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Abstract: Ferroelectret films are cellular polymers with electrically charged pores that exhibit piezo-
electric response. Among other applications, ferroelectret films have been widely used as active
elements in air-coupled ultrasonic transducers. More recently, they have also been tested in water im-
mersion. They show a promising wide frequency band response, but a poor sensitivity produced by
the disappearance of the electromechanical resonances. This paper studies in detail the modification
of FE films response when put into water immersion, both the mechanical and the electromechanical
responses (the latter in transmission and reception modes). The lack of electromechanical thickness
resonances when the films are put into water is explained as the result of the different profile of the
modification of the polarization vector along the film thickness imposed by the large mechanical
load produced by the water. This different electromechanical response can also be the reason for the
subtle modification of the mechanical thickness resonances that is also observed and analyzed.

Keywords: cellular polymers; ferroelectrets; thickness resonances; piezoelectric polymers;
ultrasonic transduction

1. Introduction

Ferroelectrets are cellular polymer films that contain flattened and elongated pores in
the film plane with the capability that these pores can be electrically charged in a stable
way [1,2]. Cellular porous solids are widely found in nature as this is a kind of hierarchi-
cal structure that provides many different design advantages and offer the possibility of
combining different functionalities. They are also commonly found in medicine, both as
organs that need to be studied and as a source of inspiration for the design of sensors. [3].
In addition, programmable materials based on cellular solids have also been proposed to
recreate the essential features of biologically self-adaptive materials [4]. As a result of their
cellular structure, ferroelectrets are thin and flexible polymeric films that exhibit piezoelec-
tric properties. Different manufacturing techniques have been used, such as the two-step
inflation technique [5], template-patterning techniques [6,7] and additive manufacturing
techniques [8]. This cellular structure is designed so that the deformation of the material
takes place through bending of the pore walls and the possibility of trapping electrical
charge in the pores in a stable way is maximized [9]. This gives rise to very reduced elastic
modulus, so relatively large deformations can be achieved. This feature together with
the trapped electrical charge in the pore walls gives rise to a macroscopic piezoelectric
response. Previous studies of ferroelectret materials have been oriented towards char-
acterizing the films, modifying the cellular microstructure to maximize the piezoelectric
response and stabilizing and optimizing the electrical charge trapped in the pores [5,10–16].
More recently, a new type of material combining conventional piezoelectricity (linked to
microscopic charge distribution) and ferroelectret piezoelectric response (linked to macro-
scopic electrical dipoles trapped in the macroscopic pores) has been proposed and used as
a biometric sensor [17].

Ferroelectrets have been used for many different applications including microphones [18],
energy harvesting [19–21], wearable devices [22] and flexible and printable sensors (FLEPS) [23],
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flexible touch pads and tactile sensors [24], and air-coupled ultrasonic transducers [25–33].
In the latter case, the main advantage is the extremely low acoustic impedance of these
materials that facilitates the coupling to the air; they are normally operated using the
thickness resonances of the films. In addition, the possibility to operate these films in the
electrostrictive regime under high voltage excitation offers an important improvement of
transducer efficiency [34,35]. Applications of FE-based air-coupled transducers have mainly
been oriented towards non-destructive testing of materials. More recently, ferroelectret
films have also been revealed as a promising candidate to produce transducers for liquid
coupling and hydrophones. Applications in the low frequency range (below 100 kHz)
have been studied in [36–38] while applications for wideband ultrasonic transducer for
medical applications and hydrophones, involving a frequency range >200 kHz, have
been proposed and studied in [39–41]. They present an extremely wideband response
but a very low sensitivity compared with conventional transducers. In addition, they
also present some abnormalities compared with the response of FE transducers for air-
coupled ultrasonic applications that should be better understood in order to be able to
improve their performance in water immersion applications—in particular, to improve
sensitivity without compromising the bandwidth and to compensate the sensitivity loss
when frequency increases.

Ref. [42] supposed a step forward, as it showed that air-loaded thickness resonances
of these films can be better explained if a sandwich meso-structure together with a cellular
microstructure is assumed. This conclusion is consistent with SEM images of the FE film
structure. This approach permitted to justify the harmonic distortion of the thickness
resonance spectra observed in these films.

