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ARTICLE INFO ABSTRACT

Keywords: Thanks to their intrinsic flexibility, energy efficiency and high portability, soft piezoelectric thin films represent
Piezoelectric the most effective technological approach for wearable devices to monitor health conditions. In order to improve
S(})lf.t il effectiveness and applicability, more and more innovative and high-performing soft piezoelectric materials are
Féo:;ﬁcigts being developed and benchmarked through their piezoelectric ds3 coefficient. However, most existing methods
das to measure the ds3 were developed for ceramic or bulk materials and cannot be applied to soft materials because
Weak loads high force/pressure can deform and damage the material structure. This work introduces a simple, effective, and
Charges fast method to accurately measure the dss of soft and thin piezoelectric films by applying weak sinusoidal forces

to avoid any damage to the sample, and simultaneously measuring the charges produced by the direct piezo-
electric effect. The approach is versatile as it can be used for different types of materials and sizes of the active
area. This method represents an effective solution to speed up the process of material optimization, paving the

Non-destructive testing

way for the rapid development of novel wearable piezoelectric devices.

1. Introduction

By virtue of their small size and portability, Micro Electro-
Mechanical Systems (MEMS) have revolutionized the world of wear-
able devices for biomedical applications to monitor health parameters.
Piezoelectric soft and flexible materials play an important role in this
context thanks to their significantly improved wearability, compliance
to the skin and reduced invasiveness and intrusiveness. Their main ad-
vantages are represented by their sensitivity, light weight, flexibility,
possibility of being processed under different forms (thin film, fibers,
sponge), and self-powering.[1-5] Thin film ceramics, like Aluminium
Nitride (AIN) and Zinc Oxide (ZnO), and synthetic polymers, such as
Polyvinylidene Fluoride (PVDF) and their copolymers, represent the
current benchmark for flexible and biocompatible piezoelectric mate-
rials. Besides, the promising category of bioderived polymeric piezo-
electric materials is attracting a growing interest thanks to their intrinsic

biocompatibility and low environmental impact, which could help
reduce the amount of electronic waste produced yearly.[6] Conse-
quently, numerous research groups are looking for strategies to improve
the performances of such materials and enable the development of
sensors for detecting and monitoring very light stimuli in the range of
mN, such as blood pressure, breath pace and heartbeat.[7-9] The choice
of an appropriate approach to increase the performance is crucial due to
the strong impact that it will have on the design of the final architecture
of the developed device. Commonly, this can be achieved by an iterative
stream in which a new material fabrication approach is optimized, the
final design of the device is tested and, if not adequate, a new fabrication
and a new design are developed and so on. Therefore, to guarantee a
smooth flow between the material optimization and the device’s design,
it is necessary to own instruments that are able to examine the perfor-
mance of the piezoelectric device routinely and quickly. The piezo-
electric ds3 coefficient, which quantifies the amount of charge generated

* Corresponding authors at: Center for Biomolecular Nanotechnologies, Istituto Italiano di Tecnologia, Arnesano, LE 73010, Italy (G. de Marzo; L. Fachechi).
E-mail addresses: gaia.demarzo@iit.it (G. de Marzo), luca.fachechi@iit.it (L. Fachechi).

! Gaia de Marzo and Luca Fachechi contributed equally to this work.

https://doi.org/10.1016/j.matdes.2024.113399

Received 14 August 2024; Received in revised form 15 October 2024; Accepted 21 October 2024

Available online 22 October 2024

0264-1275/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:gaia.demarzo@iit.it
mailto:luca.fachechi@iit.it
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2024.113399
https://doi.org/10.1016/j.matdes.2024.113399
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

