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Abstract—Piezoelectric microelectromechanical systems
(MEMSs) meet the growing demand for sensors with small
sizes and low power consumption. For tactile applications
and pressure measurements, they are applied in various
fields from robotics to healthcare. In this context, flexible
devices are very important for their high responsivity and
ability to conform to the analyzed surface. This work reports
on miniaturized flexible and compliant piezoelectric devices
to increase the number of integrable sensors for detecting
and discriminating localized pressures and contacts per unit
area with minimal crosstalk. For this purpose, a series of
aluminum nitride (AlN)-based piezoelectric sensors with dif-
ferent diameters (from 5 to 500 µm) was realized, and the gen-
erated electrical signal by sensor deformation was amplified
by a differential voltage amplifier circuit. By the analysis of the shape of the piezoelectric signal as a function of the
applied pressure, oscillations due to piezoelectric deformations, superimposed on the initial peak signal corresponding
to the touch event, have been observed. The integral of the electrical signal was calculated for the most accurate
representation to describe the sensor’s response. The best responsivity was obtained in samples with diameters of
200 and 500 µm. Furthermore, it was also found that the minimum distance between the edges of closed sensors,
observing crosstalk below −20 dB, was around 500 µm.

Index Terms— Microelectromechanical system (MEMS) devices, numerical integration of the electrical signal, piezo-
electricity, pressure measurement, tactile sensors.

I. INTRODUCTION

FLEXIBLE and wearable electronic devices can be used
in several healthcare applications, including skin smart

patches, motion detection, and remote healthcare [1], [2], [3].
In particular, in the latter case, they are useful for continuously
monitoring human health parameters, such as heart beat rate,
respiration rate, blood pressure, intracranial pressure, intraoc-
ular pressure, and limb movement in real time [4]. In recent
years, the growing interest in soft robotics, industrial, and
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wearable medical applications has inspired the development
of flexible microelectromechanical system (MEMS) sensors
[5]. Pressure is one of the most important measured physical
variables for monitoring biomechanical parameters useful for
the diagnosis of pathologies related to cardiovascular muscular
and motor problems [6]. Moreover, miniaturized pressure
sensors could allow the realization of artificial skin for tactile
prosthetics and robotics. Skin is a multilayered organ with the
function to protect the human body; it can cushion the body
from stress and strain, and perceive touch and heat [7], [8]. It,
therefore, acts as a distributed sensor characterized by count-
less “active sensing areas,” the nerve endings. To biomimic
the high sensitivity of human skins, it is useful to increase
the number of sensors that can be integrated per unit of the
area [9], [10] on flexible substrates. This may be obtained by
miniaturizing the pressure sensors, reducing the size of each
sensor and allowing to collect, at the same time, the electrical
signals produced in several points of a wearable distributed
pressure-sensing substrate.

Pressure sensors are devices able to measure the pressures
generated by the forces due to contact with external objects
and their interactions with the surrounding environment.
Therefore, they convert pressure into output electric signals
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according to the implemented transduction method. The most
commonly used transduction methods in the pressure sensor
field to convert mechanical displacements into electrical sig-
nals are piezoresistivity, capacitive transduction, and piezo-
electricity. In piezoresistive sensors, the change in resistance
is directly proportional to the strain caused by pressure on
the sensor [11]. They do not require complex design, can
be made at low cost, and are very resistant to impacts and
vibrations, but, to work, they must be powered [8], [11],
[12]. Capacitive pressure sensors measure changes in electrical
capacitance caused by sensor deformation due to the applied
pressure [11], [13]. They are mechanically simple, robust, and
able to operate in a wide range of temperatures and pressures.
However, they have reduced responsivity, are sensitive to
vibrations [9], and exhibit a nonlinear response as the capacity
is inversely proportional to the distance between the parallel
electrodes [11]. One of the most suitable transduction princi-
ples to realize pressure sensors, which is able to directly con-
vert applied mechanical energy into electrical signals, is based
on piezoelectricity [9], [14]. The main advantages of piezo-
electric devices are robustness, low power consumption, and
downscaling [15]. In particular, piezoelectric materials require
only a very small deformation to generate an output, so there
are virtually no moving parts [16]. They are characterized
by high responsivity, fast response time, and wide dynamic
range. The sensor elements are self-powered; therefore, they
are inherently low-power devices. From piezoelectric sensors,
it is possible to generate an electrical signal by induced
mechanical deformation and acquire it using an ad hoc readout
circuit [17], [18], [19], [20], [21]. They are sensitive to changes
in pressure, so the output voltage is usually treated as a relative
pressure measurement, referenced to the initial state of the
piezoelectric material. Therefore, the main characteristic of
piezoelectric sensors is that they can only be used for dynamic
pressure measurement.

