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Piezoelectric sensors with good flexibility and high sensitivity have attracted extensive interest in
wearable electronics. Here, we report a novel frequency-response behaviour of piezoelectric voltage
of a sensor that is based on a piezoelectric enhanced composite film of P(VDF-TrFE) and BaTiOs.
The piezoelectric voltage enhances with the increase of frequency and becomes stable beyond the
critical frequency. Such a demonstrated sensing characteristic of the piezoelectric sensor depends on
the inner resistance of the voltmeter, which is determined by whether the loading of stimuli can be
completed within the period of piezoelectric voltage measurement in the testing circuit. By utilizing the
frequency-response behaviour in different frequency ranges, the flexible piezoelectric device exhibits
excellent capabilities to quantitatively detect the magnitude and loading rate of stimuli. As a proof-of-
concept demonstration, a flexible pressure sensor is successfully integrated with a bionic bee to monitor
the flight status (i.e., strain rate and strain) of the vibrating wings. This work demonstrates that flexible
piezoelectric sensors have great prospects for application in the field of bionic flying robots, thus paving
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1. Introduction

An emerging development trajectory in wearable flexible elec-
tronics has received much attention due to their potential
functions in intelligent robotics, healthcare monitoring, and
medical diagnosis."™ Tremendous efforts on developing flex-
ible piezoelectric sensors with a high piezoelectric coefficient,
excellent structural flexibility, and good mechanical robustness
are reported. By virtue of their capability to convert mechanical
stimuli into an electrical signal, piezoelectric sensors demon-
strate wide applicability in measuring dynamic stimuli, such as
vibrations, fluid/air flows, acoustic waves, and body/organ
motions."*™>*
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the way forward for the development of smart self-sensing flexible electronics.

Early efforts exploited the capability of detecting the fre-
quency and magnitude of stimuli to further evaluate the
dynamic sensing performance of piezoelectric sensors.>®™°
Some studies have been conducted to demonstrate the influ-
ence of loading frequency on the piezoelectric voltage.>*™*
A high frequency of stimuli is beneficial to the enhanced
voltage, indicating that various loading rates of the stimuli
can lead to the discrepancy of the piezoelectric voltage.
Additional efforts on several advances on the piezoelectric
sensor to perceive the magnitude of mechanical stimuli have
been made.***® The piezoelectric voltage increases with the
applied pressure at the same frequency, which is attributed to
the larger strain.

Since the frequency and magnitude of stimuli have an effect
on the piezoelectric voltage simultaneously, explorations of
accurately detecting the magnitude of stimuli have been carried
out. Current studies have reported that the frequency response
of the output piezoelectric voltage depends on the inner
resistance of the voltmeter used.*>*® They further designed
an ideal voltmeter with a large inner resistance (10" Q) for
measuring the magnitude of pressure. By utilizing the large
inner resistance of the voltmeter in the testing circuit, the
influence of the loading frequency can be eliminated to acquire
the open-circuit voltage. However, the inner resistance of the
commercial voltmeter is between tens of megaohms and
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hundreds of megaohms, which cannot completely eliminate
the influence of frequency on the piezoelectric voltage. Mean-
while, although the interference of frequency to voltage is
eliminated, it still limits the piezoelectric sensor in the detec-
tion of frequency-related information, such as water flow
velocity and human motion velocity.*'™** Thus, it is highly
desirable to utilize the frequency response characteristics of
piezoelectric voltage to detect the magnitude and loading rate
of stimuli in the voltmeter test circuit with a limited inner
resistance.

