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Compared with a single energy harvester, this tuning fork double-armed cone-
shaped flexure transducer can fundamentally solve the problems of high resonance
frequency, low output efficiency, and narrow bandwidth of the flexure transducer.
Since the transducer limits the clamping losses of the cantilever beam, it provides
sufficient stiffness-mass balance to lower the resonance frequency of the system
and extend the bandwidth. The tapered structure provides sufficient strain gradient
for the flexoelectric effect, improving the output efficiency of the whole system. The
vibration frequency of the tuning fork structure and the derivation of the bandwidth
formula are analyzed theoretically, and then the electrode width and thickness of the
cone structure are studied through simulation to analyze the transducer output
response, resonant frequency, bandwidth, and output impedance.
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1 Introduction

It is well known that flexoelectricity and piezoelectricity work together in micro-nano
composite materials [1]. In the design of flexoelectric structures, cantilever beam structures
[2,3], wrinkled micro-dielectric films are often used [4,5], and nano-indentation designs use tips
to induce non-uniform strains to improve flexoelectric effects [6]. Starting from a wide range of
transducers, symmetrical dual-mode magneto-electromechanical coupled resonators are used
to improve the output power of micro-energy harvesting based on magneto-electromechanical
(MME) coupling [7]. When the tuning fork structure is designed as a vibrating capacitive
surface potential measuring device, only when the vibration amplitude of the tuning fork is
stable, the current output by the sensing electrode can be stable. And the current has a linear
relationship with the measured potential V [8,9]. Quartz crystal tuning fork (QTF), as a
mechanical resonator, is very attractive in the field of sense due to its small size, low cost, and
high-quality factor [9].

The design of the transducer tries to identify areas with positive polarity (+1) and
negative polarity (—1). The resulting design problem was addressed using a density-based
topology optimization approach. Numerical examples confirm that piezoelectric modal
transducers can be designed with simply connected electrode phases, providing efficient
performance as well as improved manufacturabili [10]. It can also tuned by varying the
stiffness using materials [11]. Flexible nanogenerators equipped with quadrant electrodes
have also been reported as a simple, efficient, and general method for decoupling in-plane
flexoelectricity from the total electromechanical output [12]. Some studies have established
a self-powered system driven by a wireless nanogenerator (NG) [13] Studies have
concluded on the flexoelectricity that giant bend-induced polarization can be obtained
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without an inherently large flexoelectricity, which will help to
reconcile some of the current discrepancies regarding the true
magnitude of the flexoelectricity [14] Among the factors affecting
the transducer are residual surface stress [15], linear elastic
substrate and magnetic field [16], ferroelectricity, microstructure
and micro-inertia effects [17], which can further improve the
performance of PZT energy harvesters. Futhermore, using ZnO
can improve the flexoelectric effect [18].

The
transducers, and bandwidth is one of the important indicators

flexoelectric effect transducer is the same as other
of the transducer. In the field of infrared spectroscopy, mQTF
detectors are used instead of pyroelectric infrared detectors to
collect infrared photoelectric new numbers, which have the
Advantages of broadband optics [19]. When the thickness of
the substrate layer is 400 nm, the maximum output voltage of
the flexoelectric energy harvester is almost 5 times that of the
piezoelectric energy harvester. The effects of parameters such as
drag force, beam spacing, and needle tip mass on harvester
performance were investigated. Experimental results show that,
due to the collision of two beams, the operating bandwidth of the
VEH is increased by nearly 4 times, at the same time, the output
power density is enhanced in some cases [20].

2 Theoretical analysis

The flexoelectric effect is a kind of polarization caused by non-
uniform deformation. It exists widely in most materials, while the
piezoelectric effect exists only in non-centrosymmetric materials. In
terms of the ability to convert mechanical stress into electrical voltage,
piezoelectricity trumps flexoelectricity. However, with the advent of
the realization that nanoscale strain gradients are much larger than
macroscopic strain gradients, the importance of flexoelectricity has
increased with miniaturization. It can improve energy conversion
efficiency in smart structures and provide new methods for smart
structure design.

The most widely used flexoelectric energy harvesting structure is the
cantilever beam structure, but it has certain limitations. In the design, it is
changed to a tuning fork double-arm structure as the driving component
of the system, which can effectively control the flexoelectric energy
conversion the stability of the device and the vibration frequency.
During the vibration process of the tuning fork, the electrode and the
flexoelectric layer move together, and there is no form of rotation around
the center of the electrode, so the first-order or second-order model is
used. By exciting the tuning fork to vibrate, when the frequency of the
input signal is the same as the natural frequency of the tuning fork, the
tuning fork resonates, which drive the flexoelectric layer on it converts
mechanical energy into electrical energy. A flexoelectric layer fabricated
with a tapered structure. When the stress load is applied, because of the
different widths of the upper and lower surfaces, artificially created non-
uniform deformation of the structure, uneven distribution of charges,
great asymmetry in electric displacement and polarization, which makes
the flexoelectric effect in ferroelectric materials more prominent. When
the charge reaches the electrodes, the electric energy is taken out from the
electrodes. Each electrode is connected in series, and an external resistor is
connected for electrical performance testing.