To monitor biomechanical parameters through devices con-
formable to the body surface, conventional silicon (Si)-based
MEMSs are inappropriate for their fragility and rigidity. Flex-
ible and wearable piezoelectric sensors have several advan-
tages: high adaptability to the body movements, ultralight
weight, and extremely high responsivity [8], [12], [22], [23].
They are characterized by flexible substrates [22], [23], such
as Kapton [24], polyimide (PI) [25], polyethylene naphthalate
(PEN) [26], polyethylene terephthalate (PET) [27], and poly-
dimethylsiloxane (PDMS) [28].

Several piezoelectric materials can be used to make flex-
ible pressure sensors. On the one hand, perovskite structure
piezoelectrics show good piezoelectric properties due to high-
temperature curing treatments and poling processes [29]; how-
ever, it is very difficult to fabricate sensors with perovskite
material directly on a flexible substrate. On the other hand,
wurtzite structure piezoelectrics are biocompatible and nonfer-
roelectric despite their moderate piezoelectric properties [29].
They are commonly used in MEMS devices and can be
easily deposited on soft substrates as they do not need poling
processes. Wurtzite piezoelectric materials include zinc oxide
(ZnO) [30] and aluminum nitride (AlN) [25], [30]. The latter

will be used in the realization of the sensors described in this
work.

Furthermore, piezoelectric materials to be exploited for
wearable and flexible pressure sensors are polymers such as
polyvinylidene fluoride (PVDF) and its copolymer PVDF-
trifluoroethylene (PVDF-TrFE). Piezoelectric polymers are
semicrystalline organic materials with moderate piezoelectric
constant, light, flexible, biocompatible, and can be easily
deposited by electrospinning into thin films. However, they
need mechanical stretching or high-voltage poling to develop
their piezoelectricity [31]. Moreover, they are not compatible
with standard CMOS technologies.

Piezoelectric sensors with relatively small sizes and low cost
have been widely used in different application fields. Indeed,
in recent years, the size of piezoelectric sensors has gradually
decreased from a few centimeters to several hundred microm-
eters. For example, Chun et al. [27] in 2015 developed highly
stretchable ZnO piezoelectric devices on a PET substrate with
an active area of 1.5 × 1.5 cm2. Jana et al. [28] made a
piezoelectric device of PVDF on PDMS with an active area
of 36 × 20 mm2. Chen et al. [32] realized a piezoelectric
sensor of PVDF-TrFE on a Kapton substrate with an active
area of 2 × 0.4 cm2. In 2016, several piezoelectric sensors
were made with the following active areas 1 × 2.5 cm2, 1.5 ×

0.8 cm2, and 5 × 13 mm2 and, finally, one with an active area
of about 22 mm2 [33]. Todaro et al. [34] made piezoelectric
flexible devices based on a thin film of AlN grown on a Kapton
substrate having an active area of 2 × 2 mm2. However, the
difficulties encountered during microfabrication processes and
the worsening of the performance at the low-scale piezoelectric
sensors limit the possibility of obtaining pressure sensors with
sizes that are too small [9].

In this article, we present a cluster of flexible tactile sensors
characterized by a denser pitch with respect to the present
literature, compatible with physiological constraints, and able
to measure and map pressure for tactile applications [35].
To face this challenge, we first performed a systematic study
in order to find the smallest sensor size to increase the
sensor density. Then, we microfabricated clusters of minia-
turized piezoelectric sensors in order to measure electrome-
chanical properties and check reliability through crosstalk
analysis.