G. de Marzo et al.

across the film thickness upon applying normal stress, is one of the main
piezoelectric parameters investigated in literature to benchmark the
performances of different materials. Several methods were established
so far to measure the ds3 coefficient; however, most of them were
typically developed and optimized for ceramic and stiff piezoelectric
materials. Consequently, the advancements in fabricating innovative
devices and transducers with soft and flexible materials are progressing
faster than the improvements in measuring methods, forcing researchers
to adapt to inappropriate, time-consuming, and complex measurements.
In particular, the most common methods apply forces in the range of N,
turning out to stresses above the structural integrity limits of the soft
materials. For example, the frequency method is an empiric technique
based on the measurement of the impedance of the material at its
resonance frequency.[10] To process this information and obtain the
piezoelectric coefficient, it is necessary to measure bulk samples char-
acterized by different geometries and extract the complete matrix of
piezoelectric coefficients. However, thick samples cannot always be
fabricated out of thin film materials, as well as bulk piezoelectric co-
efficients might easily differ from the thin film case. Alternative methods
exploit the indirect or direct piezoelectric effect. In indirect methods,
Laser Interferometry (LI) and Laser Scanning Vibrometry are used to
record displacement while applying a voltage to the material.[11,12]
The method is highly accurate and reproducible but presents some
drawbacks: it requires an expensive interferometer or vibrometer
equipment, suffers from environmental noise and requires an extremely
flat surface with high reflectance. Furthermore, this method is not
appropriate for porous materials, and the results obtained can be altered
by the geometry of the sample or the charge accumulation at the edges of
the electrodes. Another type of method that exploits the indirect
piezoelectric effect is Piezoresponse Force Microscopy (PFM). [13-15], a
potent technique to qualitatively and quantitatively measure the
piezoelectric properties of thin films at the nanoscale. It involves the
application of an oscillating electric field by a conductive cantilever tip
in contact with the sample surface. Because of the reverse piezoelectric
effect, the applied voltage induces a deformation of the material,
causing the displacement of the conductive cantilever tip. The
displacement can be detected and demodulated by a lock-in amplifier,
directly and precisely measuring the induced substrate expansion and
contraction with pm resolution deformation, similar to atomic force
microscopy. PFM represents one of the most accurate methods to
extrapolate the effective dss coefficient. The obtained images of piezo-
electric amplitude and phase accurately depict each piezoelectric
domain, delivering important morphological and electrical information
at the nanoscale. Nevertheless, some limitations characterize this tech-
nique. First, the substrate must be completely flat, electrostatic contri-
butions on the tip must be negligible to not alter the measurement and,
when measuring soft materials, they must be thin enough to avoid me-
chanical damping. Additionally, PFM, operating at the nanometric scale,
focuses on the local piezoresponse contribution, leading to drastically
increased measurement time when scanning a relatively large sample
area. Moreover, when measuring composite materials with randomly
dispersed nanosized elements, although it is possible to discriminate the
contribution of each element, the effective behavior of the composite
material remains undisclosed. Finally, to extrapolate the d33 piezoelec-
tric coefficient, several spectra and images must be collected and care-
fully interpreted according to a long and complex procedure. For these
reasons, while PFM is excellent for probing piezoelectric materials, it
cannot be easily employed for routine and fast sample measurements at
a macroscopic application length scale. Besides, other methods exploit
the direct piezoelectric effect by applying a mechanical action and col-
lecting the charges generated by the device. The so-called direct
methods are fast and accurate, representing the ideal choice for routine
characterization of the piezoelectric behavior of samples. Recently,
pneumatic methods were developed exploiting air guns to exert
controlled air stream pulses on the film surface or pressurized chambers
to apply pressure by gas compression and decompression.[16,17] Whilst
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on one side these methods rely on a facile procedure and setup, on the
other side applying impulsive loads, although feasible for ceramic ma-
terials, might easily induce nonlinear (high order) piezoelectric response
in soft films, thus increasing the dispersion of the measured values.
Furthermore, these methods require time to perform repeated mea-
surements for a correct averaging of the signal. A solution to this issue
was presented by the group of Ravikumar, who introduced a direct
method based on ultrasonic pulses.[18] This results in a precise and non-
destructive technique that ensures proper pressure application, avoiding
damage to soft samples. However, the necessity of using liquids or oils to
couple the ultrasound transducer and the sample hinders the possibility
of employing the systems with absorbing materials, like piezoelectric
hydrogel, porous materials or biopolymeric films. The Berlincourt
method is the most straightforward and easy-to-apply direct method.
[10,12,19] It exploits the application of an oscillating force on the
sample by a couple of rounded electrodes and measures the generated
charges. Thanks to its simplicity, many commercial systems were
developed based on this method. Nevertheless, it was intended and
suited for bulk ceramic samples and, therefore, when applied to soft and
thin materials, it might introduce bias stress in the film, damaging them
and potentially overestimating the dss coefficient. Considering homo-
geneous samples, the round-shaped electrodes measure the piezoelectric
response only at single points. However, polymeric thin films are less
regular than ceramics, impeding the possibility of inferring the piezo-
electric behavior of the entire sample. Some commercial dedicated tools
were developed for soft samples with the pre-load and the applied forces
in the range between one N and tens of N. Nonetheless, this range may
easily result in too high pressures for soft thin films developed to work in
the mN range, leading to irreversible compression and damage of the
material and artifacts. Guo et al. developed a system with the help of a
miniaturized hammer that requires the use of finite element method
(FEM) analysis to compensate for substrate deformation, but this
approach is not always feasible with innovative and unknown materials
[20].