Herein, we elucidate the frequency-response behaviour of
piezoelectric voltage of a piezoelectric sensor based on a piezo-
electric enhanced composite film of P(VDF-TrFE) and BaTiO;.
Through quantitative matching of theoretical calculations and
experimental studies, we reveal that the piezoelectric voltage
enhances with an increase of frequency and becomes stable
beyond the critical stable frequency. Furthermore, the critical
stable frequency decreases with the enhancement of inner
resistance. Such a demonstrated frequency-response behaviour
of the piezoelectric sensor is illustrated by whether the loading
can be completed within the period of piezoelectric voltage
measurement in the testing circuit, which is further verified
through systematical compression and bending measure-
ments. Meanwhile, the flexible piezoelectric sensor successfully
achieves the accurate detection of the magnitude and loading
rate of stimuli by utilizing the frequency-response behaviour of
the piezoelectric voltage. The practical applicability of the
flexible piezoelectric sensor in the bionic flying robot is
presented to monitor the flight situations (Fig. 1), thus demon-
strating the potential to develop intelligent self-perception
robots.
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2. Experimental
2.1 Preparation of BaTiO;/P(VDF-TrFE) composite film

P(VDF-TrFE) and BaTiO; composite films were prepared by
using P(VDF-TrFE) powder with a molar ratio of 70/30 (Piezo-
tech) and BaTiO; nanoparticles with an average diameter
of 100 nm (Sigma-Aldrich) based on our previous work.**
The BaTiO; nanoparticles were first mixed with
N,N-dimethylformamide (DMF) and ultrasonically stirred for
2 h to separate the aggregated nanoparticles. P(VDF-TrFE) pow-
ders were then added to produce solutions with a predefined
0-20 wt% of BaTiO; nanoparticles with respect to P(VDF-TTFE) by
stirring for 2 h using a magnetic stirrer at room temperature to
obtain a uniform solution. Composite films of BaTiO;/P(VDF-
TrFE) were prepared by casting the uniform solution on a Petri
dish, followed by annealing at 120 °C for 2 h to enhance crystal-
linity. Then, the film was placed in a silicone oil bath for half an
hour at a high electric field of 60 MV m™" to be polarized to
obtain enhanced piezoelectric properties.

2.2 Fabrication of the piezoelectric sensors

The PDMS substrate film was prepared by spin-coating a 10:1
mixture of PDMS part A and part B (Sylgard 184, Dow Corning)
using an EZ4 spin coater (Schwan technology). The mixture was
poured onto a disc glass substrate (diameter: 9 cm). Then spin
coating (1500 rpm for 30 s) was performed, followed by curing
at 80 °C for 30 min. The gold electrode (thickness: 150 nm) was
evaporated by an electron beam (DZS-500) on both sides of the
composite film. After the copper wires were attached to
the upper and lower gold electrodes, another PDMS covering
layer was coated on the top and cured at 80 °C for 30 min.

Frequency-insensitive voltage
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Fig. 1 Illustration of the concept of the flexible piezoelectric sensor applied to bionic flying robots. (a) Schematic configuration of the piezoelectric
sensor based on a piezoelectric enhanced composite film of P(VDF-TrFE) and BaTiOs, with key components, labeled. (b) The piezoelectric voltage
enhances with the increase of frequency and becomes stable beyond the critical frequency. By utilizing the frequency-response behaviour in different
frequency ranges, the flexible piezoelectric device is integrated with a bionic bee to monitor flight status (i.e., strain rate and strain) of the vibrating wings.
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The sample was cut into strips (20 mm x 20 mm x 30 pm)
and carefully peeled off from the glass to obtain sandwich-
structured sensors.

2.3 Characterization

The d;; values of the piezoelectric films were measured using a
quasi-static ds; tester (ZJ-6A of the Chinese Academy of
Sciences) at room temperature. The film was inserted into the
middle of the upper and lower probes, and the handwheel was
adjusted to hold the film and acquire the d;; value. In the case
of low-frequency mechanical loading, the compression and
bending tests were carried out using a mechanical testing
system (Instron LEGEND2345). In the case of high-frequency
loading, the sensor was positioned under a cylindrical probe
(KSI-758STNG3.25), which was driven by an exciter (KSI-
758MS20). The exciting signal from a high precision network
data analyzer (KSI-8904N) was amplified by using a power
amplifier (KSI-758PA100) to drive the vibrator. The magnitude
of the force input to the sensor was measured by using a
calibrated piezoelectric force transducer (KSI-208) having a
sensitivity of 4 pC N™". The output from the force transducer
was passed through a charge amplifier (KSI-608A100) before
being recorded using a high precision network data analyser
(Fig. S1, ESIY).

