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Self-powered pressure sensors are critical devices in IoT sensing networks. Continuous efforts have been made in
the community to improve the device performances by optimizing the materials selection and structural con-
figurations. Therefore, a design platform for understanding the device-machine interface is imperative. This
work presents a comprehensive study that uses the fundamental working principles of dipole moments in fer-
roelectret polymers to describe the energy conversion mechanism. The study addresses discrepancies in voltage
measurements caused by instruments with different internal resistances and sampling rates. A lumped parameter

model is also proposed and validated to explain the impedance mismatch at the device-machine interface.
Applications including control of MEMS microactuator through static response and dynamic pressure sensor
array for impact distribution sensing have also been demonstrated.

1. Introduction

Flexible pressure sensor arrays have demonstrated to have pro-
mising applications in sensing networks where the complex environ-
mental stimulus is considered. Bio-compatible soft electronic skins that
are capable of pressure distribution visualization have been exploited
extensively in the field of soft robotics [1] and human motion mon-
itoring [2-5]. Despite the different approaches in integrating each in-
dividual pixel sensing element, the functionality of each sensing unit
can be classified into several groups according to its working principle.
Generally, resistive, capacitive and piezoelectric mechanisms are often
considered for various applications [6]. Resistive pressure sensors are
most widely used in real applications due to their simple device
structures, high S/N ratio, and easy readout features [7]. But the high
sensitivity is usually limited to low pressure ranges (<5kPa) [8] and
requires high power consumption. Capacitive pressure sensors measure
different pressures by monitoring the capacitance variations, caused by
the change in separation between parallel plates. By optimizing micro-
structures within each sensing element and the material's dielectric
constant [9], capacitive sensors with high spatial resolution and large
dynamic range have been developed [10,11]. However, the rather
complicated evaluation system and the inherent hysteresis error still
remain a problem. Pressure sensors based on piezoelectric effect
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convert a mechanical input to an electrical output upon change of the
dipole moments. The high sensitivity can be achieved by improving the
d; coefficient. The compatibility with micro-fabrication techniques also
makes it more adaptable to the high spatial resolution requirements
[12,13]. Nevertheless, the large internal impedance restricts the ap-
plications in static pressure sensing [11,14].

Although the choice of pressure sensing technology is determined
by specific applications, battery-based resistive and capacitive pressure
sensors are not considered to be the optimal approaches for Internet of
Things (IoT) devices, which impose the sensor network with light-
weight, miniature size, and energy sustainability requirements.
Therefore, a direct energy conversion between mechanical input and
electrical sensing output becomes imperative. Nanogenerator-based
self-powered pressure sensors using piezoelectric or triboelectric effect
have been demonstrated as emerging technologies in flexible electro-
nics [15,16]. Inorganic piezoelectric nanostructures are introduced by
micro-fabrication techniques to improve the detecting sensitivity and
sensing resolution. Nanowires (NWs) such as ZnO [17], CdS [18], and
NaNbO3 [19] with high electric output are often used as piezoelectric
sensors. Mechanical energy from the bending motion of nanowires is
converted to an electric output. Composite nanoparticles (NPs), e.g.
BaTiO3 [20,21], are also often used to improve the piezoelectric effect
by increasing the total dipole moments. To overcome the low flexibility
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Fig. 1. Working principle of ferroelectric nanogenerator. (a) No external stress is applied. (b) When external boundary load is applied, the polarization field due to
internal dipoles decreases and free induction charges are accumulated on metal electrodes. (c) FEM results of changes in electrode potential at the polymer-metal

boundary and open circuit voltage arises from accumulated charges.

of inorganic piezoelectric nanogenerator (PENG) sensors, foldable and
stretchable substrates such as polydimethylsiloxane (PDMS), poly-
ethylene terephthalate (PET), or polyethylene (PEN) can be used [22].
Triboelectric sensors convert the mechanical energy by utilizing the
internal friction of the material, the selection of the active materials are
therefore broadened from NWs/NPs to polymers [23] and soft fabrics
[24], which significantly improve flexibility. Their high performance
has also been demonstrated by optimization of the microstructure such
as surface etching [13], topology casting [25], injection molding, etc.
However, most of the current researches are focused on improving the
device's internal structures or materials [26], and little attention has
been paid to the device-to-instrument interface, where the impedance
match could significantly affect the energy conversion process. The
cross-talk issue could still be a limiting factor for sensor array appli-
cations since most of the time a complicated patterning of each sensing
element is required, and the triboelectric effect would also response to
random mechanical inputs.