Therefore, by reviewing the existing literature, the need emerges to
develop a fast and effective tool for quantifying the piezoelectric effect
with sub-N forces compatible with soft materials and highly sensitive
devices.[7,8] This work presents a rapid, quasi-static and intrinsically
non-destructive method to measure the ds3 coefficient of thin and soft
piezoelectric films by using weak forces, thus avoiding any damage or
undesired strain on the sample. The method is based on the use of a flat
speaker that applies weak sinusoidal stimuli of the order of a few mN
along the normal direction to the sample surfaces (z-axis), a load cell to
monitor in real-time the force acting on the sample and a custom-made
charge amplifier to measure the output generated by the sample under
compression. The setup is also equipped with a Faraday cage to elimi-
nate any environmental and triboelectric charge contribution.[21] The
simultaneous measurement of charge and force allows extrapolating the
ds3 coefficient with values in good agreement with comparative mea-
surements performed by the local piezoelectric response of PFM. The
devices under test consisted of a piezoelectric film, with thickness
spanning from 1 ym up to 15 pm, embedded between top and bottom
electrodes to extract the charges generated along the normal axis in
compression mode. Thanks to its mechanical and electrical design,
specifically tailored for thin and flexible film, this setup enables to
overcome the limitations of the above-mentioned methods, reported
also in Table 1, providing a pioneering instrument to unleash the po-
tential of innovative materials whose inspection was impeded so far by
common d33 analysis methods. In particular, this system enables fast and
accurate characterization of soft and flexible piezoelectric materials and
devices, at the application length scale, supporting the quick design and
development of novel devices for energy, piezocatalysis and biomedical
applications.



G. de Marzo et al.

Table 1
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Comparison of the different features of the common d33 measurement methods, both direct and indirect, and the method proposed in this study with a particular focus

on the disadvantages.

Method Type Non-destructive forces (only Precision  Scale  Time for experiment and Cost  Disadvantages Ref.
for direct method) measurements
Frequency indirect ~ Not applicable 2% mm - € Not suitable for thin film [10]
method
Laser indirect  Not applicable 2% um hours €€e€ Environmental vibrations, optical-grade [11,12]
interferometry fabrication
PFM indirect  Not applicable 1,5% nm hours/days €€€ Specific fabrication, local measurement, [13,14,15]
electrostatic contribution
Pneumatic direct ~ 6N 3% mm - € Non-linear contribution on soft samples [16,17]
Ultrasonic direct - — mm - €€ Liquid necessary to couple ultrasound [18]
Berlincourt direct 1-10N 4% mm minutes € Film bending [10,12,19]
Weak loads direct 5-30 mN 5% mm minutes € Few minutes of signal stabilization This work
method

2. Materials and methods
2.1. Sample preparation

Sensors were micro-fabricated using different thin-film piezoelectric
materials with known properties to quantify the accuracy of the pro-
posed set-up in the fast measurement of the piezoelectric ds; coefficient.
PVDF sensors were fabricated from a 16 um-thick commercial PVDF film
(B phase) with both surfaces covered by 50 nm of sputtered aluminum
and characterized by a ds3 > 18 pCN ™! (PolyK) (Fig. 1a). To produce the
sensors, top and bottom electrodes were shaped by wet etching with
NaOH 1 M solution using a Kapton hard mask to obtain an active area of
8 x 8 mm?. Then, conductive tape was used to attach the device to a
board for electrical connection. Finally, the sensor was conformally
covered with a 1 um layer of Parylene-C, making it electrically isolated.

Additionally, AIN sensors were fabricated according to the protocol
described elsewhere (Fig. 1b).[22] Briefly, a 25 ym thick Kapton (Kap-
ton HN) foil attached with Polydimethylsiloxane (Sylgard 184) to a
silicon wafer was used as the substrate to sputter, sequentially, a layer of
120 nm thick AIN, a 130 nm thick Mo bottom electrode, a 900 nm thick
piezoelectric AIN layer and a 210 nm thick top Mo electrode. Then,
photolithography and dry etching were employed to shape the top,
piezoelectric and bottom layers. The device is then connected to a board
and conformally covered with 1 um of Parylene-C for electrical isolation.