3. Results and discussion

In order to explore the piezoelectric characteristics of the
sensor, it should be noted that the copolymers of polyvinyli-
dene fluoride (P(VDF-TrFE)) films after poling are transversely
isotropic with the polarization direction normal to the surface.
Constitutive models can be used that relate the stress o, strain
&, electrical field E;, and electrical displacement D;;, where ¢,
e;, and k;; are the elastic, piezoelectric, and dielectric constants,
respectively.*>*® Consider that a uniaxial compressive stress o33
(011 = 04 = 0) is applied along the x; direction on a flat
piezoelectric film, in which the strain ¢; and the electrical field
E; along the polarization direction satisfy the constitutive
relationships: 0 = ¢11611 + C12820 + €13833 — €31F3; 0 = C12617 +
C11822  C13833 — €31E3; 033 = C13811 + C13€22 T C33833 — €33F3; D3 =
€31611 T €31625 T €33633 T+ k33E;. The elimination of &4, &,,, and
£33 gives D = €053/E + kE3, where € = e53 — [2¢13/(C11 + €12)]es1 and
E = ¢33 — 2¢15°/(c11 + ¢12). Meanwhile, k can be expressed as
k = kaz + [2€33631> — 4C13€31€33 + (€11 + C12)e3s”]/(C1aCa3 + CraCas —
2¢15%). The current I = —AdD,/dt is related to the voltage V
and resistance R of the voltmeter by I = V/R, which gives
VIR = —AdDs/dt. Thus, the specific coupling of the deformation
and the piezoelectric effect can be described as the following

governing equation®>*°
dv / —ledoss
Ly o 1
dr * ARk kE dt @

where V is the measured voltage between the two electrodes of
the piezoelectric sensor, R is the inner resistance of the
voltmeter, [ and A are the total thickness and area of the
piezoelectric film, respectively, and é and k are the effective
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piezoelectric constants. The material parameters used in the
calculation are as follows: ¢;; = 1.6 x 10° N m ™% ¢;, = 0.8 X
10° N m % ¢;5 = 1.42 x 10° N m ™% ¢33 = 1.63 x 10° N m™?;

e31 = 0.032 C m 2 e33 = —0.06 C m™2*” Moreover, using the
initial condition V (¢ = 0) = 0, the voltage is obtained as
—e o2 gt e
:( f)li_ ( e)! eAREj ——eARkd¢ (2)
k AE  AR(k)? JoA(E)

Note that the compressive stress is an approximate periodic
function of time in the experiment, given by

F = Fpa{1 — cos(2nft)]/2 3)

where Fy,. is the maximum compressive force.

Mathematical software was used for the theoretical calcula-
tions related to the frequency-response behaviour of the piezo-
electric sensor. The effects of loading frequency on the
piezoelectric voltage for the voltmeters with various inner
resistances are presented in Fig. 2. The voltmeter with an inner
resistance of 1 MQ is first taken into account to calculate, and
the corresponding peak value of the piezoelectric voltage under
a pressure of 1 kPa is obtained by eqn (2). By gradually
increasing the frequency, the output voltage increases and then
tends to be stable (Fig. 2a). The frequency sensing performance
is evaluated by depicting the tangent of the curve on the
frequency-response piezoelectric voltage change rate and calcu-
lating the slope of the tangent. The slope of the voltage curve is
given by S = §V/df, which represents the sensitivity to frequency.
Two linear regions of voltage change rate as a function of applied
frequency are observed. In the frequency regime of less than
1000 Hz, the sensitivity of the device reaches 0.47 mv Hz .
When the applied frequency is higher than 1000 Hz, the sensi-
tivity of the device is 0.17 mV Hz . The sensitivity is reduced to
approximately zero, indicating that the piezoelectric voltage tends
to be saturated. The quantitative definition of the critical stable
frequency has been proposed to clarify the frequency-response
behaviour. At first, two linear regions of voltage variation as a
function of applied frequency require good linearity and sensi-
tivity. High linearity (i.e., R > 95%) is also a critical performance
of the sensor,*®** and two linear regions are fitted separately to
maintain the linearity of each segment above 95%. Besides, the
relative change between the voltage and the saturated voltage
begins to be less than 5%, and the frequency corresponding
to the voltage can be defined as the critical stable frequency.
The relative change of 5% between the stable voltage and the
selected saturation voltage is based on the stability determination
in the previous literature®®* and the judgment of the stability of
the step response with a similar change trend in the control
system. The specific critical stable frequency of the voltmeter with
1 MQ inner resistance is ca. 1855 Hz. The inset in Fig. 2a shows
the real-time change curves of voltage with time under different
frequencies, and the corresponding peak value is marked to
verify the frequency-response behaviour.

