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Abstract: A numerical investigation was conducted to study the impact of
varying the velocity magnitude and the elasticity of the cantilever on the
performance of the piezoelectric beam such as tip deflection and voltage,
tip electric field and maximum electric field. COMSOL software was used
to solve for the governing equations taking into account fluid-structure
interaction. The results of this investigation were compared against
analytical results found in the literature and the agreement was excellent.
The results presented in this study demonstrated a substantial impact of the
flow velocity magnitude and elasticity of the cantilever on the tip deflection
and voltage as well as maximum electric field. As the velocity increased
and the elasticity of the microcantilever decreased, the tip deflection
increased and consequently increased voltage and electric field. This study
suggests that high voltage and electricity can be generated from energy
harvester if they are subjected to high fluctuations.
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Introduction

The energy generated from oscillating structures has
received a considerable attention by researchers in the
last decades (Sonar and Paik, 2016; Cook-Chennault et al.,
2008; Ghosh and Mandal, 2017; Liu et al, 2017;
Ghosh et al., 2017; Lu et al., 2018; Curry et al, 2018;
Markus and Hayes, 2017; Eggborn, 2003) due to its
applications in various fields such as powering a remote
sensor,  wireless, autonomous and biomedical
applications (Ghareeb et al., 2016). It was cited by many
researchers that piezoelectric energy harvesters have
many advantages such as low cost, flexibility and the
fact that the required mechanical energy for conversion
can be obtained from the surrounding environment.
Umeda et al. (1996) studied Piezoelectric (PZT)
materials and their applications in transforming the
mechanical energy due to oscillations into electricity by
a piezoelectric device. Beeby et al. (2006) reviewed the
pertinent applications of piezoelectric structures in
wireless devices. Lee et al. (2015) performed an
experimental study on harvesting energy from internal
flows using piezoelectric systems. Their results indicated
that the energy produced (20 mW) from the proposed
designs were identical using the same flow rate.

Many studies were conducted in the literature to
analyze the performance of piezoelectric cantilever
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under various geometries and conditions to maximize its
output power (Goldschmidtboeing and Woias, 2008;
Benasciutti et al., 2010; Dietl and Garcia, 2010; Simon and
Yves, 2009; Roundy, 2005). Goldschmidtboeing and
Woias (2008) conducted a theoretical study based on
Rayleigh—Ritz method to analyze triangular-shaped and
rectangular-shaped beams for piezoelectric energy
harvesters. Their results showed that triangular-shaped
beams exhibited higher output power than rectangular
beams. Simon and Yves (2009) investigated numerically
the performance of different shapes of piezoelectric
energy harvesters. Their illustrated that tapered beam
with 0.3° slope angle increased the collected energy by
69%. Khanafer and Vafai (2018) investigated the effect
of inlet velocity and thickness of the piezoelectric layer
on heat transfer and voltage output. Their results show
that the flow inlet velocity significantly enhances the
both the heat transfer and voltage output of the
piezoelectric material while increasing the thickness of
the piezoelectric material decreases the voltage output
from the system. Akaydin et al. (2010) conducted a
numerical study to harvest energy from turbulent flow
using piezoelectric cantilever. The piezoelectric
cantilever was placed in the wake of a circular cylinder
at high Reynolds numbers. The authors concluded that
unsteady flow may exert oscillatory forces on the
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piezoelectric beam which can be used for harvesting
energy. Akaydin et al. (2012) conducted an experimental
study of a self-excited piezoelectric harvester connected
to a cylinder subjected to an oscillatory force to cause
deflection. An electrical power of 0.1 mW was produced
at a speed of 1.192 m/s. Hobeck et al. (2014) conducted
a numerical analysis using ANSYS-CFX to investigate
dual cantilever flutter as related to energy harvesting.
The two beams were subjected to a velocity of 6 m/s.
The authors in that study claimed that the dual flutter
beams had a potential application to harvest energy.

One can note from the above citations that many
studies on energy harvester concentrated on rigid
piezoelectric cantilever. Thus, the main objective of this
work is to examine a the effect of flexible piezoelectric
cantilever in harvesting energy at various relevant
parameters such as flow velocity and elasticity of the
microcantilever beam on the tip deflection and tip
voltage, tip electric field and maximum electric field.

Momentum

ou B
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Elastodynamics Equation
pd, =V-o™ 4+ ? (3)

The flow and interface velocity vectors are given by u
and w respectively, o and ps are the fluid and solid
densities, f° and f®° are the fluid and structure body
forces per unit volume, respectively, w is the moving mesh
velocity. The fluid and structure stress tensors are given by:
or and o, respectively. The acceleration of the solid part is
given by d, . The boundary conditions are given by:

1. Inlet
Mathematical Formulation Atx=0:u=U,v =0 (4)
A two-dimensional piezoelectric microcantilever was 2 Exit
analyzed in this investigation in Fig. 1. The flow was '
assumed incompressible and unsteady. An arbitrary U oV
Lagrangian-Eulerian formulation was implemented to At x=d 1&=& ®)
solve the governing equation. The polarization (P) of the
piezoelectric structure is assumed in the positive y- 3. Walls of the Channel
direction. Based on the above assumptions, the governing
equations for this investigfation can be summarized as y=0, 0O<x<d:u=v=0 (6)
follows (Khanafer and Vafai, 2018):
Continuity y=H, O<x<d:u=v=0 @)
V-u=0 ) 4. Microcantilever
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Fig. 1: Schematic of the model under investigation
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The interface boundary conditions between the two
layers are summarized as follows:
(8a)