Finally, chitosan sensors were fabricated according to the protocol
described in the literature (Fig. 1¢).[23] Briefly, 1 % w/v chitosan
powder (890000 avg., Glentham) was dissolved in an aqueous solution
with 1 % v/v of Lactic Acid (Sigma Aldrich) and then solvent cast
overnight at 40 °C. Then, it is neutralized for 60 min with NaOH 1 M,
washed and deposited on the bottom electrode of 1 pym of silver ink
printed on glass (Nano Dimension). After drying, the chitosan piezo-
electric film with a thickness of 15 um is peeled off the glass and the top
gold electrode 100 nm thick is fabricated by e-beam evaporation
through a Kapton shadow mask. Then, the device is attached to a board
by conductive tape and conformally covered with a 1 um thick layer of
Parylene-C.

Samples for PFM measurements were prepared by depositing the

(@ (b)

piezoelectric layer on a conductive and flat bottom electrode: molyb-
denum on silicon substrate was used for AIN, and PEDOT:PSS on glass
was used for the chitosan due to its conductivity and high affinity for the
material.

2.2. Measurement setup

Fig. 2a shows the schematic of the custom setup built to measure the
d33 parameter. The Device Under Test (DUT) is composed of a
rectangular-shaped and uniform-thickness layer of the material under
testing, sandwiched between two metallic layers defining a smaller
active area, as described in “sample preparation” section. The DUT is
placed over a flat support mounted on the top of a load cell and a flat
exciting transducer is positioned above it. Both the support and the
transducer have flat surfaces in contact with the two sides of the sample,
to ensure uniform distribution of contact stresses all over the surface. In
particular, the electromagnetic speaker used as the actuator has a flat
cover welded on the moving coil to allow, at low driving voltage, bigger
displacement with relatively small loads if compared with a standard
piezoelectric ceramic transducer. A thin flexible steel bar with a low
spring constant exerts a pre-load on the speaker over the sample through
a nylon screw. Thus, the measurement setup is stacked under load
constraint, with pre-load spring stiffness much lower than the load cell
spring stiffness. On one side, this ensures the stack to dynamically
operate under fully compressive loads, without the occurrence of
impulsive stimuli possibly resulting from contact losses. On the other
side, the lower bar spring constant (with respect to the load cell) allows
the pre-load to be kept almost constant during the operation of the soft
actuator, targeting linearity between input actuator voltage and DUT
compressive load. Furthermore, the load cell is mounted over an XY
micrometric stage for fine alignment, whereas the steel bar is mounted
to a Z micrometric stage to fine-tune the compression force. All metallic
parts are connected to the ground and the whole setup is enclosed in a
grounded Faraday cage to minimize electromagnetic interference. The
setup is mounted on an anti-vibration table.

Finally, since the few grams mass of the DUT and its flat support do
not quantitatively affect the resonance frequency of the load cell, the

Fig. 1. A) PVDF sensor with aluminum electrodes. b) AIN sensor on kapton with molybdenum electrodes. ¢) Chitosan sensor with a gold top and silver bot-

tom electrode.
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Fig. 2. A) schematic of the experimental setup for ds; evaluation, with a magnification of the measurement stack sequence shown on the top right. b) Electrical

design of the setup.

dynamic excitation force generated by the speaker and acting on the
sample is quasi-statically transferred to the load cell through the sample
itself and the flat support. Thus, by detecting at the same time the
applied dynamic force and the charge separation signal generated by the
sample through the piezoelectric direct effect, the ds3 can be effectively
and accurately determined.