The same trend of voltage change also appears in the
voltmeter with 10 MQ and 1 TQ inner resistances (Fig. 2b
and c). Moreover, the critical stable frequencies via different
voltmeters are significantly different, indicating that the

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0tc02949a

Published on 11 December 2020. Downloaded by Zhejiang Sci Tech University on 2/14/2022 3:29:11 AM.

Paper

frequency-response behaviour of the output voltage depends on
the inner resistance. To further clarify this influence, the inner
resistances in the range of 1 MQ to 1 TQ are calculated to obtain
the corresponding critical stable frequency. The critical stable
frequency decreases with the increase of the inner resistance
(Fig. 2d), which demonstrates that the dependence on
frequency can be very large for the small-resistance voltmeter.
This conclusion illustrates that a reasonable selection of inner
resistance of voltmeter has practical significance. For instance,
the frequency independence of the voltmeter with a large inner
resistance can be used to detect the magnitude of the pressure.
The requirement of detecting the loading rate of pressure is
more inclined to choose a voltmeter with a small inner
resistance.

This frequency-response behaviour can be well explained by
a piezoelectric physical model shown in Fig. 3. The mechanism
of piezoelectric voltage generation is described in the schematic
illustration. The mechanical pressure reorients the aligned
molecular dipoles, causing an internal piezoelectric
potential.**">® The free charge carriers presented at the metal
electrodes flow from the higher potential region to the lower
potential region through the external connections to balance
the internal piezoelectric potential, thus giving rise to a positive
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peak. When the pressure is released, the change in the polar-
ization diminishes, and hence the internal piezoelectric
potential falls to zero, such that the free-charge carriers return
across the external circuit, giving rise to a negative peak.>’ %°
Thus, the waveform of the piezoelectric voltage is an instanta-
neous pulse wave, thereby leading the voltage to have a short
measurement time required by the generation and decay of the
piezoelectric charge (enlarged view). Meanwhile, more charges
accumulated during this measurement time will lead to a
higher output voltage. For a voltmeter with a finite inner
resistance in the measuring circuit, the electrical charge on
electrodes of the piezoelectric layer can go through the volt-
meter during measurement, instead of an ideal open circuit.*’
The output voltage obtained by the smaller inner resistance
voltmeter increases and decays rapidly, illustrating that the
charge can go through the voltmeter freely during the cyclical
movement. In contrast, the decay time of the output voltage
tested by the larger inner resistance voltmeter is much larger
than the case of smaller resistance, and the status of the circuit
approaches that of the ideal open circuit during the voltage
measurement. Thus, the longer measurement time induced by
a larger inner resistance of the voltmeter enables more time to
load, which shows the small frequency dependence of the
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Fig. 2 Theoretical studies on the output voltage of the piezoelectric sensor under different frequencies with a pressure at 1 kPa. Effects of loading
frequency on the output piezoelectric voltage for the voltmeters with resistances of (a) 1 MQ, (b) 10 MQ, and (c) 1 TQ. (d) The critical stable frequency

versus the inner resistance of voltmeter in the range from 1 MQ to 1 TQ.
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Fig. 3 Schematic illustrations of the frequency-response behaviour of piezoelectric voltage based on the piezoelectric mechanism. (a) The peak values
of the piezoelectric voltage obtained by the 10 MQ voltmeters at an applied pressure of 1 kPa with the loading frequencies of 50, 100, and 167 Hz show
the frequency-sensitive behaviour. The curves in the inset show the phase shift between the piezoelectric voltage and loading force with a loading
frequency of 100 Hz. (b) The peak values of piezoelectric voltage obtained by the 10 MQ voltmeters at an applied pressure of 1 kPa with the loading
frequencies of 167, 200, and 300 Hz demonstrate the frequency-insensitive behaviour. The curves in the inset show the phase shift between the voltage

and force with a loading frequency of 200 Hz.