Displacement d, =d

S

Traction o, =0, (8b)

where, d; is the displacement of the fluid domain and ds
is the displacement of the solid structure. The
mechanical properties of a flexible microcantilever beam
resembles those of rubber (v =0.35, ps= 2000 kg/m?, E =
= 0.25 MPa). E represents the elasticity of the beam
while v represents the Poisson’s ratio. The physical
properties of the piezoelectric structure are given by
(Khanafer and Vafai, 2018):

E =61GPa,G = 21.1GPa,v =0.35 9)

e,=-7.2e, =15.1e, =12.3 (10)

£, =1.53x10°%,, =153x10°® (11)
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Numerical Scheme

COMSOL (v5.2) software based finite element
formulation was utilized in this investigation The
Newton-Raphson method was utilized in this study to
solve the discretized. A convergence criterion of 1x10~
was used in this study. Adaptive mesh refinement with
extremely fine mesh around the beam is used using
COMSOL to ensure grid independence throughout the
study. Initial conditions of zero wvelocity and zero
deflection are set for this study.

Model Validation

The present results were compared against analytical
solution of deflection reported in the literature by
(Smits et al., 1991). as follows:

_ 3dgvx?

o(x\V)= 12

(V)=-"ge (12)
where, V is the applied voltage, t, is the thickness of
piezoelectric beam and ds; is the unclamped transverse
piezoelectric coefficient. Figure 2 demonstrates an
excellent comparison of the deflection along the beam
between the present results and the analytical results of
(Smits et al., 1991).
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Fig. 2: Deflection along the beam between the present results and that of Smits et al. (1991) (V = 100 volt, t, = 1 mm, ds1 = 2.3x107!
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Results and Discussion

The effect of changing various pertinent parameters
on the performance of the piezoelectric beam was
analyzed in this investigation. It can be seen from Fig. 3
that the tip deflection fluctuates in a harmonic shape for
various inlet velocities. As the velocity of the inlet flow
rises, the tip deflection of the piezoelectric beam
enhances significantly due to larger inertia forces acting
on the beam. This effect is noticeable at an inlet flow
velocity of 1.5 m/s. Figure 4 shows the effect of
changing the inlet velocity on the tip voltage. The tip
deflection increases with an increase in the flow velocity
and consequently increases the tip voltage. Figure 4
shows that the tip voltage oscillates in a harmonic

pattern for low velocity. However, for higher velocities,
the tip voltage increases and oscillates more randomly
and not in a sinusoidal mode.

The effect of varying the inlet velocity has a
substantial impact on the tip electric field is shown in
Fig. 5. Figure 5 demonstrates that the tip electric field
increases significantly with an increase in the velocity.
The electric field is directly proportional with the
voltage. Figure 6 illustrates the wvariation of the
maximum electric field with the inlet flow velocity. The
present results indicated that the maximum electric field
was found near the supporting mechanism because the
bending moment is maximum at that location. Figure 6
shows that the maximum electric field increases with an
increase in the inlet velocity.
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Fig. 3: Tip deflection for various inlet flow velocity
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Fig. 4: Tip voltage of the piezoelectric cantilever for various inlet flow velocity
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Fig. 5: Tip electric field for various inlet flow velocity
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Fig. 6: Maximum electric field variation vs. inlet velocity
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Fig. 7: Tip deflection of the piezoelectric cantilever vs. elasticity
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Fig. 8: The tip voltage of the piezoelectric cantilever vs. elasticity
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Fig. 9: Maximum electric field of the piezoelectric cantilever vs. elasticity

Figures 7 through 9 demonstrate the effect of
changing the elastic modulus of the cantilever on the
tip deflection, tip voltage and maximum electric field.
These figures clearly show that the modulus of
elasticity of the cantilever has a significant effect on
these parameters. Figure 7 shows that the tip deflection
increases significantly with a decrease in the elasticity
of the cantilever (E = 0.2 MPa) and consequently
increases the tip voltage as depicted in Fig. 8. The effect
of changing the elasticity of the cantilever on the
maximum electric field of the piezoelectric cantilever is
represented in Fig. 9. As the elasticity of the cantilever
decreases, the maximum electric field improves
significantly for E = 0.2 MPa.

Conclusion

The characteristics of piezoelectric beam was
analyzed in this study for various pertinent parameters
such as flow velocity and elasticity of the cantilever
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beams. The results of the present investigation showed
that the value of the inlet flow velocity had
considerable effects on the tip deflection and voltage.
As the inlet velocity increased, the tip deflection
increased and subsequently increased the generated
voltage. Moreover, tip deflection was found to increase
considerably with a reduction in the elasticity of
cantilever and consequently increasing tip voltage and
maximum electric field.
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