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Abstract—We report a polypropylene (PP) based ferroelectret device with quasi-piezoelectricity features to measure
negative pressures underwater. The device consists of a foam-structured middle layer with giant electric dipoles between
two solid PP films. The quasi-piezoelectricity originates from the relative movement between two oppositely charged
surfaces under externally applied pressures, which causes a redistribution of surface charges. In this configuration,
negative pressure sensing is realized due to the pressure difference caused by the air cavities, which leads to an
expansion of the foam and generates an output voltage proportional to the applied pressure. Finite element method
(FEM) simulation and experimental validation are both carried out to confirm the mechano-electrical response under
negative pressures. Further investigation reveals that the outputs of open-circuit voltage and short-circuit current follow
the opposite behavior as that under positive pressures. The proposed tactile sensors can be potentially implemented in
wide applications ranging from pneumatic robots to underwater assessment of invasive species.

Index Terms—Mechanical sensors, bidirectional pressure sensing, ferroelectret, negative pressure, self-powered sensors, tactile sensors.

I. INTRODUCTION

Flexible tactile sensors have attracted increasing attention due to
their excellent adaptivity to arbitrarily curvilinear surfaces. A variety
of emerging applications, such as structural health monitoring [1],
tangible user interaction [2], and human–robot interactions [3], are
envisioned by the continuing efforts made in this field toward high
sensing performances with more accurate real-time tactile informa-
tion acquisition, higher spatial-resolution pressure mapping, and in-
stantaneous haptic profiles visualization [4]–[6]. Positive pressure
(or compression) sensing has been the main focus of research and
technological progress since it is the most typical type of pressure
in direct human interactions. However, negative pressure (or partial
vacuum) sensing is necessary for some applications, such as pipeline
leakage detection [10] and monitoring of underwater species [7], [8].
Furthermore, enabling flexible pressure sensors capable of sensing
negative pressures is imperative for realizing the ultimate goal of
imitating or even augmenting the functionalities of the human sensory
system [9].

In triboelectric nanogenerators, microporous structures are often
introduced to enhance the change in effective thickness and to modify
the dielectric constant under applied pressures [14]. Thus, it is rea-
sonable to expect an electric output due to a change in device capac-
itance and surface charge density when negative pressure is applied.
A similar structure can also be found in polypropylene ferroelectret
(PPFE)—which were recently introduced as tactile sensors [15] and
energy harvesters [16]—where internal air voids form giant dipole mo-
ments, which experiences large deformation under compressive loads
contributing to a change in the polarization field that leads to direct
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mechano-electrical transduction. However, the conversion between the
mechanical and electrical energies under negative pressures has not
been demonstrated in these devices.

In this letter, a negative pressure sensing mechanism is intro-
duced by using a ferroelectret device. The presented pressure sensor
demonstrates quasi-piezoelectricity under negative pressures, which
is facilitated by the porous structure of the polypropylene (PP) film.
Finite element method (FEM) simulation is used to explain the energy
conversion process from mechanical to electrical domains. Experi-
mental characterization of the device further reveals the dependency
on input loading amplitudes, loading rates, effective loading area, and
the polydimethylsiloxane (PDMS) encapsulation layer thicknesses.
The results show that the open-circuit voltage (Voc) increases with
the loading amplitude, the short-circuit current (Isc) is proportional
to the loading rate, and both electric outputs are positively correlated
to the effective loading area. The PDMS thickness has a negligible
impact on the device performance. The proposed sensing technology
can be useful in several applications, including monitoring underwater
invasive species and adhesion force feedback control in pneumatic soft
robots.

II. MATERIALS AND WORKING PRINCIPLE

A. Microstructure and Transduction Mechanism

The fabrication of the ferroelectret device starts with a PP film
with silicate nanoparticles as stress raisers. When bidirectional in-
plane stress is applied, microcracks are formed and propagate along
stretching directions, which are expanded into ellipsoid air voids
under a high-pressure N2 environment. The air voids formed in the
device have semimajor and semiminor axes in an approximate range
of 1–8 μm and 4–40 μm, respectively. The fabrication details as
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Fig. 1. SEM image of the cross-sectional view of a PP-based ferro-
electret device. The inset shows a PPFE sensor.

Fig. 2. Schematic illustration of working principle under negative pres-
sure. (a) Surface charge distribution in the initial state. (b) Quasi-
piezoelectric effect under negative pressure. The red and blue arc
lines/signs represent positive and negative charges, respectively.

well as the quasi-piezoelectricity of the ferroelectret device under
positive pressures have been well described in previous work [15].
The device used in this work consists of PPFE film with a thickness
of 80 μm. Silver (Ag) thin-film electrodes with a thickness of 500 nm
are sputter-coated on both sides of the film. Fig. 1 shows the scanning
electron microscope (SEM) image of the cross-sectional view of a
PP-based ferroelectret device, where the inset shows the device under
test with the side length of 1.2 cm and electrical wires connected to Ag
electrodes by using Cu tapes. Each ellipsoidal air void with trapped
charges qi of opposite polarities on top and bottom surfaces can be
modeled as a micrometer-sized giant dipole with moment pi = qili

(also shown in Fig. 2), where li is the length of the minor axes,
constituting a pressure-sensitive foam structure. In this configuration,
the porous region is much more mechanically compliant than the rest of
the device, and it occupies approximately 50% of the total volume, thus
significantly reducing the elasticity modulus under both compressive
and tensile loading.