The purpose of this paper is to study, simultaneously, both thickness resonances and
electromechanical response (both as receiver and transmitter) of this type of material as
well as the modifications in both of them when going from the well-known case of air-
loaded films to the more unconventional case of water-loaded films, which is of interest
for medical transducers and hydrophones, as suggested above. Given that the impedance
of these materials is about 0.05 MRayl and impedance of water and air are 1.5 MRayl and
4 × 10−4 MRayl, respectively, the variation of boundary conditions when the film is in
water or in air is remarkable.

Towards this end, two different FE films have been studied both in air and in water.
First, we measured the transmission coefficient in water immersion at normal incidence
and for a frequency band that, at least, covers the first order of the thickness resonances—in
most cases, the first two orders. Similar measurements were performed in air for the same
materials [15,42]; in the latter case, material parameters were extracted by assuming a
sandwich structure for the film and solving the inverse problem. Observed resonances in
air and in water have been compared and differences have been analyzed.

Then, the electromechanical response of the films is measured, both under air and
water loads. Two different types of measurements were performed in this case. The first
one consists of measuring the generated electric signal in the FE when an ultrasonic signal
impinges on the film at normal incidence, while the second one consists of measuring the
radiated ultrasonic signal when an electrical excitation is applied to the film (Tx mode).
These measurements were performed both in water and in air. Responses of the film
under these two different loading conditions are compared. Finally, an explanation for the
observed differences is provided.

2. Materials and Methods
2.1. Materials

Two different ferroelectret (FE) films have been used for this study, both from EMFIT
Ltd (Vaajakoski, FINLAND), commercial names: HS03 and HS06. Properties of these films
can be seen in Table 1 and in Refs. [15,41,42].



Polymers 2021, 13, 3239 3 of 19

Table 1. Properties of the FE films employed [10].

Material Thickness
(µm)

Density
(kg/m3)

λ/2 Resonant Frequency,
Thickness Mode

(MHz)

Impedance
(MRayl)

HS03 70 530 0.638 0.046

HS06 90 370 1.120 0.065

To facilitate sample handling and electrical connections for the measurement of the
electromechanical response, samples were prepared by sandwiching the FE film between
two metallic washers (outer diameter: 40 mm, inner diameter: 25 mm). The FE and the
washers were glued using epoxy resin. Once glued, both free surfaces of the FE film
and washer were Au sputtered (using a LEICA EM ACE200 sputtering LEICA, Wetzlar,
Germany), for 60 s) to ensure electrical conductivity between the washer and the surface of
the FE film the washer is glued to. Finally, two wires were soldered to the washers and
epoxy resin was applied to the edge of the washers and to cover the soldering points as
protection and to facilitate the handling of the samples. The structure and composition of
the samples so prepared is shown in Figure 1.
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Figure 1. Schematic representation of the FE film preparation. Figure 1. Schematic representation of the FE film preparation.

The samples resemble tambourines (see pictures in Figure 2). Two samples using
HS03 film and one sample using HS06 film were prepared. In one of the HS03 samples, a
film of adhesive tape (150 µm thick) was glued to one of the faces of the FE film. Due to
the very small thickness and impedance of the FE film (0.046 MRayl), the presence of this
adhesive tape film is “seen” as very high impedance load (impedance of the adhesive tape
~1.7 MRayl). Hence, the observed thickness resonances of this sample in air are shifted
closer to the quarter wavelength resonances, while for the other samples, we observe the
half wavelength resonances of the free-standing film. On the contrary, when submerged in
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water, as the impedance of the water is very close to the impedance of the adhesive tape,
the response of the FE film with the adhesive tape is expected to be very similar to that of
the free film (without adhesive tape).
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The experimental set-up is shown in Figure 3. A couple of identical ultrasonic trans-
ducers are positioned in opposition and aligned and the sample to be measured is located
in between them at normal incidence.
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Two different media, where both sample and transducers are immersed, have been
used: water and air. When water immersion is used, a small water tank is used as shown
in Figure 4.
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Figure 4. Water tank for water immersion measurements.

All measurements were performed at room conditions. For water immersion measure-
ments, a pair of wide band transducers (Olympus, Olympus NDT Inc., Quebec, Canada,
Ref #V303, 15 mm diameter, 1 MHz center frequency) have been employed. These trans-
ducers permit to cover the frequency range from 0.2 to 1.4 MHz. In some cases, it was
of interest to expand the frequency range to higher frequencies. In these cases, a second
pair of transducers, also from Olympus (Olympus NDT Inc., Quebec, Canada), centered at
2.25 MHz were used (15 mm diameter, Ref #C306). This permitted to expand the frequency
range up to 3.0 MHz.