output voltage. It can also effectively prove that the frequency-
dependent response of the output voltage depends on the inner
resistance, and the critical stable frequency decreases with the
increase of the inner resistance.

Furthermore, several theoretical examples are used to illus-
trate the response of voltage to frequency (Fig. 3). The values
marked by the green circles are the calculated piezoelectric
voltages at different frequencies with a loading pressure of
1 kPa during the measurement time. For instance, the specific
critical stable frequency of the voltmeter with a 10 MQ inner
resistance is ca. 167 Hz as shown in Fig. 2b, which shows that
this pressure can be fully loaded with a measurement time of
6 ms. The corresponding piezoelectric voltages of 50, 100, and
167 Hz pressure are 0.29, 0.48, and 0.64 V, illustrating the
frequency dependence of the voltage (Fig. 3a). The loading time
induced by the small frequency is larger than the measurement
time, which leads to an incomplete collection of the piezo-
electric charge. The incomplete loading can also be quantita-
tively verified from the voltage and pressure curves. Although
the loading pressure continues, the free-charge carriers have
already returned across the external circuit, giving rise to a
negative peak. Therefore, the peak value of the voltage is before
the peak value of the force (the inset curve in Fig. 3a and
Fig. S4a, ESIT measured by the experimental setup of Fig. S1,
ESIt). This means that the maximum pressure effectively
sensed by the sensor during the measurement time is less than
the loading pressure of 1 kPa, resulting in a decrease of the

588 | J Mater. Chem. C, 2021, 9, 584-594

output voltage. In contrast, the voltage output at an applied
pressure of 1 kPa with loading frequencies of 200 and 300 Hz is
approximately equal to that with the 167 Hz loading, which is
attributed to the same charge accumulation. In the high-
frequency loading, the periods of voltage measurement are
larger than the loading time, leading to a complete loading of
the pressure. Meanwhile, the voltage peak value is after the
pressure peak value (the inset curve in Fig. 3b and Fig. S4b,
ESIt) due to the phase shift between the input pressure signal
and the output voltage. This also can clarify that the peak value
of the voltage sensed by the sensor corresponds to the loading
maximum pressure of 1 kPa. In conclusion, these frequency
response features depend on whether the stimuli can be
completely loaded at a period of voltage measurement. There-
fore, the output voltage of the piezoelectric sensor exhibits
frequency-sensitive behaviour below the critical frequency of
stimuli and exhibits frequency-insensitive behaviour above the
critical frequency of stimuli.

Experimental demonstrations are then conducted to further
verify the frequency response behaviour of piezoelectric voltage.
Piezoelectric polymers P(VDF-TrFE) with high flexibility are
potential candidates for flexible sensors, but their low ds;3
should be improved for high-performance e-skins. In contrast,
inorganic piezoelectric materials (e.g., BaTiO; and lead zirco-
nium titanate PZT)°" exhibit high piezoelectric coefficients, but
their intrinsic rigidity restricts their application in flexible
electronics. Thus, incorporating inorganic piezoelectric fillers

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Experimental and theoretical studies on the output voltage of the piezoelectric sensor under different loading frequencies. (a) Comparison
between theory and experiments values of voltage versus the loading frequency obtained by the voltmeters with resistances of 1 TQ, 10 MQ, and 1 MQ
under a pressure of 1 kPa. Effects of loading frequency on the output voltage obtained by the 10 MQ voltmeter at an applied pressure of 8 kPa with the
loading frequency of (b) 10, 20, and 30 Hz; (c) 200, 250, and 300 Hz. (d) Effects of pressure magnitude on the output voltage obtained by the 10 MQ
voltmeter at the same loading frequency of 200 Hz. (e) The comparison between theoretical predictions and experimental measurements of voltage
versus the loading rate obtained by the voltmeters with a resistance of 10 MQ under the pressure of 8 kPa. (f) Maximum detectable loading rate under

different magnitudes of pressure in experiments.