The quasi-piezoelectricity originates from the change in pi, which
contributes to a change in the polarization field P across the foam thick-
nesses. The term “quasi” is used because although the device exhibits
piezoelectricity, pi is at micrometer-scale rather than atomic scale and
only located in the middle porous region. Therefore, it is essential to
investigate the change in P under negative pressures. Fig. 2 presents the
schematics of the device’s working principle under negative pressure.
In the initial state as described in Fig. 2(a), the spontaneous dipole
moments pi caused by the high electric field poling process are well
aligned in the same direction through the film thickness. The vector
sum of individual moments pi leads to a polarization field P0, which

Fig. 3. Analytical simulation of relative polarization field change P/P0
as a function of ε under different (a) Poisson’s ratios (ν) and (b) frac-
tions of porous region (η).

gives rise to surface bond charge density (σb1) in the top and bottom
solid PP layers, respectively. Consequently, surface charge density
(σb2) shown as plus and minus signs with opposite polarities is induced
at the interface of Ag/PP due to electrostatic induction. As shown in
Fig. 2(b), when negative pressure is applied, the elongation of li due to
film expansion causes a redistribution of P, which can be described as

P = (1 + ε)�N
i=1qili

[1 + (1 − 2ν )ε] ηV + (1 − η)V
(1)

where ε is the strain of porous region under external pressures, N is
the total number of dipole moments, ν is the Poisson’s ratio, η is the
fraction of porous region, and V is the total volume of the film, assum-
ing a first-order approximation of volumetric change. With the initial
polarization expressed as P0 = �N

i=1qili/V , (1) can be rewritten as

P = 1 + ε

1 + (1 − 2ν ) εη
P0. (2)

Because the Poisson’s ratio ν of a polymer material decreases
monotonically with porosity [17], the value for porous PP is lower
than the typical value of 0.42 in solid PP films [18]. Fig. 3(a) shows
the relative polarization field P/P0, evaluated with (2) as a function
of ε under different ν, and with a fixed η of 0.5. It should be noted
that, here, the porosity is not the same as η—the former denotes the
percentage of void space in the porous region and η is the total volume
fraction of this porous region in the film. The influence of η on P/P0

is also simulated in Fig. 3(b). From Fig. 3, one can see that both ν and
η have a certain influence on P. When a negative pressure is applied,
we can see that P increases with ε, which leads to an enhancement
of σb1 and σb2 as shown in Fig. 2(b) and produces an electric signal,
measured by the external circuit.

To further examine the transduction mechanism of negative pressure
sensing, a 2-D FEM simulation (COMSOL Multiphysics) is carried
out. The device used in the simulation has the same cross-sectional
structure as illustrated in Fig. 2 with foam dimension of 80 μm in
thickness and 300 μm in the side length, and the surface charge
density in each air void is 10 mC/m2. It can be seen in Fig. 4 that
positive charges on the top surface and negative charges on the bottom
surface increase due to the film expansion, which is consistent with our
analytical evaluation. Thus, charges of opposite polarity accumulate at
the top of the Ag/PP interfaces, which indicates the voltage difference
that would drive a current flow in the external circuit as described in
Fig. 2(b).

B. Experimental Setup

The characterization of the quasi-piezoelectric effect under negative
pressures was performed by using a soft vacuum suction cup as shown
in Fig. 5(a). The sensor was first attached to an acrylic substrate
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Fig. 4. FEM simulation results of the quasi-piezoelectric effect under
negative pressures. (a) Surface charge density on top and bottom
surfaces. (b) Charge accumulation at Ag/PP interfaces on top and
bottom surfaces.

Fig. 5. Experimental methods of device characterization under nega-
tive pressures. (a) FENG device was tested in a PDMS-based vacuum
suction cup. (b) Waveform of negative pressures generated by the
fluidic control board.

by using double-sided tape, then a PDMS encapsulation layer was
spin-coated onto the sensor, which provides necessary water resis-
tance for underwater applications. The vacuum pressure in the suction
cup is regulated by an open-source fluidic control board [19] using
the pulsewidth modulation method. The pressure control apparatus
involves a vacuum pump, a solenoid valve, a pressure sensor, and an Ar-
duino microcontroller, which forms a proportional–integral–derivative
control system to perform dynamic cyclic loading tests with high
repeatability and precision. It should be noted that the diameter of
the suction cup is much larger than the sensor dimension so that only
negative pressure is applied to the sensor. Fig. 5(b) shows the expected
and the actual pressure with triangular waveform generated by the
fluidic control board, which are also the mechanical inputs used to
characterize the negative pressure response of the sensor. Both Voc and
Isc signals were measured by using a Keithley 2450 SourceMeter.