For this purpose, we have realized a series of microfabri-
cated flexible and wearable piezoelectric sensors varying their
diameters from 5 to 500 µm in order to find the smallest sensor
sizes able to preserve piezoelectric devices’ functionality. The
piezoelectric sensors exploit a sandwich structure based on an
AlN thin film embedded between two layers of molybdenum
(Mo) grown on a flexible substrate of PI. Moreover, we found
the acceptable minimum allowable distance between sensors
with minor cluster pitch.

In Section II-A, the characteristics of materials chosen to
realize these devices have been presented. In Section II-A, the
morphological, structural, crystallographic, and piezoelectric
properties of AlN thin film have been related. In Section II-B,
the fabrication processes used to realize these piezoelectric
tactile sensors have be en presented. These piezoelectric
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sensors, whose geometries were optimized by varying their
diameters from 5 to 500 µm, are described in Section II-C.
In Section III, the results of this work are presented. In partic-
ular, in Section III-A, piezoelectric sensors have been charac-
terized electrically and electromechanically. In Section III-B,
these sensors have been calibrated to detect electrical sig-
nals generated by sensor deformation. In Section III-C, the
crosstalk analysis is presented by placing two or more sensors
close to each other and detecting the minimum distance
allowed between sensors such that the mechanical interference
is negligible. After analyzing the shape of the piezoelectric
signal generated, the conclusions drawn from this research are
described in Section IV.

II. MATERIALS AND METHODS

A. Choice of Materials
As a flexible growth substrate, a layer of PI 2555 has

been chosen due to its low dielectric constant, excellent
chemical stability, solvent resistance, high mechanical strength
and stability, low stress, good thermal stability, and high
glass transition temperature [36]. Moreover, PI can be directly
deposited onto a Si wafer, by spin coating, resulting in a very
flat surface and a good film thickness control, compatible with
most common microfabrication processes.

Among piezoelectric materials, AlN has been selected
and exploited to produce compact and efficient piezoelectric
MEMS sensors due to its good mechanical properties and
relatively low dielectric constant, despite its moderate piezo-
electric coefficient [15]. In addition, AlN is an environmentally
friendly and nontoxic ceramic material [37]; it exhibits high
resistance to temperature and humidity, and can be directly
deposited on soft substrates [38], making it useful to be
implemented in flexible and wearable electronic devices.

Mo is one of the best metallic materials useful to realize thin
film electrodes for MEMS devices [39]. It has many properties,
including good adhesion to different substrates during the
sputtering process, high melting point, relatively low thermal
expansion coefficient, good thermal conductivity, corrosion,
and oxidation resistance, despite a moderate value of electric
conductivity [39], [40].

Among polymers adapted to mechanically protect and
electrically insulate MEMS devices, parylene C was chosen
because it is able to form an excellent protective barrier
suitable for microfabricated electronic devices [41]. Parylene C
has many attractive properties including biocompatibility, low
gas permeability, anticorrosive behavior, and good adhesion on
flexible substrates, such as PI and optimal conformability. Its
coating process is very efficient, occurs at room temperature,
allows complete control of the deposition parameters, and
presents a significant etch rate in the oxygen plasma [39], [41].

B. Piezoelectric Material Characterization
To analyze the morphological, structural, and piezoelectric

properties of an AlN film grown on a flexible substrate of
PI 2555, a sample was made following the design shown in
Fig. 1.