For air-coupled measurements, three pairs of air-coupled transducers manufactured
at ITEFI-CSIC (Madrid, Spain) were used to cover a similar frequency range. The centre
frequency of these three pairs of transducers is: 0.25, 0.65 and 1.1 MHz, respectively.

In all cases, the transmitter transducer was driven by using an Olympus pulser/receiver
(5058PR), pulser in Figure 3. The same pulser was also used when the FE film was excited
to measure its response in transmission (Tx) mode, as shown in Figure 3b. This pulser
generates a wideband spike. Amplitude of the excitation was set to 200 V for air-coupled
measurements and to 100 V for water immersion measurements. Gain in reception stage
of the 5058 P/R (receiver in Figure 3) was between 0 and 10 dB for water immersion
measurements and between 10 and 20 dB for air-coupled measurements; all filters in the
receiver (5058PR) were off.

Without sample in between transducers, the fast Fourier transform (FFT) of the signal
received in the scope (FFT

(
Sre f

)
) can be used to characterize the response of the system.

FFT
(

Sre f

)
is the result of the multiplication of the transfer functions (in frequency domain),

TF, of the different elements present in the experimental set-up (i.e., pulser: electrical
excitation, Tx: transmitter transducer, Rx: receiver transducer, receiver: electronics at
reception, i.e., gain, matching impedance, etc.), and applying them to the input of the

system: the signal provided by the pulser (
[
Spulser

]∗
):

FFT
(

Sre f

)
= TF(receiver)× TF(Rx)× TF( f luid− gap)× TF(Tx)×

[
Spulser

]∗
(1)

Alternatively:

FFT
(

Sre f

)
= TF(receiver)× TF( f luid− gap)× TF(Tr)2 ×

[
Spulser

]∗
, (2)

where TF(Tr)2 = TF(Tx)× TF(Rx).
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In addition, TF(receiver) can be split into two terms:

TF(receiver) = G× TF(receiver∗), (3)

where G is the gain in reception and TF(receiver∗) is the result of the electrical impedance
matching between receiver transducer (Rx) and the electronics in the receiver.

In some cases, Equation (2) can be further simplified. For example, for wide band
transducers TF(Tx) ≈ TF(Rx). Under spike excitation and for pulser bandwidth much

larger than transducers bandwidth, it can be assumed that
[
Spulser

]∗
≈ cte = A, at least

within the transducer’s frequency band. Finally, for a receiver with flat frequency response,
G in Equation (2), can be considered cte. Then Equation (3) can be simplified:

FFT
(

Sre f

)
= A× G× TF(Tr)2 × TF( f luid− gap)× TF(receiver∗), (4)

Three different measurements were performed for all of them the sample remained in

the same position and the pulser configuration; that is,
[
Spulser

]∗
was also kept unchanged:

1. the transmission coefficient of the FE sample,
2. the electrical voltage generated in the FE sample when an ultrasonic wave impinges

on the it (electromechanical response in Rx mode),
3. the ultrasonic signal emitted by the FE sample when an electrical excitation is applied

to it (electromechanical response in Tx mode).

2.2. Methods
2.2.1. Measurement of the Mechanical Response of the FE Sample: Transmission Coefficient

As explained before, the system is characterized by measuring FFT
(

Sre f

)
. Then, the

FE sample is put in between Tx and Rx transducers at normal incidence. All elements of the
system remain unchanged with the exception of the gain in the receiver, which is increased.
As in the previous case, the FFT of the signal in the receiver transducer, FFT

(
Ssample

)
,

is the result of the multiplication of the transfer functions (in frequency domain) of the
different elements in the experimental set-up applied to the FFT of the input signal, which

is the signal provided by the pulser:
[
Spulser

]∗
:

FFT
(

Ssample

)
= TF(receiver)× TF(Rx)× TF( f luid− gap 2)× TF(sample)× TF( f luid− gap 1)

× TF(Tx)×
[
Spulser

]∗ (5)

For films with thickness << distance between Tx and Rx, it can be assumed that:

TF( f luid− gap 1)TF( f luid− gap 2) = TF( f luid− gap), (6)

So, Equations (2), (5) and (6) lead to:

FFT
(

Ssample

)
= TF(sample)FFT

(
Sre f

)
, (7)

then:

TF(sample) =
FFT

(
Ssample

)
FFT

(
Sre f

) , (8)

and TF(sample) is equal to the transmission coefficient of the film, the modulus (in dB) is
obtained from:

20log

∣∣∣∣∣∣
FFT

(
Ssample

)
FFT

(
Sre f

)
∣∣∣∣∣∣, (9)
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2.2.2. Measurement of the Electromechanical Response: Rx Mode

Keeping the same experimental configuration, we measured the electromechanical
response of the film in receiver mode. Following Figure 3a, this is obtained by measuring
the FFT of the signal at channel 2 of the scope (i.e., the electrical voltage generated in the
FE sample when the ultrasonic signal generated by Tx impinges on it).

The FFT of this signal, FFT(SFE−RX), is given by:

FFT(SFE−RX) = TF(receiver)× TF(FERx)× TF( f luid− gap 1)× TF(Tx)×
[
Spulser

]∗
(10)

Moreover, if the sample is located in the middle of the fluid-gap:

TF( f luid− gap 1) = TF( f luid− gap 2) ≈ TF( f luid− gap)1/2, (11)

Then Equation (4) is:

FFT
(

Sre f

)
= A× G× TF(Tr)2 × TF( f luid− gap)× TF(receiver∗), (12)

Then, with Equations (4) and (11), Equation (10) can be written as:

FFT(SFE−RX) = A×G×TF(Tr)×TF( f luid− gap)1/2×TF(FERx)×TF(receiver∗) (13)

Then:

TF(FERx) =

(
FFT(SFE−Rx)/

√
FFT

(
Sre f

))
× 1/

√
A× G× TF(receiver∗), (14)

That is:
TF(FERx) ∝ FFT(SFE−Rx)/FFT

(
Sre f

)1/2
, (15)

and the modulus of TF(FERx) in dB is given by:

20log|TF(FERx)| = 20log

∣∣∣∣∣∣∣
FFT(SFE−Rx)

FFT
(

Sre f

)1/2

∣∣∣∣∣∣∣− cte, (16)

where: cte = 10log(A× G× TF(receiver∗))
The magnitude: 20log|TF(FERx)| + cte is defined as: 20log

∣∣TF(FERx)
∗∣∣. This is

straightforwardly obtained from the measurements and represents the frequency pro-
file of the FE sample response in Rx mode. Where SFE−Rx is the electric voltage measured
at FE film terminals. In this configuration, the electrical voltage in the FE, FFT(SFE−RX), is
produced by the ultrasonic signal transmitted by the Tx transducer and the piezoelectric
effect of the FE film.

2.2.3. Measurement of the Electromechanical Response: Tx Mode

Finally, we measured the electromechanical response of the film in transmission mode:
FFT(SFE−TX). Towards this end, the pulser output is connected to the FE film wires and the
signal received at the receiver transducer (channel 1 of the scope in Figure 3b) is registered.

FFT(SFE−TX) = TF(receiver)× TF(Tr)× TF( f luid− gap 1 )× TF(FETx)×
[
Spulser

]∗
, (17)

or:

FFT(SFE−TX) = A× G× TF(FETx)× TF( f luid− gap)1/2 × TF(Tr). (18)
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That is:

TF(FETx) =

(
FFT(SFE−Tx)/

√
FFT

(
Sre f

))
× 1/

√
A× G× TF(receiver∗), (19)

and the modulus of TF(FETx) in dB is given by:

TF(FETx) ∝ FFT(SFE−Tx)/FFT
(

Sre f

)1/2
, (20)

and the modulus of TF(FETx) in dB is given by:

20log|TF(FETx)| = 20log

∣∣∣∣∣∣∣
FFT(SFE−Tx)

FFT
(

Sre f

)1/2

∣∣∣∣∣∣∣− cte; (21)

The magnitude: 20log|TF(FETx)|+ cte is defined as: 20log
∣∣TF(FETx)

∗∣∣. This magni-
tude is straightforwardly obtained from the measurements and represents the frequency
profile of the FE response in Tx mode:

20log
∣∣TF(FETx)

∗∣∣ = 20log

∣∣∣∣∣∣∣
FFT(SFE−Tx)

FFT
(

Sre f

)1/2

∣∣∣∣∣∣∣, (22)

3. Results
3.1. FE Response in Air

Measurement of the modulus of the transmission coefficient and the modulus of the
electromechanical response both in Tx and Rx mode in air for the samples HS03, HS03 +
film and HS06 at normal incidence are shown in Figures 5–7, respectively. The repeatability
of the measurements is typically within the range of the symbol size. Figures 5b, 6b and 7b
show, in the same graph, both the Tx and Rx response. This is performed for convenience
and there is no reason to expect the same response in Tx and Rx modes. Electromechanical
measurements show a larger noise level below −35 dB; this can be attributed to a reduced
single to noise ratio. In a similar way, in some cases, a larger dispersion can be found at the
limits of the transducer bandwidth; this is also due to a reduced signal-to-noise ratio, in this
case produced by the reduced sensitivity of the transducer at the edge of its bandwidth.

The mechanical responses (Figures 5a, 6a and 7a) show the spectra of the transmission
coefficient magnitude. These spectra clearly present the effect of the appearance of thickness
resonances (located at the frequencies where the transmission coefficient presents a local
maximum). Two orders of these resonances are shown in Figure 5a that correspond
to the half wavelength resonances (shifted from the theoretically expected value due
to the sandwich structure of the film as explained in Ref. [38]). Two orders of these
resonances are also shown in Figure 6a. In this case, they correspond, approximately, to the
quarter wavelength resonances due to the presence of the adhesive film. Finally, Figure 7a
shows the first thickness resonance (half wavelength mode) for the HS06 sample. The
electromechanical response follows a similar trend with the only exception of the second
order resonance in Figure 5 that presents no electromechanical counterpart. These results
are carefully discussed in the Discussion section.
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3.2. FE Response in Water

Measurements of the modulus of the transmission coefficient and of the electrome-
chanical response both in Tx and Rx mode in water for the samples HS03, HS03 + film and
HS06 at normal incidence are shown in Figures 8–10, respectively. The repeatability of
the measurements is typically within the range of the symbol size. Figures 8b, 9b and 10b
show, in the same graph, both the Tx and Rx response. This is performed for convenience
and there is no reason to expect the same response in Tx and Rx modes. Electromechanical
measurements show a larger noise level below −35 dB; this can be attributed to a reduced
single-to-noise ratio.

The mechanical responses (Figures 8a, 9a and 10a) show the spectra of the transmis-
sion coefficient magnitude. These spectra clearly present the effect of the appearance of
thickness resonances (where the transmission coefficient presents a local maximum). Two
orders of these resonances are shown in Figure 8a that correspond to the half wavelength
resonances (shifted due to the sandwich structure of the film, as explained in Ref. [38].
Two orders of these resonances are also shown in Figure 9a. In this case, they also corre-
spond, approximately, to the half wavelength resonances due to the fact that the presence
of water eliminates the effect of the adhesive film. Finally, Figure 10a shows the first
thickness resonance (half wavelength mode) for the HS06 sample. Unlike in the previous
case (air-coupled), the electromechanical response does not follow a similar trend and no
electromechanical resonances appear in this case. These results are carefully discussed in
the Discussion section.
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4. Discussion
4.1. Discussion of the Modification of the FE Mechanical Response for Two Different External
Loads: Air and Water

The mechanical response of the FE samples is studied through the analysis of the
magnitude spectrum of the transmission coefficient for ultrasonic waves measured at
normal incidence and in a frequency range that includes, at least, the first order thickness
resonance of the FE film.

Transmission coefficient measurements of these films in air have been previously
studied and reported (see Refs. [15,42]). The only difference in this case, compared with
previously published results, is the presence of a sputtered Au layer. The results are shown
in Figures 5a, 6a and 7a. The first thickness resonance appears at 0.59 and 1.03 MHz for
HS03 and HS06, respectively. These values are slightly smaller than those previously
reported (see Table 1). This is due to the presence of the sputtered Au layer. The presence of
the adhesive tape film in the HS03 + film sample introduces as much larger load (compared
with the load due to the Au layer). As consequence, the displacement towards lower
frequencies and lower magnitude values is larger in this case, with the film response
approaching a quarter wavelength thickness resonance response. This is similar to what
was observed in Ref. [15] when a double-sided electrically conductive adhesive tape was
attached to one of the FE film surfaces.