III. RESULTS AND DISCUSSION

The electric output of the sensor under negative pressures is investi-
gated in terms of Voc and Isc. Fig. 6(a) shows time-domain Voc response
under cyclic negative pressures with –48 kPa loading amplitude and
different loading rates applied on a 0.9 cm × 0.9 cm device. When
a negative pressure is applied, σb2 accumulates at the top and bottom
Ag/PP interfaces, contributing to a potential difference measured as
positive Voc output. Subsequently, when the loading pressure Pext

is gradually decreased from its maximum value, σb2 vanishes, and
electrons flow back to their original locations, leading to a decrease
in Voc. Fig. 6(a) shows that Voc is independent of the pressure loading
rate, indicating the linear mechano-electrical coupling effect due to the

Fig. 6. Waveforms of electric output under negative pressures. Ex-
perimental measurements of (a) Voc and (b) Isc under different loading
rates. Changing polarity tests of (c) Voc and (d) Isc, when the electric
connections are reversed.

Fig. 7. Dependency of electric output on pressure loading rate. Mea-
surement of (a) Voc and (b) Isc magnitudes as a function of loading
pressures under different loading rates.

quasi-piezoelectricity, where Voc is proportional to Pext. When measur-
ing Isc (instead of Voc), the dynamics of σb2 under the negative pressure
cycle input shown in Fig. 5(b) causes the current to flow in opposite
directions during the pressure loading and unloading stages as can be
seen in Fig. 6(b). Since the Isc comes from the displacement current
which is proportional to the changing rate of Pext, as P ∝ ∂Pext/∂t ,
the Isc peak-to-peak amplitude increases with pressure loading rate
due to the quasi-piezoelectric effect. It should also be noted that the
PPFE sensor used in this letter was tested with the opposite polarity
compared with our previous work. The quasi-piezoelectricity is further
confirmed by the switching polarity tests [20], as shown in Fig. 6(c)
and (d); the electric output due to the inverted connection features
the same amplitude but opposite polarities compared to the alternative
connection.

The loading rate dependency of Voc and Isc is further confirmed in
Fig. 7. It can be seen thatVoc mainly depends on the pressure amplitude,
while Isc is more dependent on the loading rate. The relatively small
deviation of the Voc in the –40 kPa/s curve from the other two rates
can be observed. When Voc is measured, the internal resistance of the
sensor is much lower than the impedance of the measuring instrument,
which consumes part of the current during the generation of charge.
However, this phenomenon is reduced when the charge generation
process is faster. Unlike positive pressures, the generation of negative
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Fig. 8. Dependency of electric output on device surface area. Mea-
surement of (a) Voc and (b) Isc amplitudes as a function of loading
pressures under different surface areas.

Fig. 9. Characterized relationships between the electric outputs and
the encapsulation layer thickness. Measurement of (a) Voc and (b) Isc
amplitudes as a function of loading pressures under different encapsu-
lation layer thicknesses.

pressure relies on the use of a mechanical pump, which could trans-
mit high-frequency vibrations to the device through the suction cup,
resulting in spiking signals that cause a large standard deviation of
Isc especially in the low-pressure range as shown in Fig. 7(b). Given
that the quasi-piezoelectricity arises from the accumulation of σb2

under applied pressures, a larger surface area contributes to a larger
electric output. To confirm this, three square sensors with different
side lengths of 0.9, 1.2, and 1.5 cm were tested, respectively, under
various pressures with a constant loading rate of –143 kPa/s. It can
be seen from Fig. 8 that both Voc and Isc increase with surface area. In
addition, we also evaluated the effect of PDMS encapsulation thickness
on the sensor performances, where no obvious change in Voc and Isc

is observed for coating thickness up to 554 μm, as shown in Fig. 9.
Therefore, the sensor can be integrated with the encapsulation layer for
potential underwater detection applications. In addition, because the air
cavities are fully embedded inside the solid film, the presented device
did not suffer from delamination issues under a negative pressure input.

Potential applications of this sensing technique can be found in
feedback control of pneumatic robots which may require a precise
measurement of the vacuum force in the suction-based end-effector for
vacuum grasping. In addition, the proposed ferroelectret sensors can
also be deployed in the underwater environment for in-situ detection
of invasive sea lampreys, which have a unique suction behavior and
causes catastrophic damages to both commercial fishery and ecological
systems in the Great Lake region.

IV. CONCLUSION

This letter demonstrates the use of PP film-based devices for
measuring negative pressures. The mechano-electrical transduction
mechanism is investigated by modeling internal charged voids as
macroscale dipole moments and assuming that the deformation only

occurs in the porous region. A simple analytical model is proposed
to explain the charge generation process, which is further supported
by the FEM simulation. The electric output in terms of Voc and Isc are
experimentally measured. The results show that theVoc depends mainly
on the loading pressure magnitude, while Isc is proportional to the
loading rate. Further investigation also reveals the output dependency
on the surface area and nondependency on the encapsulation thickness.
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