As depicted in Fig. 2 b, the exciting speaker is driven by a function
generator with a sinusoidal signal whose frequency was set at 80 Hz, far
from the mechanical resonance frequency of the load cell. The ampli-
tude of the driving signal is chosen according to a preliminary static
calibration (described in Section 3) to obtain the desired excitation
force. The output voltage signal generated by the load cell and corre-
sponding to the applied force is amplified by a commercial amplifier. In
contrast, the sample’s charge signal is converted to a voltage signal and
then amplified by a custom charge amplifier. Both signals are displayed
and recorded by the oscilloscope in a time frame of 100 ms and averaged
64 times to increase the signal-to-noise ratio. Signal sampling at 125 k
points on the oscilloscope is synchronized with the exciting signal
generated by the function generator to actuate the speaker. In this way,
it is possible to couple the charge recording with the speaker actuation,
both recorded as voltages, and increase the measurement precision. The
adopted load cell is a ULC-2 N cell (by Interface), with a maximum load
of 2 N and a maximum output voltage of 2 mV when powered at 10 V.
The load cell amplifier (DMA2 by Interface) has been set with an
amplification factor of 20 V mVl. The charge amplifier is a small foot-
print and shielded custom amplifier placed close to the sample with a
conversion factor of 50 mV pC.

2.3. Piezoelectric coefficient calculations

The piezoelectric effect is due to an interplay between the pressure
applied to a material and the charges consequently developed and vice
versa. The direct piezoelectric effect equation can be written as:

dss = {(%)/@] —q/f ©)

where q is the charge developed in the piezoelectric active area A’
when a force f is uniformly applied to an area A, which includes the
piezoelectric active area. When the stressed area is the same as the active
area, they can be neglected, and the measurement of ds3 is based only on
the measurement of q and f.[24].

When time-varying force is applied, equation (1) becomes:

q(t) = ds3*f(t) )

where q(t) is the time-varying separation charge on the material
surface, whereas f(t) is the time-varying normal force on that surface.

The exciting force has a time sinusoidal behavior, which determines the
charge separation behavior. The sinusoidal excitation allows static pre-
load excitation to be removed, taking into account only the variable load
contribution. The amplified voltage of the load cell output V;¢(t) can be
expressed considering the characteristics of the load cell and the
amplifier as:

Vie(t) = Bic*f(b) 3)

where By is the conversion factor from load cell force to voltage
output signal.

Using nominal full-scale values of the selected load cell and selected
amplifier yields a force conversion factor B;¢c = (20 V/mV *2mV) /2N
=20VN

The output of the charge amplifier Vpz(t) is given by design as:

Vpz(t) = Bpz*q(t) ()]

where Bpy is the conversion factor from charge separation to voltage
output signal. The conversion factor for the employed charge amplifier
is Bpz = 50 mV pC™.

By substituting in Equation (2), this yields to:

BLC % VPZ VPZ VLC
ds3 = Boy Vie ﬂV_LC or Vpz = d337 5)
where = Bj¢/Bpz includes both conversion factors and where Vp;
and V¢ are the amplitudes of the peak-to-peak values.

Using nominal design values, p is around 400 pC N1,

Based on these considerations, for each measured sample, values of
forces and charges, calculated according to equations (3) and (4), are
plotted on the X axis and the Y axis, respectively. The slope of the ob-
tained dispersion plot represents the value of the ds3 coefficient for that
specific sample.

3. Load cell calibration

Before starting the measurements, the load cell was calibrated in
static conditions to correlate the output voltage signal acquired by the
oscilloscope with the measured force expressed in N. Small weights,
ranging from 150 mg to 1.8 g, were placed on the stage of the load cell to
exert forces in a range of about 0 — 20 mN. After each weight was placed
on the stage, the DC signal generated by the load cell shifted to higher
values. Values are plotted on the graph in Fig. 3a, whose linear fitting
indicates a conversion coefficient Bjc = 18.0 V N'l, corresponding to an
actual measured $ of 360 pC N1, Thanks to this procedure it is possible
to measure the difference in terms of voltage signal when applying the
known weights and correlate it to the difference in force applied by the
speaker during its sinusoidal dynamic movement. Then, to evaluate the
range of forces applied by the actuation system, the speaker was
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Fig. 3. A) calibration plot of the load cell. b) forces

positioned upside down on the load cell stage and was driven by an
increasing voltage. As displayed in Fig. 3b, by increasing the voltage
applied to the speaker, the displacement of the speaker rises accord-
ingly, inducing a higher deformation to the load cell and, consequently,
linearly increasing the magnitude of the applied forces (still in the range
of mN to avoid sample damages).