In particular, four layers of PI 2555 (≈30 µm) have been
deposited by spin coating on a Si wafer using a solution of

Fig. 1. Fabrication design of a piezoelectric stack of AlN-IL/Mo/AlN
grown on PI 2555.

the VM651 adhesion promoter in the ratio of 1:10 in ethanol
to improve the adhesion capacity of the polymer on the Si.
The first three layers of PI have been cured on a hot plate
at 130 ◦C for 5 min, while the fourth layer has been cured
on the hot plate at 130 ◦C for 1 h. The PI curing has been
completed with long curing at 200 ◦C for 2.5 h. This final
PI curing temperature, even if it is not enough to obtain a
full imidization, allowed us to obtain an adequately flexible
substrate for tactile applications [42]. PI surface roughness has
been increased by O2 plasma using an Oxygen Plasma Asher
to increase the adhesion of the bottom layer [25], [38]. Due
to the amorphous or semiamorphous nature of the polymeric
substrate, a thin film AlN-interlayer (AlN-IL) is deposited in
order to improve adhesion properties and crystalline quality
of the following piezoelectric active film (piezoelectric AlN
in Fig. 1) [37]. To realize the intermediate bottom electrode,
a layer of Mo has been chosen for its capability to promote
the c-axis orientation of the AlN film. Therefore, a stack of
AlN-IL (120 nm) and an Mo-bottom electrode (200 nm) have
been deposited using a sputtering (Magnetron Sputtering, Kurt
J. Lesker) instrument in the DC mode in a single run to mini-
mize contaminations [43]. Later, a piezoelectric AlN thin film
(900 nm) has been deposited on the whole sample area using
the same instrument. The surface morphology of AlN thin
film, grown on the PI layer, has been studied by atomic force
microscopy (AFM) measurements (CSI Nano-Observer AFM),
the structural properties have been investigated by a scanning
electron microscope (SEM) (NanoLab 600i SEM/FIB, FEI),
and the crystallographic properties and the quality of the AlN
film have been analyzed by X-ray diffractometer (D8-Discover
Bruker diffractometer, XRD). Piezoelectric properties and
effective piezoelectric coefficient (deff

33 ) of AlN film have been
evaluated by piezoresponse force microscopy (PFM) (CSI
Nano-Observer AFM). According to the literature [25], by the
AFM analysis, it has been obtained an average grain size
equal to 42 nm and a roughness root mean square rms(sq)=
4.952 nm. To study the structural properties of this sample,
a layer of Mo (200 nm) and a thin film of gold have been
deposited on the AlN surface to improve the detection of
backscattered electrons. By a cross section SEM analysis to
monitor the grain structure of the AlN film, a columnar grain
structure has been observed [44]. By X-ray diffraction, the
spectrum in ϑ /2ϑ configuration has been observed with a
diffraction peak centered at 36◦, corresponding to (002) crystal
orientation of the AlN wurtzite structure and a peak centered
at 40.55◦ due to the Mo bottom layer with orientation along
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Fig. 2. (a) Single flexible device detached. (b) Series of different sensors varying their diameter. (c) Optical microscope image of 500 µm.
(d) 50-µm-diameter sample. (e) SEM images of a piezoelectric tactile sensor viewed without a tilt angle. (f) Viewed with a tilt angle of 52◦.

the (110) plane [45]. The piezoelectric properties and the
effective piezoelectric coefficient (deff

33 ) of AlN grown on PI
have been evaluated using piezoresponse force microscopy
(PFM). To make the AlN sample suitable for PFM, a layer
of Kapton tape has been used, during dielectric sputtering
growth and then removed, to expose part of the Mo bottom
electrode. For this structure, it has been found an effective
piezoelectric coefficient deff

33 ≈ 4.5 pm/V, in accordance with
the literature [25].

C. Fabrication and Characterization of Piezoelectric
Tactile Sensors

Starting from these material characterizations, a flexible
piezoelectric sample characterized by an Mo/AlN/Mo thin film
heterostructure was made on a PI substrate using reactive
sputtering UV-lithography and dry etching.

To make the sensors detachable from the Si substrate, a sac-
rificial layer of polymer polymethylmethacrylate (PMMA) has
been spun, and a layer of VM651 adhesion promoter has been
spun to promote PI adhesion to the substrate [42]. A layer
around 30-µm-thick PI has been deposited by spin coating on
an Si wafer, and its surface roughness has been increased by
O2 plasma, as described in the previous paragraph.