such as BaTiOj; into the piezoelectric polymer matrices repre-
sents a simple method to improve their piezoelectric proper-
ties, owing to the simplicity and cost-effectiveness of this
method.®”"® In this work, the flexible piezoelectric sensor
was composed of five layers, including the piezoelectric film,
two Au electrodes, and two spin-coated PDMS layers (Fig. 1a).
The enlarged view of the piezoelectric film indicates that the
sensing layer is based on BaTiO; nanoparticles embedded into
highly crystalline P(VDF-TrFE) polymers. Comprehensive phase
characterization of P(VDF-TrFE) films and BaTiO; nano-
particles was confirmed by X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR) analyses as shown in
Fig. S2a and b (ESIt). Nanocomposite films with a predefined
0-20 wt% of BaTiO; nanoparticles with respect to P(VDF-TrFE)
were prepared and tested to find an optimized doping ratio.
The magnified scanning electron microscopy (SEM) images

This journal is © The Royal Society of Chemistry 2021

show the uniform distribution of composites, which reveals
excellent interfacial adhesion between BaTiO; particles and the
P(VDF-TrFE) matrix (Fig. S3, ESIT). The ability of piezoelectric
materials to convert vertical mechanical deformation into an
electric signal can be represented by the piezoelectric coupling
coefficient. The ds; values of pure P(VDF-TTFE) films and
P(VDF-TTFE) films with 10 wt% BaTiO; nanoparticles are 19
and 35.9 pC N~ ' (Fig. S2c, ESIf), respectively. The corres-
ponding piezoelectric coefficient e;; of the composite film is
obtained to be 0.058 C m™2, which is in good agreement with
the theoretical calculation. The enhanced piezoelectricity of the
P(VDF-TrFE)/BaTiO; composites is mainly attributed to the
combination of piezoelectric crystalline-phase with the high
piezoelectric coefficient of BaTiO; fillers.®® Besides, previous
research indicates that BaTiO; nanoparticles can reinforce the
local stress of the P(VDF-TrFE) matrix and induce large local
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Fig. 5 Experimental and theoretical studies on the output voltage of the piezoelectric sensor under different bending frequencies. (a) Schematic
illustration of an analytical model for the coupling of mechanical deformation with piezoelectric response during bending. Photographs of the
piezoelectric sensor clamped on a bending stage in flat and bend configurations. Effects of bending frequency on the output voltage for the frequency of
(b) 1, 2, 3, and 4 Hz; (c) 100, 150, and 200 Hz. (d) Effects of strain on the output voltage at the same bending frequency of 100 Hz. (e) The comparison
between theoretical predictions and experimental measurements of voltage versus the strain rate obtained by the voltmeters with the resistance of
10 MQ under a strain of 1%. (f) Maximum detectable strain rate under the different strains of bending in experiments.

deformation of the composites, leading to an improvement of
piezoelectric properties.®”

For evaluating the sensing performance of piezoelectric sen-
sors in the experiment, three voltmeters with inner resistances of
1 TQ, 10 MQ, and 1 MQ are used for the voltage measurement.
The good agreement between the analytical prediction obtained
from eqn (2) and the experimental result further validates the
frequency-response behaviour of the output voltage (Fig. 4a).
The voltage measured using the 1 TQ large inner resistance
voltmeter is weakly dependent on frequency, and the small
linear range of voltage leads to a critical stable frequency of
0.1 Hz. In contrast, the voltage obtained using the 1 MQ resis-
tance voltmeter increases linearly with frequency in the range of
0 to 300 Hz. Meanwhile, the voltage acquired using the 10 MQ
resistance voltmeter presents a stable trend when the frequency
is above 160 Hz, thereby indicating that the piezoelectric sensor
exhibits a wide range of frequency-sensitive and frequency-
insensitive behaviours. To investigate the influence of the
frequency on the voltage more comprehensively, experimental