In this work, a self-powered piezoelectric pressure sensor based on
polypropylene (PP) ferroelectret nanogenerator (FENG) [27-29] is
presented. The high ds; (~ 300 pC/N) [30] value comes from the pre-
charged micro-voids that are engineered inside the PP film. The energy
conversion process from mechanical to electrical domain in terms of
open circuit voltage (V,.) and short circuit current (I) are discussed in
the point view of changing dipole moments which is analog to the
piezoelectric effect. Single sensing element of 15mm X 15mm thin
patch FENG device is characterized under different mechanical impacts
provided by the vibration exciter. Various resistive loads are connected
to the device for evaluating the performances under different im-
pedance matches, which explain the different observations caused by
instruments. A lumped electromechanical model and its equivalent
circuit model are proposed to give a straightforward perspective of the
dynamic response in the electrical domain. A prove-of-principle FENG
based 4 x 4 sensor array is also presented to demonstrate the dynamic
pressure mapping, each sensing pixel is defined by simply pattern the
metal electrode with a shadow mask and no cross-talk issue is observed.
Because of the different transduction behaviors under different im-
pedance matches, a human controlled micro-robotic arm interface is
also demonstrated based on the static pressure response. This work has
potential contributions in understanding the platform of design device-

machine interface and perspective measurement results from different
instruments.

2. Results and discussion

FENG is a flexible multilayer structure device with the ability of
converting mechanical energy to or from electrical energy. The active
material that exhibits the direct and inverse piezoelectric effect is a
dielectric and elastic film with full-of-cell type structure (See fabrica-
tion process in Fig. S1, Supporting Information). Despite that the FENG
has a similar electrical-mechanical response as the piezoelectric nano-
generator, the fundamental working principles are different. By ap-
plying external mechanical pressure (F/A), the thickness of the porous
midsection region of the polypropylene ferroelectret (PPFE) film de-
creases. The piezoelectricity of FENG mainly arises from the relative
movement of positive charge surface to negative charge surface within
each individual ellipsoid void. Each ellipsoid has a permanent dipole
moment p, which can be expressed as p;, = g;l;, where g, is the trapped
charges and [; is the initial separation. For a FENG device of volume V
and consisting of N ellipsoids, the initial permanent polarization field is
therefore determined to be Py = =N ,p,/V. When external mechanical
load is applied, the structure distortion causes a change in the void
separation from [; to [;’ and the polarization field needs to be modified
as P’ =ZN,p/V =2N,ql'/V. Thus, the change in the polarization
field induces free charges on metal electrodes and can be expressed as:
Q= Zi’ilqi (li = I;")/h, where h is the thickness of the FENG. This ex-
pression for Q can be further rewritten as Q = (F/EV)Z,N:Lpi, where F, E,
and A are the applied force, Young's modulus of PPFE, and area, re-
spectively. Since the FENG device shares a capacitive model [31,32], V.
under F can be described as:

hPO
Vo = ga ™ )
where ¢ is the relative dielectric constant of PPFE. It can be seen from
Eq. (1) that there is a linear coupling between V,. and P (or F). As shown
in Fig. 1a and b, the decrease in distance between the charged surfaces,
from [; to I;’, produces a relative movement of charges with different
types. This change in dipole moments generates a displacement current
and is accounted for the I, output under a short circuit condition,
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Fig. 2. Electromechanical characterization of FENG under sinusoidal pressure input. (a) Forward and reverse V,. of FENG under sinusoidal pressure input. (b)
Forward and reverse I of FENG under sinusoidal pressure input. (c) Amplification of V,. and I. of FENG by a symmetric folding process under sinusoidal pressure
input. (d) Electric output, voltage and current, under sinusoidal pressure input with increasing resistive load. (e) V,. of FENG under sinusoidal pressure input with
variable pressure amplitudes and frequencies. (f) L. of FENG under sinusoidal pressure input with various pressure amplitudes and frequencies.

which can be expressed as:

Y
“T Eoat’ (2)

The derived expressions for V,. and I, of FENG (Egs. (1) and (2))
indicate that the open circuit voltage and short circuit current produced
by FENG increase with compression load and rate of change in dipole
moments, respectively. From this derivation, it follows that the electric
output is frequency-dependent; but only in the I, term —not V.. This is
explained and demonstrated experimentally in the next section. Some
of the previously reported observations on frequency-dependent V.
could be due to the use of low-input impedance instruments. Fig. 1c
shows the electromechanical behavior of the PPFE film based on a
250 pm X 90 pm 2-D finite element method (FEM) model. At the initial
state, the permanent polarization field induced boundary charges lead
to an electric potential at the polymer-metal interface. When the
compression load occurs, the polarization field is reduced due to the
decrease in dipole moments. This results in a lower electric potential
and therefore free charges accumulate on metal electrodes. Because the
device shares a capacitive electrical model, the accumulated charges
give rise to an open circuit voltage, which is dependent on the me-
chanical input.