The sputtered stack is characterized by an AlN-IL (120 nm)
and bottom Mo electrode (200 nm) deposited in a single
run, a layer of piezoelectric AlN (1.5 µm), and a top Mo
electrode (200 nm). The fabrication processes used to realize
this heterostructure are reported in the literature [15], [24],
[25], [37], [46]. In particular, the deposition parameters for
the two AlN layers (interlayer and piezoelectric layer) are a
gas mixture of N2 (20 sccm)/Ar (20 sccm) at a pressure of
0.002 mbar and a power of 1250 W, while the two Mo layers
(top and bottom electrodes) are deposited in an Ar atmosphere
(65 sccm) at a pressure of 0.005 mbar and a power of 200 W.

Later, a metal layer embedded between two layers of
parylene C has been added to the stack top surface [37].

This particular layer works as an electromagnetic shield to
reduce the noise and enhance the signal-to-noise ratio. The
second layer of parylene C (thickness: 2 µm) has been added
to mechanically protect and electrically insulate the sensors,
completing the passivation microfabrication step. The first
layer of parylene has a thickness of about 1 µm, and the
second one is about 2 µm. The shield electrode in between,
patterned using the liftoff technique, is made by a 20-nm-thick
titanium (Ti) layer (deposition parameters: 30 sccm of Ar
with 0.0025-mbar pressure and 400-W power) and a 400-nm-
thick Mo layer (deposition parameters: 65 sccm of Ar with
0.005-mbar pressure and 200-W power). The thin film of Ti
is needed to improve the adhesion ability of Mo on the first
layer of parylene.

The release/detachment of the devices from the rigid support
of Si has been performed by cleaving the edges with a razor
blade and dipping the sample in acetone. After a few minutes,
the PI layer has been detached by the Si wafer, obtaining a
flexible sample that has been used in this work [see Fig. 2(a)].

In this way, a series of different piezoelectric sensors have
been realized varying their size from 5 to 500 µm in diam-
eter, as shown in Fig. 2(b). In Fig. 2(c) and (d), the optical
microscope images of 500- and 50-µm diameter samples are
shown, respectively. In Fig. 2(e) and (f), SEM images of a
piezoelectric tactile sensor without a tilt angle and with a tilt
angle of 52◦ are shown, respectively.

The electrical properties of the produced sensors have been
evaluated by measuring the capacitance and impedance of each
sensor before and after the release process. These physical
quantities have been measured using an LCR meter (Agilent
E4980A) at a frequency of 1 kHz by applying a source voltage
of 3 V [43]. The electromechanical properties of our sensors
have been obtained using a laser Doppler vibrometer (LDV,
Polytec Vibrometer MSA-500) by exciting them electrically
and detecting their deformation as a function of frequency.
Finally, our piezoelectric sensor performance has been cali-
brated using a pull/shear tester (XYZTEC Condor EZ) [15],
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which applies a repeatable normal deformation in time onto
each piezoelectric sensor. The electrical signal produced by
the sensor deformation is detected on an oscilloscope via a
differential voltage amplifier circuit.

III. RESULTS AND DISCUSSION

A. Electrical and Electromechanical Characterization of
Piezoelectric Tactile Sensors

The AlN-based piezoelectric sensors’ configuration consists
of a parallel plate capacitor, which is possible to measure the
capacitance and impedance values using an LCR meter. It is
known that

C =
ε0εr S

d
(1)

and

Zc =
1

2π f C
(2)

where C (in F) is the capacitance of the sensor with active
area S (in m2), ε0 is the permittivity of free space, εr is the
AlN permittivity, and d is the AlN thin film thickness. Zc (in
�) is the sensor impedance, and f is the frequency at which
these electrical measurements were carried out. Capacitance
and impedance values have been measured for each device
with a diameter ranging from 5 to 500 µm, before and after
the release process from the substrate.