4. Results and discussion

After calibrating the load cell, the fabricated devices were tested by
the system to characterize their performance and piezoelectric features.
In this respect, the PVDF sensor was enclosed in a grounded copper tape
cover and placed on the load cell stage under the speaker. Then, the steel
bar was adjusted in Z direction to keep all the elements in place and to
apply the pre-load. After switching the speaker on, the output responses
from the load cell and the charge amplifier (Fig. 4a) were acquired on
the oscilloscope as voltage signals and then converted into N and pC to
quantify the force and the charge, respectively. Measurements were
considered valid and with impulse-free contact if the load cell signal had
a sinusoidal shape following the actuation signal that drives the speaker.
Indeed, when the signal is noisy or has a different shape, the mechanical
contact of the elements between the steel rod and the load cell is not
continuous, leading to an underestimation of the calculated coefficients.
When reaching a stationary harmonic signal, it is possible to drive the
speaker at different voltages to apply increasing forces to the samples. A
sinusoidal fitting is applied to both signals to obtain the peak-to-peak
amplitude values, which are then converted in the corresponding force
and charge according to the conversion factors By of the load cell and
the conversion factor Bp; of the charge amplifier. In the case of the PVDF
sample, voltages from 4 to 10 V were applied to the speaker, and an
increase in the peak-to-peak force signal was observed (Fig. 4 b, c).
Fig. 4 d displays the trend of the peak-to-peak charge signal generated
by the PVDF device. The same procedure was repeated with the AIN
samples (Fig. 4 e, f and g) and with Chitosan samples (Fig. 4 h, i and j).
Despite the pre-load slightly changes from one sample to another, due to
small differences in the stack settings, implying a light shift of the force
range applied, the magnitude remains around the tens of mN which is
fairly below the yield stress of the materials measured, ensuring a non-
destructive measurement. [25,26] These conditions ensure the stability
of the device in time and do not alter their performances. Moreover, the
force shift is accompanied by a corresponding charge shift, confirming
the reliability of the measurement.

Then, a linear fitting is obtained by plotting force and charge on the
X and Y axis, whose slope indicates the piezoelectric coefficient of the
specific tested material (Fig. 5 a, b and c¢). In this respect, PVDF sample
showed a d33 0of 19 &+ 1 pC N (R? = 0.99), AIN of 6.6 + 0.1 pC N~ ! (R?
=0.99) and chitosan of 16 + 2 pC N1 (R? = 0.93). Indeed, the softer the
material, the higher the deviation from the linear fit. It is worth noting
that, although PVDF has generally a negative piezoelectric coefficient,
[27,28] the commercial foil employed to fabricate the PVDF-based DUT
has a positive dss, as stated on its datasheet, due to a preferential

Materials & Design 247 (2024) 113399

Force [mN]

4 6 8 10
Speaker actuation [V]

applied by the speaker as its actuation voltage increases.

orientation. However, the in-phase or out-of-phase shift between the
sinusoidal charge and the force signals could give an indication whether
the polarity of the studied material is positive or negative, respectively.
In this case, all the three materials revealed an in-phase shift, indicating
a positive-sign piezoelectric behaviour.

The measured value of d33 of the PVDF device is in good agreement
with the d33 > 18 pC N~ indicated in the material datasheet, confirming
the setup’s ability to measure the piezoelectric coefficient of the material
correctly. Besides, standard PFM measurements of the dss coefficient
were used as a reference to confirm the measurements on the AIN and
chitosan materials. The piezoelectric amplitude (Fig.s 6a and d) and
phase (Fig.s 6b and e) on different areas in the dynamic mode were
acquired for both materials. Then, spectroscopic measurements were
performed on at least 5 points in the active area of each sample by
applying a combination of AC (from 1 to 5 V) and DC sweep (from —10 V
to 10 V) and measuring the piezoelectric expansion of the material due
to the indirect piezoelectric effect (Fig. 6 ¢ and f). The values obtained
are compared to those measured on a sample with a known ds3 to extract
the piezoelectric efficiency of the materials under test. The values of the
effective piezoelectric coefficients obtained are 6,0 & 0.1 pm V! for the
AIN sample and 15,6 + 0.2 pm V! for the chitosan sample, which are in
good agreement with the calculation reported previously and with
literature (Table 2). These measurements prove the ability of the
designed setup in assessing the dsg coefficient correctly.

