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Abstract

There are various non-destructive techniques for determining the internal properties of
materials in fluids, semi-solids, solids, and biological tissue. One of these techniques is
low intensity ultrasonic testing. In this proceeding, a study on the architecture of a piezo-
electric acoustic detector (PAD) is presented, from which the analysis for design, devel-
opment and construction of the acoustic wave detector in the ultrasonic spectrum has
emerged. Its aim is to apply it to soft matter and tissue. The 110 um thick polyvinylidene
fluoride (PVDF) piezoelectric element was used as the active element in the thickness
mode configuration. Piezoelectric constitutive equations were applied to a one-dimen-
sional model for the analysis. A cylindrical iron-nickel backing was used, and the parts
were bonded with silver conductive epoxy glue. The results are presented. The equation
for the output voltage of the piezoelectric acoustic detector is described. Functional testing
of the PAD is demonstrated using the pulse-echo technique, in which an acoustic wave
generator excited an ultrasonic immersion sensor in emission configuration and the DAP
was connected to a digital oscilloscope to observe the received signal. Finally, pulsed pho-
toacoustic spectroscopy was applied to a biological tissue emulator and yielded signifi-
cant results in detection of a ruby sphere embedded in the emulator. It is proposed to
further investigation the DAP models in multilayer structural configurations to increase
their sensitivity.
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1. Introduction

The development of new devices to monitor a particular process or, where appropri-
ate, to modify a measuring element is carried out in the field known as electronic instru-
mentation. In this context, one of the branches of instrumentation is metrology, whose
main objective is to obtain information about a physical process and find a suitable way
to present this information to the observer or another technical system [1].

A sensor is a device that converts a physical phenomenon into an electrical signal.
As such, sensors represent the part of the interface between the physical world and the
world of electronic devices [2].

Eng. Proc. 2025, 5, x

https://doi.org/10.3390/xxxxx



Eng. Proc. 2025, 5, x FOR PEER REVIEW 2 of 8

2. Modeling of Piezoelectric Acoustic Detector

The piezoelectric element is considered as an active material for the design of a pie-
zoelectric acoustic detector (PAD) in thickness mode. For analysis purposes, it is necessary
to consider the active element, the connecting cable and the signal conditioning as a single
overall system. The impedance of piezoelectric material is generally very high. Therefore,
the input impedance of the signal conditioning is almost always high impedance and is
used for buffering rather than voltage amplification [3]. The cable capacitance can be con-
siderable, especially with long cables. If a constant (quasi-static) pressure is applied to a
single piezoelectric and maintained, a voltage is generated at the connection of the piezo-
electric, but this is dissipated by the leakage resistance of the piezoelectric, Rs. Since this
resistance, Rs, is very large (in the order of 1011Q)) [4], this decrease would be very slow
and perhaps allow at least a quasi-static response. However, if an instrument to measure
the external voltage is connected to the piezoelectric, the charge will drop very quickly
and prevent the measurement of the static stress. Therefore, consider Figure #, which
shows a diagram containing within a rectangular figure a piezoelectric element, connected
by a cable to the signal conditioning stage (which may include a filter and signal amplifi-
cation stage) and which is referred to as the sensor, and this las part is connected to the
controller.
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Figure 1. Block diagram of the piezoelectric element, the cable, and the signal processing.

Now consider a charge Q generated by a piezoelectric element, which can be ex-
pressed as follows,

0=I'y-F, 1)

where, Q is the charge, Iy=gy7G , g33 is the stress constant in the thickness mode, the
thickness of the piezoelectric material, and Co is the capacitance between the electrodes;
Pp is the average pressure exerted in the perpendicular direction on the surface of the
piezoelectric material.

To simplify the system, an electrical circuit diagram corresponding to Figure 2 is ob-

tained,
O +
CHARGE
GENERATOR
0=I-P, @ f— f— f— Eo
Rs Criezo CcasLe Csc Rsc
O

Figure 2. Schematic representation of the system.
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Where Rs is the leakage resistance of the piezoelectric element Criezo is the capaci-
tance of the piezoelectric Ccasir is the cable capacitance, Csa and Rsa are the input capaci-
tance and the resistance of the signal conditioning, respectively. All elements in parallel
configuration.