In addition to the commonly used method of bending to create a
strain gradient, the use of truncated corners and pyramids in the
structure can also provide a certain strain gradient [21,22]. The normal
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strain in the pyramid structure changes continuously from the top to
the bottom. This strain gradient induces charge flow between the top
and bottom electrodes. The flexoelectric effect has a strong size
dependence, so the use of micro-nanostructures can significantly
improve its output effect. The electrical response (i.e., polarization
or electric field) of a positive flexoelectric effect material to a
mechanical stimulus (strain gradient) [23].

When the frequency of the applied pressure signal is consistent
with the frequency of the transducer, resonance can be generated and
the maximum amplitude can be obtained. For the structural analysis of
the tuning fork structure, the double arm can be regarded as two
cantilever beam structures, which can be regarded as two independent
cantilever beams for structural vibration analysis, vibrating in the form
of bending in the fluid medium, so the corresponding cantilever beam
vibration Eq. 1 is [24]:

E10'y(nt) . 0y(nt) o’y (n.t)
T AT rlArf)ITHm =0 @

Among them: E is Young’s modulus, I is the moment of inertia, L
is the length of the beam, p is the material density, A is the cross section
of the cantilever beam, f; is the dissipative resistance parameter per
unit length, £, is the inertial resistance parameter per unit length (the
unit The additional quality of the length),; is the normalized length
parameter.
vibration

By solving the equation,

eigenfrequency solution can be obtained as Eq. 2:

the corresponding

[ B 1 fi N
o= [(PA+f2)l4_Z<PA+f2) ] @

Among them: k,, is the parameter corresponding to the nth order
mode, and it is much larger than the f, constant, and f; is small in air
damping, so both of them can be ignored, then the (2) can be
simplified to the corresponding resonance frequency expression

for (3):
d | E
w; = 27Tf1 = kil—z E (3)

For the first-order vibration parameter k; of the cantilever beam is
1.875, d is the thickness of the cantilever beam, and 1 is the length of the
corresponding cantilever beam, the corresponding first-order
vibration frequency can be obtained from this formula, and the
characteristic frequency of f (4) can be obtained by adjusting the
order of Eq. 3:

nd |E ,
S =g \j;vﬂ “)

Among them: v, is a constant, n represents the corresponding
number of overtones, only the fundamental frequency is
considered in this design, and the corresponding fundamental
frequency mode vy = 1.194. Therefore, it can be seen that the
thickness and width of the tuning fork structure jointly affect the
characteristic frequency of the system, and the Young’s modulus
E and density p in the material jointly affect the change of the
characteristic frequency.

The mechanical quality factor essentially reflects the output
efficiency of the transducer. Considering the air damping factor in
the air, the formula Q can be written as Eq. 5:
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TABLE 1 Material parameter table.

Poisson

Density(kg \ m~3)

Material Young’s

Modulus(Pa)

AL 70.0e9 2,700 35
ZnO 210e9 567 .33
PVDF 3.70e9 1,780 .35

1 t 2
Comw, oA+ £ [(25) an

- - 2 (5)
Yo ey o)y (242) dedn

Among them: W is the vibration storage energy, W, is the energy
consumed in each vibration cycle, so when the vibration storage
energy is larger or the loss is smaller, the corresponding
mechanical quality factor Q is larger, and the formula is simplified as:

Q = pAw/ f, (6)

Therefore, the mechanical quality factor Q is related to the density
of the material and the cross-sectional area of the structure. When the
material structure and shape are fixed, its corresponding mechanical
quality factor remains unchanged. The relationship between
mechanical quality factor and resonance frequency and bandwidth
is as follows:

f
Af_3 dB = 6 (7)

Therefore, when the resonant frequency is determined, the
mechanical quality factor is inversely proportional to the -3 dB
bandwidth.

3 Stablishment of the structural model of
tuning fork double-armed cone

In COMSOL Multiphysics, the electrostatic module, solid
mechanics module and circuit module are used to simulate the
flexoelectric module. The material parameters of the tunning fork
structure are shown in Table 1. The flexoelectric layer is made of
PVDF material, and Ag is used as the electrode material. ZnO
nanowires with strong flexoelectric properties have been reported
to be used to construct self-powered systems [25] for enhanced
flexoelectricity in non-ferroelectric high-permittivity composites [24].

