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The spontaneous flapping of a flag can be used to produce electrical energy from a fluid flow
when coupled to a generator. In this paper, the energy harvesting performance of a flag covered
by a single pair of PVDF piezoelectric electrodes is studied both experimentally and numerically.
The electrodes are connected to a resistive-inductive circuit that forms a resonant circuit with the
piezoelectric’s intrinsic capacitance. Compared with purely resistive circuits, the resonance between
the circuit and the flag’s flapping motion leads to a significant increase in the harvested energy. Our
experimental study also validates our fluid-solid-electric nonlinear numerical model.

Flow-induced instabilities and vibrations have recently
received a renewed attention as potential mechanisms to
produce electrical energy from ambient flows. Such insta-
bilities enable a spontaneous and self-sustained motion of
a solid body which can be used to convert this mechanical
energy into electrical form.[1–3]
The flapping of a flexible plate in an axial flow (there-

after referred to as a “flag”) is a canonical example of
such instabilities. Due to its rich and complex dynam-
ics, this instability has been extensively studied during
the last century.[4] The origin of this instability lies in a
competition between the destabilizing fluid force and the
stabilizing structural elasticity. The flag becomes unsta-
ble when the flow velocity exceeds a critical value, leading
to a large amplitude self-sustained flapping.[5–10]
Piezoelectric materials produce electric charge dis-

placements when attached to a deformable structure,[11]
showing a “direct piezoelectric effect” that effectively
qualifies them as electric generators. An output circuit
connected to the electrodes of the piezoelectric elements
can then exploit the generated electric current, as in vi-
bration control applications.[12, 13] In the meantime, a
feedback coupling is introduced by the inverse piezoelec-
tric effect: any voltage between the electrodes creates an
additional structural stress that would potentially influ-
ence the dynamics of the structure.
Piezoelectric energy generators received an increasing

attention over the last two decades,[14, 15] and a bur-
geoning research effort has been invested on this topic
ever since.[16–19] The work of Allen & Smits using a
piezoelectric membrane [20] inspired several recent stud-
ies on flapping piezoelectric flags as energy-harvesting
systems.[21–25] Xia et al.[25] investigated numerically
the coupling between a piezoelectric flag and a resonant
circuit, and identified an electro-mechanical frequency
lock-in phenomenon where the output circuit dictates
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to the flag its flapping frequency and that significantly
increases the energy-harvesting performance, compared
with a simple resistive circuit.[24] This frequency lock-
in phenomenon was however obtained for an idealized
configuration, where (i) the flag is continuously covered
with infinitesimally-small piezoelectric patches and (ii)
the piezoelectric coupling is strong. The present work
focuses on a configuration that is easier to obtain experi-
mentally: the flag is covered by a single pair of piezoelec-
tric patches made of Polyvinylidene Difluoride (PVDF), a
material characterized by a relatively weak coupling. The
energy-harvesting performance of this system is investi-
gated both experimentally and numerically when con-
nected to a resonant circuit.

Experiments are performed using a PVDF piezoelec-
tric flag. The PVDF film is cut into two patches of iden-
tical size: 9.5 cm × 2.5 cm. The two patches are then
glued face-to-face with reverse polarity using a bonding
tape, forming a flag covered by one single piezoelectric
pair whose weight is 5.5×10−4 kg. This flag is clamped
at one end in a wind tunnel with a 50 cm × 50 cm test
section (Fig. 1a). Using this single flag, the flag’s “ef-
fective length”, denoted by L, is varied by adjusting the
position at which the flag is clamped. The remaining
upstream section of the flag is attached to a rigid plate
parallel to the flow so that its influence on the flow is
minimized and the system effectively behaves as a flag
of length L (Fig. 1b). The electrodes of the flag are con-
nected to a data acquisition board (DAQ) recording the
voltage V , as well as an output circuit consisting of a
variable resistor R ranging from 5 Ω to 108 Ω, and an in-
ductor of inductance L in parallel connection. From an
electrical point of view, the piezoelectric flag is equivalent
to a current source connected in parallel to an internal
capacitance C and the equivalent circuit of the experi-
mental setup is shown in Fig. 1c, where RL and Rd are
respectively the internal resistance of the inductor and
the DAQ. The mean harvested power P , defined as the
energy dissipated in the output resistance R is obtained
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FIG. 1. (a) PVDF piezoelectric flag placed in the wind tunnel
with opaque walls (gray). (c) Photo of the clamped PVDF
flag. (c) Equivalence of the harvesting circuit and data acqui-
sition board (DAQ).