The electrical parameters of our samples have been evalu-
ated and shown in Fig. 3(a) and (b). Samples with an active
area diameter equal to 5 and 10 µm showed capacitance and
impedance values very far from the theoretically expected
values. In particular, for these samples, C and Zc behav-
iors showed a plateau. Indeed, for reduced diameters of the
realized circle, the size of the effective active area remained
almost constant due to the nonnegligible contributions of
the lateral surface electrode. Moreover, a parasitic resistance
(losses) in parallel with the capacitance lowered the total
impedance value, mainly when capacitance was very low,
because, in this case, the reactive impedance was very high.
In contrast, the sensors with diameters greater than 10 µm
(from 20 up to 500 µm) had capacitance and impedance values
compatible with those theoretically expected. In particular,
the expected impedance values ranged from 2.4 G� for the
smallest samples to about 10 M� for the largest ones. Smaller
impedance values are more suitable for the design of the signal
conditioning circuits.

Furthermore, the electromechanical properties of the pro-
posed sensors have been evaluated using an LDV, and fre-
quency spectra with a large band [47] below 40 kHz have
been observed. In particular, Fig. 3(c) shows the frequency
spectrum of the sample with a diameter of 100 µm obtained
by electrically exciting the sample. Two resonance peaks are
observed for it: one around 10 kHz (10 156 Hz) and the other
around 19 kHz (18 719 Hz). Exciting the sample at these
frequencies, it has been observed the vibration modes shown
in Fig. 3(d) and (e).

Fig. 3. Electrical characterization before and after the release process:
(a) capacitance measurements and (b) impedance measurements.
(c)–(e) Electromechanical characterization of the sensor with a diameter
of 100 µm.

B. Calibration of Piezoelectric Tactile Sensors
To study the contact interactions between the developed

sensors and external objects, an impact test was performed
using a pull/shear tester machine (XYZTEC Condor EZ). This
instrument includes a motion-controlled single head equipped
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Fig. 4. (a) Image of a differential voltage amplifier circuit and (b) related circuit diagram used in this work.

with a force sensor for push and pull tests. A small metal rod,
almost 500 µm in diameter, was used to apply a repeatable
normal force in time and produces a normal deformation of
the tested flexible piezoelectric sensors. During the impact
test, the probe was optically aligned with the center of each
sensor. This calibration was in a quasi-static regime [48] with
a test velocity of 1.5 mm/s. The head was placed at a defined
distance from the device. First, the head was moved to go
in touch with the device under test, defining the initial touch
position. Then, the moving distance of the head was increased
by a step of 1 µm. Before starting the test, the instrument
was calibrated as the measurement can be influenced by the
deformation of the thin metal tool. The deformation of the tool
is included in the calculation of the force versus displacement
calibration curve considering the compliance of the tool by
the following equation:

δt = P∗Ct (3)

where δt is the deformation of the tool, P is the load, and Ct
is the tool compliance. Therefore, the following equation:

δ = δm − δt (4)

becomes

δ = δm − P ∗ Ct (5)

where δ is the wanted deformation, δm is the measured
deformation, and δt is the deformation of the tool [49]. These
equations were used to take into account tool compliance.
Each sensor was connected to an oscilloscope via a differential
voltage amplifier circuit, and the electrical signal generated by
the deformation of each flexible piezoelectric sensor under the
action of the pull/shear probe was detected.

The two-channel differential voltage amplifier, as shown
in Fig. 4(a) and (b), is built around an instrument ampli-
fier, which has low input noise (20 nV/

√
Hz) and a wide

supply range (±18 V). The amplification factor can be set
by only one resistor and can span from x1 to x104. The
high differential input impedance and differential low input
capacitance (1012 �|| 1 pF) and low bias current (4 pA) allow
making a very high input impedance amplifier, here ∼100 M�,