The experimental demonstration of the parameters that determine
the V. and I, of FENG follows. The electric outputs of FENG in terms of:
(@) Ve, (i) I, and (iii) voltage with resistive load (Vj,.q) are measured
during repetitive external mechanical inputs, which consists of both:
pressing and releasing stages in each pulse. Since the open circuit
voltage and short circuit current outputs will be different from those
with a load, the input impedance of the equipment used to measure
these two parameters (V. and I.) has an influence on the measurements
(Fig. S5, Supporting Information). When measuring I., an ammeter
usually directly converts the input current to a reading through a gal-
vanometer. Therefore the measurement is less dependent on the in-
strument's internal circuit and should be an accurate reading of the
current when a short circuit is connected to the FENG. However, a
voltmeter consists of a galvanometer with a large internal resistor
connected in series. The obtained voltage reading is the input current
flowing through the galvanometer times the internal resistance.
Therefore using voltmeters with different internal resistances will result
in different measurements (See Supporting Information for details).
Specifically, using a voltmeter with lower internal resistance will show
V,. with two peaks during a single mechanical pulse input (one peak
with positive magnitude in the pressing stage and one peak with ne-
gative magnitude in the releasing stage). According to Eq. (1), these two
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Fig. 3. llustration of the lumped model. (a) Lumped electromechanical model of FENG. (b) Equivalent electrical circuit model of FENG. (c) Impact profile of a
sinusoidal pressure input. (d) L. under a sinusoidal pressure input. (e¢) Experimental electromechanical response with different load resistances. (f) Simulated

electromechanical response with different load resistances.

peaks of opposite signs do not correctly represent the physics of the
process, since the releasing step also represents a pressure of positive
magnitude - which should produce a positive V,, output. In other words,
the instant of peak pressure (i.e. the instant where pressing stops and
releasing begins) should also represent a peak in the V,. output (not
Voe = 0 V). Considering the high impedance of the PPFE film in low
frequency range, a testing instrument with much higher internal im-
pedance is required for getting an accurate V,, measurement. In this
experiment, V,. is measured by Keithley 2450 Source Measure Unit. The
internal impedance of the voltmeter is in the trillion Ohm (TQ) range
which provides more accurate results.

The electric outputs under periodic nonlinear pressure inputs gen-
erated by a vibration exciter (Fig. S3, Supporting Information) are
shown in Fig. 2. The changing polarity test is also carried out to confirm
that the electric signal comes from the FENG. As shown in Fig. 2a and b,
the electromechanical response of FENG exhibits a similar behavior as
the piezoelectric effect. The V,. follows the change of the external me-
chanical input while the I, is proportional to the derivative of the input
according to Egs. (1) and (2). An oscillation of exponentially decaying
amplitude is observed at the rising edge of the signal (See Fig. 2b, c,
Fig.3d, and Fig. S4 in Supporting Information). And the nearly infinite
peak at the rising edge is related to the derivative of the sinusoidal
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Fig. 4. FENG-based matrix pressure sensor. (a) Voltage output of a 15 mm X 15 mm single layer FENG as a function of input pressure amplitudes and frequencies. (b)
3D surface fitting of the single pixel electromechanical response, R? = 0. 93. (c) 16-pixel FENG based matrix sensor and 3D contour maps of the pressure distribution

over the sensor upon an impact from the user.

pressure input at P = 0 N. The observed oscillation can be related to the
mechanical properties of the PPFE film and the electrical impedance
match which reveals the electromechanical model of the FENG. Also, it
can be seen from Fig. 2c that folding a 30 mm X 15 mm patch of FENG
along a symmetry axis into a smaller patch of 15mm X 15mm can
double both the V,. and I for a given mechanical input.

The electric outputs under different resistive loads are also in-
vestigated and results are shown in Fig. 2d. A mechanical input with a
pressure amplitude of 110 kPa and frequency of 1.7 Hz shows a voltage
output that increases with resistive load, approaching V,.. Fig. 2e and f
show V,. and I as a function of pressure amplitude and frequency. V,,
increases with pressure amplitude but remains constant for different
frequencies from a given pressure amplitude as indicated by Eq. (1). I,
on the other hand, increases with the changing rate of the mechanical
input, which is related to pressure amplitude and frequency, as shown
in Fig. 2f. These experimental results are consistent with the theoretical
and conceptual rationale explained above.