Figure 3 is simplified by connecting a resistor and a capacitor in parallel and convert-
ing the charge generator into a current generator, i.e.,

1 = Q =T dab, @)
PIEZO = 1 5|

O

CURRENT T L l
GENERATOR Inezo . .
Lonzo =T3Py -

Rr Cr

O

Figure 3. Simplified schematic representation.

Where Rr is the total resistance resulting from the parallel connection of Rsa; we dis-
regard Rs for the reasons mentioned above; Cr is the total parallel capacitance of Critzo,
Ccasie, and Csy, i.e.,

R, = RSA (3)

CT = CP[EZO + CVCABLE + CSA (4)

The simplification of the schematic diagram in Figure 4 is shown,

O +

Lpiezo ( ) Zr Eo

O -
Figure 4. Simplified general representation.

Where Zr is the parallel between Cr and Ry, i.e.,, Zr=Cr | | Rr.

Taking the Equation (2) and solving for Ey(s) in the Laplace domain, it is described,

=~ snl’
Eals)= Su +Sl F ©®)

n=CR; Iy = r33CT )

and
For the system architecture, Figure 5 was supplemented with the missing parameters

where,

as shown below,
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Figure 5. Sketch of the global system.

Figure 5 describes the piezoelectric active layer located between two semi-infinite
isotropic media, labelled Zrm and Zsk, representing the acoustic impedance of the propa-
gation medium and the backing, respectively. The width of the piezoelectric layer has the
thickness .

Pr stands for the average pressure over the surface of the piezoelectric material. Arrm
is the amplitude of the incident wave; Arru, is the amplitude of the reflected acoustic wave
and Arsx, is the amplitude of the transmitted acoustic wave, F1 and F: are the external
mechanical forces on both sides. U: and U: are the velocities of the two surfaces, they are
positive when they enter the detector from the left side). A is the surface area of the pie-
zoelectric element face. Zr is the total electrical impedance including the piezoelectric ma-
terial, the cable and the signal conditioning Eo is the output voltage (electrical stage) pro-
vided by the PAD. It is the total current through the electrical impedance.

By applying the piezoelectric constitutive equations and boundary conditions, we
also analyze the internal structure of the piezoelectric acoustic detector elements and ob-
tain the detector’s output voltage expression.

Il (5) By (5)
sZp

1_2F(S)[M+MJE (6)

2 2 K

V(s)=

where Zr is the transfer function of the influence of the external load with the secondary
1

ZF (S) - 1+SCOZ~T (v)

piezoelectric effect and Zeu is the electromechanical impedance of the

e
given PAD by 0 [5,6].

2 _Zo=Zn, Lo 22, 2 2o~ Zu L 22,

o= .= = =
In addition, Zp+Zpy , Zp+Zpy , Zp+Zy , Zp+Zy

R RN () (S
D e N L )

, and

3. Experimental Demonstration

Before the experimental test phase begins, a description of the design and construc-
tion of the piezoelectric acoustic detector is now presented.

3.1. Design and Construction of the Acoustic Detector with Monolayer Strcuture

The acoustic detector was designed with a monolayer structure, as shown in Figure 6.
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Figure 6. Design of the piezoelectric acoustic detector, (a) model; (b) real PAD.

The design consists of a (1) BNC electrical connector electrically connected to the (2)
backing of iron-nickel alloy substrate using (3) conductive silver epoxy adhesive. The ad-
hesive was also used to connect the carrier to backing side of the foil made of (4) piezoe-
lectric PVDF material with a thickness of 110 pm and a diameter of 8.1 + 1 mm; (5) a Kynar
type conductor wire with a caliber of 30 AWG was used to electrically connect the other
side of the piezoelectric material to the BNC connector. Finally, (6) the electrode of the
backing body and the active layer were coated with an insulating epoxy adhesive and a
heat insulating cover [7]. The PAD was then built, following the steps described above.

4. Results

Theoretically, the output voltage behavior of a monolayer system has the form shown
in Figure 7. The input signal is a rectangular pulse with an amplitude Py at a time T. the
output signal Eo has an exponential decay, and this behavior has to do with the intrinsic

properties of the piezoelectric material.
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Figure 7. Modeling of the stimulus generated by a pulse on a piezoelectric monolayer leading to a

voltage output.

A model for the excitation voltage by an input pulse was proposed via the PAD, as
shown in Figure 8.
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Figure 8. (a) Stimulation by pulse-train voltage; (b) DAP output signal.