In order to obtain a more accurate flexoelectric effect, the
coefficient PVDF coefficient for setting the three directions of
flexoelectricity horizontal, vertical and shear is added as follows:

Considering the fact that only one end of the commonly used
cantilever beam structure is fixed, in the process of single-mode
bending vibration, due to the unbalance of the fixture and the
strong inertial force effect of the tip mass of the free end, the
clamped end will inevitably have a considerable Mechanical energy
loss (fixture loss) (Dong Lei, 2022b).

In order to overcome this dilemma, it is reasonable to design a pair
of mechanically coupled resonators to limit the clamping loss, so it is
thought of using a tuning fork structure to design to avoid this loss.
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FIGURE 1

(A) The three-dimensional design diagram of the double-armed
conical structure of the tuning fork; (B) The vibration diagram of the
corresponding two-dimensional tuning fork structure; (C) The potential
distribution diagram of the two-dimensional tuning fork double-

arm vibration model.

The tuning fork structure can also solve the problem of excessive
resonant frequency of the flexoelectric transducer. Figure 1A shows
the overall design structure of the tuning fork double-arm cone
transducer. The simplified model is the corresponding two-
dimensional structure as shown in Figure 1B.

In the previous research, a rectangular parallelepiped cone
structure was designed, and its flexoelectric effect was analyzed
nonlinearly. The sandwich electrode-conical flexoelectric layer-
electrode structure has a certain effect on enhancing the
flexoelectric effect. Therefore, in order to improve the output
efficiency of the transducer at the micron scale, the most effective
way is to further improve the output efficiency of the transducer from
the output of the flexoelectric effect. The cone array structure can
provide higher identical excitation, and it is easier to obtain greater
output effect and bandwidth by adopting a series structure between the
arrays than a parallel structure.

The time-domain voltage output comparison between the tuning
fork double-arm transducer and its corresponding 1/4 single-arm
transducer is carried out. Due to the high frequency of the structure,
the time domain will cause a certain degree of distortion. Finally, when
using the tuning fork double-arm structure its output voltage is
10 times higher than the peak-to-peak value of the output voltage
of the common single-arm conical structure, while its resonance
frequency is reduced from 689.9kHz to 53.06 kHz, and the
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FIGURE 2

Comparison of FFT frequency bands of double-arm and 1/4 single-
arm vibration.

bandwidth has been significantly improved. Comparing the two, the
time-domain analysis of the Fourier transform normalized bandwidth
is shown in Figure 2.

Different sign charges are induced on the upper and lower surfaces
of the top and bottom. As can be seen in Figure 1C, the characteristic
frequency domain analysis using these three cones as a unit shows that
the potential distribution of the cones isn’t the same as the horizontal
line on the upper surface of the pressure load, but the more it tends to
the tip, the more the potential changes The slower, the maximum
voltage output is reached near the electrodes. This may be due to the
fact that the flexoelectric polarization distribution dependent on the
strain gradient is manifested within a certain length and volume
within the semiconductor [8]. The resonance frequency of the
tuning fork structure is 48.16 kHz by sweeping the resonance
frequency of the structural unit around 59.40 kHz. By scanning it,
it can be seen that the resonance frequency of the tuning fork structure
is reduced by 18.9%. It can be seen that the tuning fork structure can be
provides some adjustment of The resonant frequency for the
flexoelectric transducer. The material parameters of the tuning fork
structure are shown in Tables 2, 3.

The pyramidal structural unit of the flexoelectric layer was further
studied, and a two-dimensional model of the pyramidal unit was
established. Unlike the previous sandwich structure, the electrode was
changed to a position more suitable for the flexoelectric layer, and the
grid was divided Figure 3A. When a pressure load of 5 kPa is applied to
the conical unit, the corresponding output potential distribution is
obtained as shown in Figure 3B. The gradient of the color from cool
blue to warm red represents the gradual increase of the electrode

10.3389/fphy.2022.1117705

potential, so the conical electrode The voltage is maximum nearby,
and the potential distribution gradually decreases in an arc shape from
the tip of the cone to the bottom surface. This is the same as when the
electrode is on the upper and lower surfaces, the electrode can contact
more flexoelectric layers, collect more charges, and the corresponding
potential is greater.

When the top is subjected to a bending moment, the conical
structure makes it under pressure in a natural state, which will cause
uneven distribution of charges. Both surfaces of the top are positively
charged with the same potential and the bottom is negatively
charged [17].

In addition to the study of the output efficiency of the flexoelectric
layer, the electrode position was further studied. It can be seen that the
output voltage when the electrodes are discrete is significantly higher
than the voltage when connected, and almost all the charges caused by
the flexoelectricity are neutralized.