Many lumped parameter models have been developed for different
types of piezoelectric film materials in different operating frequency
regions. In the low-frequency region, a simple RC model can be effec-
tively used for modeling the electrical behavior [33]. For piezoelectric
polymer, the internal resistance is nearly infinite, thus the electrical
model is purely capacitive. Multiple electromechanical lumped models
for piezoelectrics have been proposed, which consider the underlying
physics and specific applications [34-36]. However, a lumped model
for describing the electromechanical response of nanogenerators is still
needed to analyze the electric output under different impact pressure
profiles and resistive loads. The overshoot presented in the I, at the
rising edge of the pressure input shown in Fig. 2b suggests a second
order system model (Instrument with lower sampling rate may not
capture this phenomenon, see Supporting Information for details).
When an external mechanical stress is applied, a change in dipole
moments of the mid-section layer is induced in terms of the charge
separation. This produces a displacement current that is proportional to
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released from the FENG device. (d) VO,-based MEMS actuator with the maximum deflection at actuation current of 4.45 mA. (e) The gate voltage of the p-channel
MOSFET controlled by the output of FENG, the voltage change tracks the motion of the finger.

the changing rate of the dipole moment. Hence, a second-order system
is used to describe the electrical domain. The electromechanical lumped
parameter model and its equivalent electrical circuit are shown in
Fig. 3a and b respectively. The variable ¢ represents the transduction
from the mechanical domain to the electrical domain.

The derived lumped model can be used to compare the outputs due
to a sinusoidal input used in Fig. 2a. Fig. 3c shows the pressure due to a
sinusoidal input. Fig. 3d shows the I, under this sinusoidal pressure
input. The transduction to the electrical domain involves differentiating
the mechanical input with respect to time. When the load (R,) equals
zero (i.e. short circuit condition), the system presents an underdamped
response with the strongest oscillation as shown in Fig. 3d. Based on the
derived model, it is possible to predict the electric output under dif-
ferent resistive loads. When the resistance of the load increases, the
system evolves from an underdamped system to an overdamped system.
The oscillation will decrease with increasing load resistance and the
output voltage (Vj,qq¢) changes its profile from an I-like signal to a
Vie-like signal. Fig. 3e shows the measured electromechanical response
under different resistive loads. The large transient oscillation only oc-
curs with low resistive loads. It should also be noted how the measured
output voltage profile keeps approaching the open circuit voltage and
input pressure profiles shown in Fig. 2a. This means that the profile
(and value) of the measured open circuit voltage will be highly

dependent on the internal resistance of the instrument used —more
details in Supporting Information. Fig. 3f shows the simulated response
based on the model shown in Fig. 3b, where the parameter C; is 32 pF
(which is the capacitance of the PPFE film), C, and L are chosen to be
0.15nF and 2000 H in order to fit the experimental data. The system
exhibits an underdamped response for low resistive loads and an
overdamped response for higher resistance loads.

As discussed above, the V. is proportional to the input mechanical
pressure amplitude and is independent of its rate of change with time.
However, most of the commercial voltmeters have internal resistances
in the range of 1 ~ 10 MQ. When using such low-impedance instru-
ments to measure V,., the measurement is misleading, since it is actually
the voltage drop across a resistive load Vjyqq, which can be approxi-
mated by I, times the internal resistance R;, of the voltmeter. Thus, Vjyuq
changes with both: pressure amplitude and its rate of change with time.
Because the FENG is able to output a voltage signal which depends on
the input pressure profile, no external power supply is required for
device operation as a pressure sensor (i.e. FENG can be implemented as
a self-powered flexible dynamic pressure sensor). In this work, the
electromechanical response is characterized for a 15mm X 15 mm
single layer FENG device and the Vj,,4 is measured by using a voltmeter
with 1 MQ resistive internal resistance (NI19201, National Instruments).
Given that the sinusoidal pressure input can be expressed by
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P = B, sin(27nft), where B, is the peak pressure amplitude, f is the
frequency; Vj,qq can be expressed as:

Vioad = aPma)ngOS (271ﬂ)’ 3

where a = 2rAPyR;,/E. The maximum value V.4 is therefore found to
be at Ve = Vipaa (t = 0) and is linearly related to B, f. Fig. 4a and
Fig. 4b show the 3D surface plot of the V. as a function of the input
pressure amplitude and frequency. By fitting the data into a polynomial
function, the relation between Ve, Pnax, and f can be given by:
Vpeak = 3. 1 X 1077PL1f 035 'which is expected from Eq. (3).