which can amplify signals from high-impedance sources, such
as piezoelectric sensors. Moreover, differential input allows
make measurements not referred to the ground and to measure
concurrently two independent source voltages. Fig. 5 shows
the electrical signal read on the oscilloscope for a sensor with
a diameter of 500 µm using the differential voltage amplifier
described above. It represents the typical piezoelectric behav-
ior of all sensors [41], [50], [51], [52]. The piezoelectric signal
is characterized by two parts with opposite signs, related to
the two processes of touch and release, in a single occurring
cycle [53], respectively. In particular, during the forward touch
step, the sensor is deformed, and an increase in the detected
electric signal is observed due to the electrical charge produced
by the piezoelectric effect (positive electrical potential in
Fig. 5). In the release step, the material is deformed in the
opposite direction; therefore, charge opposite to the previous
one is generated, and an electric potential opposite to that
of the touch step is detected (negative electrical potential in
Fig. 5). In the intermediate phase, since the metallic post is
no longer moving, there are no variations in the deformation
of the material, and no electric potential is detected from
the piezoelectric effect [41], [54]. Using the pull/shear tester
described above, it is possible to obtain the calibration curves
for each sample with a diameter from 20 to 500 µm, detecting
the peak-to-peak electrical voltage as a function of applied
force. Then, dividing the force values by the active area of each
sensor, the normalized calibration curves, peak-to-peak voltage
versus pressure, were calculated. By this preliminary test,
an apparent linear proportionality between the electrical signal
generated and the diameter of each sample at a fixed pressure
equal to 12.6 kPa has been observed [see Fig. 5(c)] [55]. From
the calibration curves of voltage versus pressure, responsivity
and dynamic range values have been calculated. Respon-
sivity is the slope of voltage versus pressure calibration
curves, while the dynamic range is defined as the ratio
between the maximum and minimum values of the detected
pressure.

Responsivity values range from 5 × 10−6 V/kPa for the
smaller sensor (20-µm-diameter sensor) to 5 × 10−1 V/kPa
for the larger one (500-µm-diameter sensor). This dependence
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Fig. 5. (a) Electrical signal shape at low force (≈3 mN) for a
500-µm-diameter sensor, (b) at high force (≈15 mN) for the same
sensor, and (c) plot of voltage versus sensors diameter with the pressure
fixed at 12.6 kPa.

on the sensor diameter could be explained by the interaction
between the piezoelectric membrane and the impact tester tool,
which has a constant diameter of about 500 µm. When in
contact with smaller membrane diameters, the border effect
could result in lower signals. In the calculation of the dynamic
range, it is assumed that the response (V ) tends to zero when
the excitation (P) tends to zero. To detect these calibration
curves, each sensor has been connected to a differential voltage
amplifier circuit with an input impedance of about 100 M�.
To enhance the dynamic range of our sensor’s calibration
curves, an alternative approach was based on the analysis
of the generated electrical signal shape as a function of the
applied force/pressure. From Fig. 5(a) and (b), the piezoelec-
tric signal is characterized by an oscillation overlapped on

the peak signal due to the deformations of the piezoelectric.
During the measurement, the pull/shear tool moves downward
at a constant speed equal to 1.5 mm/s applying an increasing
deformation to the sensor membrane with time. At higher
deformations, stronger forces correspond. Since the speed of
the tool is constant, the interaction time between the tool
and the sample increases with the desired target force. The
force is not linear with tool displacement due to the nonlinear
compression of the polymeric substrate. This explains why
the duration of the peak in Fig. 5(a) (≈75 ms at 3 mN)
is shorter than that of the peak in Fig. 5(b) (≈160 ms at
15 mN). Moreover, the oscillations overlapped to and follow-
ing the main signals are induced by membrane mechanical
oscillations. Through this analysis, it was considered that the
best way to describe our sensors’ response was not to detect
the peak-to-peak voltage but to calculate the integral of the
whole signal. Then, through that approach in which the signal
was numerically integrated with a signal postprocessing phase,
the new calibration curves have been calculated for each
sensor, and a new dynamic range was calculated reaching
values up to an order of magnitude higher than previously
obtained. Indeed, the value of the dynamic range increased
from about 10 to about 100. Normalizing each curve to the
sensor area, we found the calibrations shown in Fig. 6(a).
For each calibration curve, the parameters of responsivity,
dynamic range, sensitivity, and signal-to-noise ratio have been
calculated. We have observed that responsivity increases non-
linearly as the sensor size increases [see Fig. 6(b)]. Moreover,
we found that the best samples in terms of responsivity are
those with active area diameters of 200 and 500 µm. By the
calibration curves reported in Fig. 6, the responsivity and
the pressure interval for the samples with an active area
diameter equal to 200 and 500 µm assume the following
values 0.001 Vs/kPa, 314 kPa and 0.015 Vs/kPa and 36.5 kPa,
respectively.