590 | J Mater. Chem. C, 2021, 9, 584-594

demonstrations are then conducted based on the voltmeter with
a 10 MQ inner resistance. The measured output voltage curves at
a pressure of 8 kPa with 10, 20, and 30 Hz show that the peak
value depends on the frequency of loading (Fig. 4b).
The frequency-sensitive behaviour is consistent with the effect
of loading frequency on piezoelectric voltage in literature
studies.*°* With a further increase in the frequency, the output
voltages for frequencies of 200, 250, and 300 Hz remain stable
(Fig. 4c), which confirms the frequency-insensitive behaviour of
the output voltage. It is also observed in some research that the
peak value of the output voltage has no obvious change with
various force/bending frequencies,’®>"%%%
the stability advantage of the sensor.

This newly discovered finding of the frequency-response

which is regarded as

behaviour makes piezoelectric sensors have more extensive
application potential in accurately detecting the magnitude
and loading rate of pressure. As a proof-of-concept demonstra-
tion, the piezoelectric sensor is exploited to acquire the capabil-
ity of detecting the magnitude of pressure. In the measurement

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Practical application of flexible piezoelectric sensors for bionic flying robots. (a) A photograph of the flexible piezoelectric sensor attached to the
wing of a bionic bee. (b) A photograph of the vibrating wing of the bionic bee. (c) The voltage detected by the piezoelectric sensor shows the strain rate
(r = 24% s7% 46% s~ and 95% s%) of the vibrating wing in the take-off period. (d) The voltage detected by the piezoelectric sensor shows the strain

(s = 0.16%, 0.35%) of the vibrating wing in the high-frequency flight period.

circuit of the voltmeter with 10 MQ inner resistance, loading
frequencies above the critical frequency (160 Hz) can be applied
to accurately detect the magnitude of the pressure, which is
attributed to the frequency-insensitive behaviour of the piezo-
electric voltage. The piezoelectric voltages under the pressures of
1, 2, and 3 kPa at 200 Hz are recorded (Fig. 4d). Larger pressure
yields larger compressive strain, and therefore, higher voltage
values can be seen. Meanwhile, the voltage below the critical
frequency is affected by the frequency and the magnitude of the
pressure, but the change of the voltage is essentially caused by
the loading rate. The simultaneous change of loading time and
strain induces a change of strain rate sensed by the piezoelectric
sensor. Thus, the loading frequency below the critical frequency
can be utilized to detect the loading rate. To further evaluate
the potential of detecting the loading rate of pressure, the output
voltage versus the loading rate is displayed in Fig. 4e.
The detailed derivation process is included in the ESIt (S5).
The theoretical predictions of voltage versus the loading rate are
consistent with the experimental measurements. The only dif-
ference is that the theoretical loading rate is proportional to the
magnitude of pressure, and the larger voltage induced by the
larger pressure causes the curve to be unsaturated. In contrast,
upon increasing the magnitude of the pressure in experiments,
the centers of both positive and negative charge carrier separa-
tions reach a maximum value (i.e.,, the maximum number of
dipoles will orient in one direction), resulting in a saturated

This journal is © The Royal Society of Chemistry 2021

piezoelectric voltage.”’ Meanwhile, the maximum detection of
loading rate corresponding to the pressure ranging from 1 kPa to
9 kPa is determined through the compression tests (Fig. 4f),
providing guidance for the practical application of detecting the
loading rate.

The sensing capability of the flexible piezoelectric sensors
on bending deformation also needs to be explored. An analy-
tical model for the coupling mechanical deformation and
piezoelectric response during bending of the piezoelectric
sensor is shown in Fig. 5a. The specific coupling of the bending
deformation and the piezoelectric effect of the sensor can be
described as the following governing equation

y_ale  (-oF eAl_z'uzr _eimdi (4)
k AE  AR(k)? oA(E)

Where ¢ = gna{l — cos(2nft)]/2, V is the measured voltage
between the two electrodes of the piezoelectric sensor, R is
the inner resistance of voltmeter, [ and A are the total thickness
and area of the piezoelectric film, respectively, and & = e3; —
(c13 — c33)ess and k = k3 + (e33°/c33) are the effective piezoelectric
constants.