4 Electrode position (affect on output)

Changing the width of the electrode attached to the surface of the
tapered structure, the flexoelectric effect is more sensitive at the micro-
nano scale, so the influence of the width, bandwidth and characteristic
frequency of the electrode from 2.8 um to 3.8 um was studied. The
corresponding resonance frequency change and its corresponding
normalized bandwidth are as shown in Figure 4A. In the range of
electrode width [2.8 um, 3.8 um], as the electrode width increases, the
system stiffness decreases, However, the corresponding resonance
frequency gradually decreases from 49 kHz, and the bandwidth
increases first while then decreases with the increase of electrode
length. The model reaches the maximum bandwidth value at 3.3 um.

It should be noted here that the characteristic frequency of the
flexoelectric effect at the micro-nano scale is about 10 times higher
than the resonance frequency of the piezoelectric normal centimeter
size, and its resonance frequency will increase as the size decreases.
The characteristic frequency corresponding to the change of the width
of the electrode also confirms this point.

Connect the electrode to a resistive load (R) to quantify the
electrical power output as Figure 4B. After studying the width of
the electrode, the thickness of the electrode on the hypotenuse of the
conical flexoelectric layer was changed from (.03 um, .08 um).
Different electrode thicknesses correspond to different resonant
frequencies, and the resonant frequency of the structure
corresponds to an optimal working load. Changing to test the
resistive load of the output resistor from 10 Q to 10°Q in steps of
10°"> Q) ohms, the energy loss caused by the resistance The resulting
vibration attenuation is almost negligible. It is observed that as the
overall situation increases with the resistance value, the output voltage
first increases and then remains basically unchanged. The load
resistance value is the performance of the output impedance of the
transducer, which reflects the efficiency of the flexoelectric transducer

TABLE 2 The flexoelectric coefficient of PVDF (polyvinylidene fluoride) can be roughly simplified into three parts.

Shear deflection coefficient

Transverse flexoelectric coefficient
ff14(UC/m)

ff44(uC/m)

Parameter Longitudinal flexoelectric coefficient
ff1 il (uC/m)
Flexoelectric 800
coefficient
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TABLE 3 Structural parameters.

Structure Description Value Unit
Substrate Length 17 um
Width 17 um
height 20 um
Flexoelectric layer Length 6 um
Top electrode Length 37 um
width .07 um
Bottom electrode Length 24 um
width .1 um
COMSOL 6.0.0.318
A um
12
11]
10]
g1
e
7
6l
51
"
31
o1
1
ol
1
2]
_37 T T T T V#m ]
-5 0 5 10 15
B "
x107(V)
11
5
0

FIGURE 3
(A) This s the mesh division diagram of the conical structure (B) This
s the potential distribution of the conical structure unit.

to a certain extent, and the power is utilized to the greatest extent.
When the electrode thickness is .04 um-.08 um, the corresponding
output voltage increases with the increase of thickness. However, a
sudden change occurs at .08 um and .03 um, both of which are in a
small output efficiency, so the width and thickness of the electrode
have a certain influence on the output voltage. The high efficiency of a
transducer system is essentially the matching of the characteristic
frequency of the transducer structure with the frequency of the
external system. If the frequency is too high, the energy loss of the
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FIGURE 4

(A) The relationship diagram of electrode width and characteristic
frequency and bandwidth; (B) The relationship diagram of electrode
thickness, load resistance and voltage of tuning fork double-arm
structure.

system is too large. Therefore, controlling the transducer within a
certain range will result in more effective output.

5 Discussion

From the previous discussion, the ideal structure and
parameter design of the transducer with the tuning fork
structure at the micron scale can be obtained. Using the conical
array structure in series can increase the output voltage of the
transducer. In addition to reducing the mechanical energy loss of
the system and adopting a more effective structural design with a
high strain gradient to improve the output effect of the system,
the size of the electrode also affects the output effects such as
the resonant frequency, bandwidth, and output impedance of
the flexoelectric transducer. The subsequent research can
focus on the conical array Expand the connection mode to
improve the flexoelectric output efficiency and bandwidth to a
greater extent.
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6 Conclusion

Based on theoretical analysis and simulation, a tuning fork double-
arm conical flexoelectric transducer is designed. The vibration
characteristic in the tuning fork structure is studied, and the
resonant frequency equation of the tuning fork structure
vibration and the relationship between the corresponding
bandwidth and quality factor are derived. The problem that
the characteristic frequency of the flexoelectric transducer is
too high leads to excessive energy loss is improved, and the
bandwidth of the flexoelectric system is widened to a certain
extent. The method of increasing the strain gradient by using the
pyramid array structure provides a certain idea for improving the
output efficiency of flexoelectricity. It is proved that fixing the
electrodes on the hypotenuse of the cone can better store the
corresponding electric energy. The transducer output was studied
for electrode thickness and width in the micron range. The results
show that within a certain range, thinner electrode thickness and
appropriate electrode length are beneficial to adjust the resonant
frequency and bandwidth of the transducer. This research is
helpful for the
transducers.

design of high-performance flexoelectric
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