5. Conclusions

This work proposes a method to rapidly evaluate (~ minutes) the
piezoelectric coefficient ds3 of thin and soft piezoelectric films routinely
with forces in the mN range. The simultaneous acquisition of applied
forces and charges allows for precisely tracking and easily quantifying of
the piezoelectric behavior. The weak forces applied by a small and flat
actuator prevent any damage from occurring on the soft piezoelectric
material and any strain that could alter the correct quantification of the
charges generated along the z-axis. Moreover, the low stiffness pre-load
system and the sinusoidal actuation exclude stresses due to impacts and
enable measurement in a quasi-static linear regime, which is the most
appropriate method for direct piezoelectricity quantification of soft thin
films. The system was tested with different commercial and home-built
piezoelectric materials, spanning from synthetic and nature-derived
polymers, i.e. PVDF and chitosan, to ceramic material (AIN) with
different active areas, demonstrating the extremely high versatility of
the system. In conclusion, thanks to its unique combination of me-
chanical and electrical design, this system represents a powerful in-
strument to evaluate the performances of thin piezoelectric film in a fast,
non-destructive, accurate, and easy-to-handle way, improving the
crosstalk between the optimization of the material and the design of the
final device and boosting the research on new soft and flexible piezo-
electric materials for wearable MEMS and health applications.
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Fig. 4. A) oscilloscope display image simultaneously showing the load cell signal (yellow), the charge signal (pink) and the trigger (blue) 64 times averaged; b)
signals of force and charge generated by the PVDF sensor by actuating the speaker at 10 V; c) Signals of the increasing force applied on the PVDF sample; d) Signals of
the increasing charge generated by the PVDF sample during the applications of the forces in Fig. 4c; e) Signals of force and charge generated by the AIN sensor by
actuating the speaker at 10 V; f) Signals of the increasing force applied on the AIN sample; g) Signals of the increasing charge generated by the AIN sample during the
applications of the forces in Fig. 4f; h) Signals of force and charge generated by the chitosan sensor by actuating the speaker at 10 V; i) Signals of the increasing force
applied on the chitosan sample; j) Signals of the increasing charge generated by the chitosan sample during the applications of the forces in Fig. 4i.

CRediT authorship contribution statement

Gaia de Marzo: Writing — review & editing, Writing — original draft,
Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Luca Fachechi: Writing — review & editing, Writing
- original draft, Software, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Valentina Antonaci: Investigation,
Formal analysis, Data curation. Vincenzo Mariano Mastronardi:
Writing — review & editing, Validation, Methodology. Luigi Portaluri:
Writing - review & editing, Resources. Maria Teresa Todaro: Writing —
review & editing, Methodology, Conceptualization. Luciana Algieri:
Writing — review & editing, Resources. Antonio Qualtieri: Writing —

review & editing, Validation, Resources, Methodology. Francesco
Rizzi: Writing — review & editing, Validation, Formal analysis. Michele
Scaraggi: Writing — review & editing, Validation, Methodology, Formal
analysis, Conceptualization. Massimo De Vittorio: Writing — review &
editing, Validation, Supervision, Resources, Project administration,
Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.



G. de Marzo et al.

@ (b)

Materials & Design 247 (2024) 113399

(©)

0,26 [« PVDF signal 0,104| = AIN signal 0,65 Chitosan signal L e
0,244 |------ Linear Fit 5 S Linear fit 0,60 = LinearFit P
_ 0,221 0,081 0,55+ 7
50207 % 8, 8.0,50] 7
80181 $,0,06 2045/ .
© 0,161 = o -
5 I 2 - 20,404 Pt
50,141 P s k .
0,121 0,04+ 035 -
0,101 + Ll 0,301 .~
0.081 ‘ , , ‘ 0,024 0,25] #
4 6 8 10 12 4 4 5 7 8 9 10 11 5 10 15 20 25 30 35
Force [mN] Force [mN] Force [mN]
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Fig. 6. A) PFM amplitude of AIN sample. b) PFM phase of AIN sample. c) average piezoresponse of AIN sample versus the AC voltage applied and fit for d§i
extrapolation. d) PFM amplitude of chitosan sample. €) PFM phase of chitosan sample. f) Average piezoresponse of chitosan sample versus the AC voltage applied and
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Table 2

Comparison of the d33 measured by the setup, by PFM and values reported in
literature or on their datasheet.

Material d33 measured with d33 measured af from reference
the proposed setup ~ with PFM (pm/  datasheet/
(pC/N) V) literature
PVDF 19+1 - > 18 pC/N PolyK
datasheet
AIN 6.6 + 0.1 6,0 + 0.1 6,0 + 0.1 [29]
Chitosan 16 £2 15,6 + 0.2 15.56 pC/N [23]
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