A single FENG-based pressure sensor can be easily integrated into a
N X N array of pressure sensor by a specific arrangement of the positive
electrodes. Fig. 4c shows an array of 16 individual FENG devices, each
with an area of 15mm X 15mm. All the elements in the array are
equally spaced in both the X and Y directions. A common negative
electrode is patterned on the back side of the PPFE film. To protect the
silver electrodes from wearing during repeated use and humidity, the
device is encapsulated into a polydimethylsiloxane (PDMS) protective
layer (See detailed fabrication process in Supporting Information).
Since the positive electrodes are electrically insulated from each other,
each electrode can be taken as an independent pixel pressure sensor
(See Movie S2, Supporting Information). Hence, this 4 X 4 matrix
pressure sensor with a resolution of 16 pixels can be implemented to
map the distribution of an impact. Fig. 4c shows the 3D contour map of
the pressure distribution upon an external impact from the user's hand
press. The different magnitudes of pressures are labeled and presented
in different colors (See Fig. S7 in Supporting Information for 2D contour
map of pressure distributions). The pressure distribution under different
impacts is also presented (See Movie S1, Supporting Information).

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.048.

Due to FENG's large internal impedance, almost any commonly used
voltmeters could cause a discharge of the self-charged electrical energy
in the device and results in a transient signal output. Thus, the appli-
cation is limited to dynamic pressure monitoring. When static response
needs to be addressed, an electronic switch can be induced where the
FENG can be used to control the gate voltage. Here we demonstrate this
application by using a micro-robotic arm controlled through the
movement of human body (e.g. movement of a finger) by combining the
FENG and a VOj-based bimorph microelectromechanical systems
(MEMS) actuator (See Supporting Information and Movie S3). The VO,-
based actuator can be thermally actuated by utilizing the large differ-
ence in the thermal expansion coefficient of the VO, coating and SiO,
substrate in the bimorph beam structure [37,38] (Fig. S11 and Fig. S12,
Supporting Information). VO, is a first order solid-to-solid phase change
smart material which undergoes a fully reversible insulator-to-metal
transition (IMT). The transition typically happens at ~ 68 °C and spans
~ 15 °C [39]. During the transition, the crystal structure changes from
the monoclinic phase to the tetragonal phase, leading to a ~ 1.7%
shrink in the c-axis [40]. When VO, is deposited on top of a silicon
dioxide (SiO,) microcantilever, large compressive stress will be induced
due to the crystal structural change during the phase transition.
Therefore the beam structure bends up towards the out of plane di-
rection (Fig. S12, Supporting Information). In this work, the VO,-based
MEMS actuator has dimensions of 550 um in length, 50 um in width and
2.3 pum in thickness. The actuation is induced by applying a current to
the resistive metal heater which is embedded into the beam material.
The fabrication process of the VO, actuator is described in detail in the
Supporting Information. To enable the control of the deflection of the
VO, actuator, a single layer FENG device of 15mm X 35mm is fabri-
cated and encapsulated into a PDMS ring structure and then put onto
the user's finger. As shown in Fig. 5, the FENG senses the stress coming
from the flexing of the finger, and the voltage output is used to control
the actuation current through the gate terminal of a p-channel metal-
oxide-semiconductor field-effect transistor (MOSFET), which in turn
controls the current through the VO,-based MEMS actuator (See

Nano Energy 63 (2019) 103852

Supporting Information for details).
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.048.

3. Conclusion

In this work, a polypropylene ferroelectret polymer thin film with
the large piezoelectric effect is presented. The discussion is mainly fo-
cused on the design platform for implementing the PPFE film as a
flexible pressure sensor. Both static and dynamic pressure responses are
studied when different device-machine interfaces are considered. The
characterizations in terms of V,. and I, are performed on a
15mm x 15mm single layer FENG thin patch under different me-
chanical impacts provided by a vibration exciter. The results show that
the energy conversion process from mechanical to electrical domain
could be significantly affected by the internal impedance of instru-
ments. Measurement results can also be affected by the instrument
sampling rate since the transient oscillation signal occurs at the starting
edge within a short time window. A lumped parameter model is also
proposed to explain the load-dependent voltage measurement varia-
tions and the results are validated by the experiment. Applications in
terms of pixelated sensor array and human-robotic control interface are
also demonstrated at the end. This paper provides useful information in
the design of sensor/machine interface, especially when polymer-based
sensor with high internal impedance is used, and in troubleshooting the
variations caused by instruments.
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