Figure 18b represents
the same measurements for the single-element transducer.

As one can observe in Figure 18, for an acoustic field
pressure around 20 kPa, it is possible to obtain a voltage
response of the order of several hundreds millivolts (for
example, 360 mV for 24 kHz in Figure 18a). This corre-
sponds to a power of several microwatts scavenged using
a 25 kΩ resistive load (2.5 µW for the same measurement
in Figure 18a). The single-element transducer creates a
slightly higher acoustical pressure, but it has a narrower
frequency band Figure 18b. The spherical transducer re-
sponse exhibits the same behavior as in the precedent case.
The harvested power values are slightly below the pre-
dicted values in Section 3.3 because several sources of
losses were not taken into account in the models (mechan-
ical and electrical losses, coupling between the sphere and
the piezoelectric ring). However, these power levels must
be sufficient to supply energy for low power electronics.

Finally, this experimental configuration permitted to
measure acoustic-to-electric energy conversion coefficient
(Figure 19). Measurements were taken for three emitter-
receiver distances: 50, 30 and 15 cm; for three incident an-
gles: 0◦, 45◦ and 90◦; and for two types of emitters: The
Tonpilz and the single-element type transducers. Measure-
ment error was estimated using a standard statistical pro-
cedure [44], the 95% confidence level was used. Average
conversion coefficient value for 10–60 kHz range is of the
order of approximately 3 V/MPa, the maximum value of
12 V/MPa is obtained for the first resonance frequency at
13.5 kHz (Which is in agreement with Figure 13, the first
resonant mode showed the highest displacement response
among the five vibration modes). Several coefficient val-
ues were also provided for some intermediate frequencies
as well; one can see that these coefficients are not negligi-
ble and they have an average value of about 2 V/MPa.
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The results presented in Figure 19 allows estimating
power harvesting performance in broadband mode. For
example, assuming 10 kPa uniform broadband acoustical
field level, one can expect to harvest 3.32 µW due to 5
main resonance modes. This power level could be higher
due to the contribution of intermediate frequencies.

5. Conclusion

An efficient, wide band and low-cost piezoelectrical en-
ergy harvester and sensing node container have been pro-
posed for UWSNs applications. The proposed concept
could be considered as three in one device: first, it is a
spherical container sensing node, second the device can
be used as an ambient vibrational energy harvester and
third, ambient noise used for energy harvesting could be
considered as a signal as well. We realized a prototype of
the proposed device using a shell of 2.2 cm diameter and
low-cost components directly available on the market.

Electromechanical circuit model coupled with FEM
simulations showed an optimal load impedance value of
25 kΩ for energy harvesting.

The experimental measurements in air environment
with EIA and LDV revealed the existence of several struc-
tural resonance modes in the range of 20–80 kHz, and
these were shifted down to the range of 10–60 kHz for
underwater measurements.The low directivity dependence
was revealed for the underwater spherical transducer in re-
ceiver mode, expect the first resonance mode exhibiting
a dipole pattern. As for power harvesting performance,
our measurements showed an average conversion coeffi-
cient value of about 3 V/MPa, with a maximum value of
12 V/MPa obtained for the first resonance frequency.

5.1. Future Work

Future research efforts will be guided towards the adjust-
ment of the dimensions of the spherical transducer to ex-
plore different ranges of frequency for the harvester oper-
ation. Miniaturizing the dimension of the sensor for possi-
ble biomedical applications, such as the detection of bioa-
coustics signals. In addition, we will be concentrating on
the full conception and realization of the energy extraction
circuit for rendering the sensor autonomy.

Appendix

A1. Redefinition of equivalent circuit components
for radial vibrational mode

In the scheme of Figure 4b,

C0r = �T
33A/L 1 − 2d2

31/ �T
33(s

E
11 + sE

12)

is the blocked capacitance of the ring, N31 = π2αrarbd31

/ (sE
11 + sE

12) is the electromechanical coupling factor of
the ring, sE

ij is elastic compliance constants measured at
constant electric field, d31 is piezoelectric strain constant,

Table A1. Parameters of Pz26 piezoceramics used for analytical
calculations and FEM simulation.