To the best of our knowledge, the sensors presented in this
article have a lower active area than other piezoelectric sensors
in the literature [50], [56], [57], [58], [59]. A comparison
of flexible piezoelectric sensors in terms of active area and
piezoelectric coefficient value is reported in Table I. It results
that the sensor object of this article is the smallest among
others. This is useful in tactile/biomedical applications [60],
and they are suitable for integration in clusters of sensors
allowing finer detection.

C. Crosstalk Analysis
The minimum distance between sensors such that the

mechanical crosstalk is equal to −20 dB was investigated.
For this purpose, AlN sensors have been placed at different
distances from each other on the same flexible substrate [see
Fig. 7(a)]. To perform the crosstalk analysis, the ratio between
the signal detected from a sensor, not in contact with the
pull/shear probe, and that of the excited one was measured.
The crosstalk values for each distance between the edges of
each couple of sensors (0.2, 0.5, and 1 and 1.12 mm) were
measured. The graph reported in Fig. 7(b) shows how much
the crosstalk decreases as the relative distance between the
sensors increases when the force of 10 mN is applied to one
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TABLE I
COMPARISON OF FLEXIBLE PIEZOELECTRIC SENSORS IN TERMS OF ACTIVE AREA AND PIEZOELECTRIC COEFFICIENT VALUE

Fig. 6. (a) Integral of electrical signal (Vs) versus pressure (kPa) and
(b) responsivity as a function of sensors diameter for the calibration
curves.

sensor of the cluster. If the distance between the sensors is
at least 0.5 mm, the signal produced by the excited sensor
is an order of magnitude greater than the unexcited one with
crosstalk equal to −20 dB.

Fig. 7. (a) Crosstalk samples with relative distance between sensors
edges and (b) crosstalk values versus distance between sensors.

IV. CONCLUSION

In this work, flexible and wearable microfabricated piezo-
electric pressure sensors with high sensitivity for tactile appli-
cations have been realized. These microsystems could be
able to monitor fine and small grasping movements using
an ad hoc realized conditioning system. After characterizing
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the morphological and structural properties of the chosen
piezoelectric material (AlN), a series of flexible piezoelectric
sensors with a diameter ranging between 5 and 500 µm has
been realized. The smallest sensor size, about 20 µm, able to
preserve piezoelectric devices functionality has been identified.
Through the electrical characterization of these sensors, it has
been observed that those with a diameter ranging from 20 up
to 500 µm show an electrical behavior compatible with that
expected. A linear relationship between the electrical signal
generated and the diameter of each sample at a fixed pressure
was observed. Analyzing the shape of the output electric signal
in function of the applied pressure, calibration curves have
been obtained by exploiting the numerical integration of the
sensor output. For the sensors with an active area diameter
equal to 200 and 500 µm, the values of responsivity and
dynamic range have been calculated as 0.001 Vs/kPa, 314 kPa
and 0.015 Vs/kPa and 36.5 kPa, respectively. These sensors
have an active area of less than 0.2 mm2, improving the pre-
vious state of the art in terms of device miniaturization. From
crosstalk analysis, it was found that the minimum distance
between sensors with −20-dB crosstalk is around 0.5 mm,
suggesting that this is a safe distance for tactile applications.
Moreover, the signal processing from piezoelectric membranes
introduced in this work based on the numerical integration
during the calibration phase and allowing for an increase in
the dynamic range of miniaturized pressure sensors has not yet
been exploited previously. The improvements in responsivity
and dynamic range suggest exploiting this integration method
to directly calibrate piezoelectric sensors and monitor the
electrical signal during the fine and small movements involved
in grasping and manipulation activities.
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