The experimental setup shown in Figure 9 was implemented with a function gener-
ator connected to an ultrasonic sensor (Parametrics V309) in the emitter setup and to chan-
nel 4 of the oscilloscope to observe the pulse train. The PAD was connected to channel 1
of the oscilloscope to observe the stimulation response generated by the emitter. Both the
PAD and the sensor were placed parallel to each other in a glass vessel immersed in dis-
tilled water, which served as an acoustic propagation field (pulse-echo setup). The base
on which the glass vessel stands is made of wood. The stimulation by the function gener-
ators was 1Vp-p.
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Figure 9. Experimental setup.

The output voltage in Figure 10a shows the same behavior as in Figure 10b the peaks
and valleys of the pulse trains have smooth exponential decay, but exhibit a few disturb-
ances, such as noise.
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Figure 10. (a) DAP output voltage; (b) Comparison between the model and the experimental
stage.

To perform the experiment to detect the location and size of an object absorber (ruby
sphere) with a diameter of 2.38 + 0.001 mm, immersed in a phantom with the optical prop-
erties of a mammary gland as a means of propagation, the assembly was performed using
the technique of spectroscopy pulsed photoacoustic. The signal is obtained through trans-
mission mode setup, as shown in Figure 11.
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Figure 11. Experiment setup.

Used a Nd: YAG A = 1064 nm, working with a frequency of 10 Hz and emitting a
pulse a width of 9 ns, with a gaussian temporal profile and energy on the field 20 m]J ruby
sphere. The laser shot was recorded by the oscilloscope channel 1. The ruby sphere was
placed at a depth of 1.8 cm from the surface. The detector is mounted on the bottom of the
container in the propagation medium and connected to a block of signal conditioning and
then the signal was recorded by channel 4 of the oscilloscope. Figure 12 shows the signal
obtained.

OLTAE [mV]

= 40

TIEMPO [js8}

Figure 12. Photoacoustic signal obtained.

Figure 12 shows a first pulse for the laser beam shot, then describes the signal corre-
sponding to the absorbing object detection in a time of 12.58 us. The pulse width is about
2 ps. Finally, the observed signal in a time of 25.51 us, corresponds to the echo signal
absorbing a bandpass filter from 1 to 10 MHz.

It is necessary to comment on the following, which describes some conditions for the
creation of the architecture of a PAD.

1. Determine beforehand the propagation medium in which the detector will operate
to anticipate the losses that will occur.

2. Detector area A small offers better resolution. On the contrary, sensitivity decreases.
However, this can be compensated by the signal conditions.

3. Most commercial detectors use piezoceramics due to their properties. The justifica-
tion for using PVDF is that its acoustic impedance is closer to that of water and con-
sequently like that of biological tissue. But it is also known that acoustic coupling, the
detectors and the medium are under investigation.

4. Itis necessary to use signal conditioning in the detectors, to homogenize the ampli-
tude of the detector, i.e., to use filters when receiving the signal, then amplify it and
finally filter again. It is also important to use devices with high switching power and
minimal noise emission.
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5. There is interest in extending the study to implement a piezoelectric acoustic detector
with a multilayer internal structure to increase the output voltage generated by the
piezoelectric material.

5. Conclusions

This proceeding described the study and development of a piezoelectric acoustic de-
tector (PAD) for use used in soft matter.

The study involved the determination of an electrical equivalent system taking into
account the propagation medium, the acoustic detector (external and internal parameters)
and the peripheral connections.

The piezoelectric constitutive equations were used to obtain modeling to determine
the general equation were used to develop a model that determined the general equation
for the acoustic detector’s output voltage.

An acoustic detector was constructed using the piezopolymer PVDF, as its acoustic
impedance is like that of water, and, consequently, to that of biological tissue. A pulse-
echo ultrasonic experiment was performed with an acoustic field provided by water to
understand its basic operation.

An acoustic field experiment was also conducted using a phantom with the optical
properties of the mammary gland and a ruby sphere embedded within the phantom.
Pulse photoacoustic spectroscopy was applied to detect the position (depth) and size of
the ruby sphere.

There is interest in continuing the study to implement a system with a multilayer
structure, as well as the restructuring of its internal elements and experimental tests that
include the signal to noise ratio (SNR).
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