The spectra of the transmission coefficient of the FE samples are modified when water
is used instead of air as the outer medium. For the HS03 sample (Figures 5a and 8a), the
most significant change is the displacement of the second-order resonance from 1.05 MHz
(in air) to 1.25 MHz (in water). In addition, resonances in air are sharper and the trans-
mission coefficient level is, in general, lower. These latter modifications can be explained
by the larger impedance mismatch between FE sample and external fluid in the case of
air-coupled measurements, but the former modification is quite counterintuitive. Moreover,
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the harmonic distortion observed in air (with the first order thickness resonance appear at
0.59 MHz and the second one at 1.05 MHz) is almost lost in water (first thickness resonance
at 0.6 MHz and second at 1.25 MHz).

As expected, the influence of the adhesive tape film in the HS03 + film sample is
almost negligible in water and measurements in water of the transmission coefficient of
the HS03 sample (Figure 8a) and the HS03 + film sample (Figure 9a) are almost identical.

The transmission coefficient magnitude in HS06 measured in air is sharper and the
overall level is lower compared with the measurements in water. As before, this can be
explained by the larger impedance mismatch between the sample and the external fluid
when this fluid is air. On the contrary no significant displacement of the resonant frequency
is observed.

The modifications observed in the transmission coefficient when the air is replaced
with water put forward the question of whether all the observed modifications can be fully
explained by the change of the external fluid or if, on the contrary, the FE film undergoes
any additional modification in its behavior. This is of interest especially for the HS03
sample where the displacement of the second order resonance towards higher frequency
values when the air is replaced with water is difficult to explain by the mere action of the
water load.

As this is of interest for this work, and for the potential use of these films for medical
transducers and hydrophones, a more detailed analysis of this point has been performed.
In particular, the studied films in [42], the same that we have used to fabricate the samples
for this work, were used to measure transmission coefficient in water. For these samples,
the transmission coefficient in air is well described by a theoretical model based on a
layered structure, in particular, a sandwich structure. We have measured transmission
coefficient measurements for these samples (HS03 and HS06), but in this case, in water.
Then, we have used the same material parameters obtained in [42], from the air-coupled
measurements, and used them to calculate the expected response in water. If the FE
film remains unmodified, then the calculated transmission coefficient of the film in water
using the material parameters obtained from air-coupled measurements should match the
experimental measurements. If there is any difference, it can be concluded that the film
response is modified when it is immersed in water.

Results are shown in Figures 11 and 12. These figures show the measured transmission
coefficient in water—in this case, both magnitude and phase (open circles)—and the
calculated transmission coefficient spectra in water assuming the FE film parameters
obtained from measurements in air [42] (solid black line). It is clear that this calculated
transmission coefficient fails to explain the measured response in water, so this fact supports
the hypothesis that the film itself is modified when it is immersed in water. In addition,
the figure also shows the prediction of the sandwich model when material parameters
are recalculated for water (using the same procedure as in [42])—this is the dashed line.
Clearly, the sandwich model is still able to reproduce the measured response in water, but
the material parameters have to be changed. It can be seen from Figures 11 and 12 that this
modification of the FE film is larger for the HS06 sample.

One remarkable feature is that in both cases the measured resonances in water appear
are higher frequencies compared with the prediction obtained using the film parameters
obtained from the air-coupled measurements and using water as outer medium.

It was verified that after water immersion films response in air-coupled measurements
are the same as before immersion, without the need of any recovery time, so the mechanism
for this modification must be reversible and operates without any delay. This together
with the fact that FE surface is impervious support the hypothesis that this modification
is not due to water percolation. Moreover, it was observed that the response in water is
similar when other fluids are used instead of water (e.g., sunflower oil), so this discards any
potential effect of the polar character of the water. In a similar way, as the sample is only
submerged a few mm, the effect of hydrostatic pressure on the film must also be discarded.
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4.2. Electromechanical Response of the FE Films in Air and in Water

Unlike differences in the transmission coefficient, which required of a very detailed
analysis to reveal the actual modification of the FE film response when the external fluid is
changed (from air to water), the differences in the electromechanical response are evident.