To further prove the effect of bending frequency on piezo-
electric output, the piezoelectric sensor clamped on a bending
stage in flat and bend configurations is measured for the
output voltage (Fig. 5a). The piezoelectric sensor is experimen-
tally subjected to cycling bending tests at various frequencies.
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The output voltage increases (Fig. 5b) and tends to be stable
(Fig. 5¢) with the increasing frequency under the same strain
(¢ = 1%). The finding in bending tests is similar to the loading
of pressure, which presents the frequency-response behaviour
in different frequency ranges. This frequency-response charac-
teristic enables the piezoelectric sensor to be used to detect the
bending strain ad strain rate. The distinguishment of strain at
1%, 1.5%, and 2% can further prove the sensing capability in
detecting the strain (Fig. 5d). Meanwhile, the voltage increases
with the increase of the strain rate for a given strain (¢ = 1%),
illustrating the great potential in detecting the strain rate
(Fig. 5¢). The maximum detectable strain rate under different
strains ranging from 0.25% to 2.5% is demonstrated to provide
insights into the practical application (Fig. 5f).

Effectively detecting the bending strain and strain rates
creates application opportunities for the piezoelectric sensors
in bionic flying robots. The bionic flying robot named robobee
has been successfully developed with a bumblebee (flapping
frequency 180-250 Hz) as the bionic object in nature, which is
of great significance to the field of micro flapping robots.”®”®
It is essential for the self-sensing function of the bionic flying
robot to monitor the deformation of its wings in real-time.
A flexible piezoelectric sensor (dimension: 5 mm x 5 mm) is
attached to the wing of the bionic bee (Fig. 6a). The strain rate
and strain of the vibrating wing shown in Fig. 6b can be
detected by using the frequency response characteristics of
piezoelectric voltages in different frequency ranges. In the
low-frequency takeoff period of the bionic robot, the voltage
is simultaneously affected by the frequency and strain of the
bending, which induces a change of strain rate sensed by the
piezoelectric sensor. Thus, the voltage detected by the piezo-
electric sensor (Fig. S6, ESIT) shows that the strain rates of the
wing are 24% s ', 46% s ', and 95% s ' as observed from
Fig. 6c. In contrast, the frequency-insensitive behaviour of the
piezoelectric voltage during the stable flight can be applied to
accurately detect the strain of the bending wing. The voltages
generated by the piezoelectric sensor declare that the stable
strains of the vibrating wing of the bionic robot are 0.16% and
0.35% during the high-frequency stable flight as shown in
Fig. 6d. The 3D scanner (PD13D) has been used to verify the
accuracy of the strain rate and strain, and the average relative
error is controlled within 10% (Fig. S7, ESIT). The demonstra-
tion in Fig. 6 shows the capability of the piezoelectric sensor to
detect the bending strain rate and bending strain of the
vibrating wing of the bionic bee. This flexible piezoelectric
sensor enables the bionic flying robot to precisely monitor its
flight situation in real-time, thus making the bionic robot more
autonomous and intelligent.

4. Conclusion

In summary, we have demonstrated a frequency-response beha-
viour of flexible piezoelectric sensors made of highly crystalline
P(VDF-T1FE) polymers with BaTiO; nanoparticles embedded.
Through a comprehensive set of theoretical calculations and
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experimental tests, it is observed that the piezoelectric voltage
increases with the applied frequency and then remains stable
once the critical frequency is exceeded. The critical stable
frequency decreases with the increase of inner resistance.
This unique feature is determined by whether the loading can
be completed within the period of piezoelectric measurement in
the testing circuit. The compression and bending tests further
reveal that the sensor can use this frequency-dependent beha-
viour to detect the magnitude and loading rate of stimuli.
Furthermore, the flexible piezoelectric sensor is integrated with
a bionic flying robot to monitor the flight situation, which
promotes the applicability of piezoelectric devices in the field
of intelligent robots.
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