Parameter Value

�0(F/m) 8.85 × 10−12

�s
33/�0 700

�T
33/�0 1300

ρ(kg/m3) 770
h33(V/m) 23.7 × 108

e33(C/m2) 14.7
d31(C/N) −130 × 10−12

cD
33(N/m2) 9.56 × 1010

cE
11(N/m2) 7.7 × 1010

sD
33(m

2/N) 11 × 10−12

sE
11(m

2/N) 13 × 10−12

sE
12(m

2/N) −4.35 × 10−12

�T
33 is dielectric constant measured at constant stress, A =

π(r2
a − r2

b ) is the cross-sectional area, α = ω/vr is the ra-

dial wave number, vr = cE11
1/2

/ρ is the sound velocity,
cE11 = 1/[sE

11(v
2
12)] and v12 = −sE

12/s
E
11 is the Poisson ra-

tio. Numerical values of these variables can be found in
Table A1.

Forces and velocities are given by: F ��
ra = (παrb/2)Fra,

F ��
rb = (παra/2)Frb, v�ra = 2vra/(παrb), v�rb = 2vrb/(παra)

and Fr = N31V , with V = EzL, with Ez the electric field
in the z-direction.

The expressions for the three impedances ZR
1 , ZR

2 , ZR
3

are given by

ZR
1 =

π2(αra)2Zrb

4j
Y1(αra)J0(αrb) − J1(αra)Y0(αrb)
J1(αra)Y1(αrb) − J1(αrb)Y1(αr1)

+
(1 − v12)

αrb
(A1)

− j
παraZrb

2
1

J1(αra)Y1(αrb) − J1(αrb)Y1(αra)
,

ZR
2 =

π2(αrb)2Zra

4j
Y1(αrb)J0(αra) − J1(αrb)Y0(αra)
J1(αra)Y1(αrb) − J1(αrb)Y1(αr1)

− (1 − v12)
αra

(A2)

− j
παrbZra

2
1

J1(αra)Y1(αrb) − J1(αrb)Y1(αra)
,

ZR
3 = j

παraZrb

2
1

J1(αra)Y1(αrb) − J1(αrb)Y1(αra)

= j
παrbZra

2
1

J1(αra)Y1(αrb) − J1(αrb)Y1(αra)
. (A3)

In these equations, J0, Y0, and J1, Y1 are the Bessel func-
tions of zero and first order respectively, Zra = ρvrSa,
Zrb = ρvrSb, with Sa = 2πraL and Sb = 2πrbL the outer
and inner surfaces of the ring respectively. Refer to Ta-
ble A1 for the numerical values of introduced variables.

627



ACTA ACUSTICA UNITED WITH ACUSTICA Diab et al.: Energy harvesting
Vol. 105 (2019)

A2. Resonance frequency calculation for radial vi-
brational mode

As for the thickness mode, the electrical admittance of the
piezoelectric ring in radial vibration can be determined
when the inner and outer faces of the piezoelectric ring
are free from external constraints, i.e. Fra = Frb = 0. It is
given by the expression [39]

Y =
jω�T

33s

L
1 − K2

ρ + K2
ρ

2

r2
a − r2

b

(A4)

·
raJ1(αra) − bJ1(αrb) Y (rb) − Y (ra)

J (ra)Y (rb) − J (rb)Y (ra)

+
raY1(αra) − rbY1(αrb) J (ra) − J (rb)

J (ra)Y (rb) − J (rb)Y (ra)
,

where K2
ρ = 2d2

31/(�T
33(s

E
11 + sE

12)) is the electro-mechani-
cal coupling factor, J0, Y0, and J1, Y1 are the Bessel func-
tions of zero and first order respectively, J (x), Y (x) are
two functions given by

J (x) =
−αJ2(αx)(1 − v12)

1 + v12
+ αJ0(αx), (A5)

Y (x) =
−αY2(αx)(1 − v12)

1 + v12
+ αY0(αx). (A6)

The resonance frequency is obtained when the electric ad-
mittance tends to infinity which corresponds to

J (ra) Y (rb) − J (rb) Y (ra) = 0. (A7)
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