In general, the variation with the frequency in the electromechanical response (both in
Tx and Rx mode) in air follows the observed variation in the transmission coefficient. This
is an expected result as at the resonant frequency of the film thickness mode, the strain and
stress in the film is maximum due to the additive contribution of the reverberations within
the film; therefore, it can be expected that the electromechanical conversion is also maximal
at resonant frequencies. This response is observed in all cases, with the only exception
being the second order resonance in the HS03 sample (Figure 5).

However, this behavior is completely different for samples in water. Thickness res-
onances of the FE samples are still present when the FE films are put in water (as can be
seen Figures 8a, 9a and 10a), and this is a fully expected result given the large impedance
difference between the FE films and the water. However, the electromechanical response
does not follow the same trend as the transmission coefficient and the onset of mechanical
resonances has no counterpart on the electromechanical response either in transmission or
in reception mode.

This can be attributed to the different nature of the boundary conditions in both cases
(air and water) and the different modification of the polarization inside the material due to
the resonances in the film. The situation is schematically explained in Figure 13.

Under air load, the impedance of the film is about 100 times larger than the impedance
of the outer medium (air). Then, it can be assumed that the boundary conditions at the
FE film surface are very close to those of a free boundary, i.e., maximal displacement and
null stress. On the other hand, under water load, the impedance of the outer medium
(water) is about 38 times the impedance of the film. Then, the boundary conditions at
the FE film surface for the water-loaded case can be assumed to be very close to the rigid
boundary condition, i.e., maximum stress and null displacement. Figure 13 schematically
represents these two situations and the different pressure and displacement distribution
across the film thickness produced by these different boundary conditions. In addition,
cell deformation along the thickness is also depicted as well as the relative variation of the
polarization vector.

As it can be seen in Figure 13a, the air-loaded case, the modification of the polarization
in the FE cells is maximal at the center of the film and minimal on the surface, and the sign
of the modification of the polarization vector is the same along the whole film thickness.
Therefore, this results in a net variation of the mean polarization in the film. On the other
hand, for the water-loaded case, the relative variation of the polarization inside the FE
film has opposite signs in the two halves of the film (while polarization keeps the same
direction in all the film in some part of the film it increases while in the other it decreases);
therefore, it can be expected that the overall polarization modification is null. This explains
the lack of electromechanical resonances in the water-loaded films.

The reason of the lack of the second order electromechanical resonance in Figure 5b
is the same one that explains the lack of even piezoelectric thickness resonances in a
piezoelectric plate and the reasoning is similar to that given for Figure 13b.

Quarter wavelength resonances are observed in the case of the film + adhesive tape
in air (Figure 6b) or in the well-known case of air-coupled FE transducers (with a heavy
backing). This resonant mode (Figure 6b) does present electromechanical resonances in
both the first and the second order thickness resonances. This is explained in Figure 13c,d,
where it is shown that under these conditions the net polarization modification along the
FE film thickness is not null.
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Figure 13. Representation of strain and stress, polarization variation and cell deformation distribution along the film
thickness for different boundary conditions and resonance orders; (a) first half wave resonance with free boundary
conditions; (b) first half wave resonance with rigid boundary conditions; (c) first quarter wavelength resonance; (d) second
order quarter wave resonance.
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5. Conclusions

This work shows that the response of thickness resonances and their associated
electromechanical response in FE films is different in water and in air. The impedance
of water is much larger than the impedance of the FE film; for this reason, boundary
conditions at the FE surface are close to ideal rigid when the FE film is in water. This
gives rise to a stress, displacement and polarization change distribution along the film
thickness where the overall polarization modification is close to zero. On the contrary,
when the film is in air, the impedance of the air is much lower than the impedance of the
film and the boundary conditions are close to that of a free surface. Under these conditions,
and for the uneven thickness resonance orders, the stress, displacement and polarization
distribution along the film thickness gives rise to a net polarization variation. FE films
under asymmetric conditions (quarter wavelength resonances) are close to this latter case,
with the main difference that electromechanical resonances are observed for all orders of
the mechanical resonances.

This difference in the ability of the film to couple mechanical into electrical energy,
depending on the external fluid (that is on the boundary conditions), can also be the reason
for the subtle differences observed in the transmission coefficient spectra.
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