as:

P = 〈V 2〉R−1, (1)

where 〈·〉 is the time-averaging operator. The average is
taken over 5 seconds, sufficiently long compared with the
flag’s flapping period (cf. Table I)
The numerical model presented in previous works[24,

25] is adapted to the present configuration. Its main
characteristics are briefly presented here and the reader
is referred to Michelin & Doaré[24] for more details. The
flag of length L and height H is modeled as a clamped-
free Euler-Bernoulli beam, whose mass per unit length is
denoted by µ, placed in a fluid of density ρ flowing uni-
formly at velocity U∞. The fluid’s forcing on the flag is
computed using a local force model based on the relative
motion between the flag and the flow.[26, 27] Contrary to
the previous studies referenced above, the flag is covered
by one single pair of piezoelectric patches; consequently,
the electric charge displacementQ between the electrodes
depends only on the flag’s orientation at the trailing edge,
ΘT , and on the voltage V , while the inverse piezoelectric
effect introduces an added torque Mpiezo applied locally
at the flag’s trailing edge. The relation between Q and
V is prescribed by considering the electric circuit shown
in Fig. 1c.
Using L, L/U∞, ρHL2, U∞

√

µL/C, U∞

√
µCL respec-

tively as characteristic length, time, mass, voltage and
electric charge, the system’s electric state and the piezo-
electric added torque Mpiezo are given, in dimensionless
forms by:

v̈ +

(
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(
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)
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+
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2
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(2)

Mpiezo = − α

U∗
v. (3)

Also, the problem is characterized by the following di-
mensionless parameters

M∗ =
ρHL

µ
, U∗ = U∞

√

µL2

B
, H∗ =

H

L
,

α = χ

√

L

BC , β =
RU∞C

L
, ω0 =

L

U∞

√
LC

,

(4)
with M∗ the fluid-solid inertia ratio, U∗ the reduced flow
velocity, and H∗ the aspect ratio. The piezoelectric cou-
pling coefficient, α, characterizes the mutual forcing be-
tween the piezoelectric pair and the flag. Finally β and ω0

characterize the resistive and inductive properties of the
circuit. In the following, β, βd, and βL correspond to the
harvesting resistor R, the DAQ’s internal resistance Rd,
and the inductor’s internal resistance RL, respectively.
In Eq. (2), βe corresponds to the equivalent resistance to
R and Rd connected in parallel:

βe =
ββd

β + βd

. (5)

The coupling coefficient α defined in Eq. (4) is deter-
mined from the conversion factor χ, the bending rigid-
ity B, and the capacitance C = 15 nF, which is mea-
sured using a multimeter. Note that because the whole
PVDF flag (i.e. upstream and downstream of the clamp,
Fig. 1b), is covered by two patches which are entirely
connected in the circuit through their electrode, the to-
tal intrinsic capacitance C is independent of the effective
length L. The bending rigidity B of the flag is deter-
mined by measuring the flag’s free vibration frequency
f0, which, at the first vibration mode, is given by: [28]

f0 =
3.515

2πL2

√

B

µ
. (6)

The conversion factor χ is measured by connecting the
flag uniquely to the DAQ, whose input impedance is
Rd = 106 Ω. The voltage V and deflection ΘT are re-
lated through the direct piezoelectric effect,[24, 25] which
together with Ohm’s law leads to:

RdχΘ̇T +RdCV̇ + V = 0. (7)

Assuming purely harmonic signals, we write V = V0e
2iπft

and ΘT = Θ0e
i(2πft+φ), and using the previous equation:

χ =
V0

2πfΘ0

√

1

R2
d

+ 4π2f2C2. (8)

The measurements of the flapping frequency f , the am-
plitude of trailing edge orientation Θ0, and the amplitude
of the voltage V0 are performed in a second wind tunnel
whose walls are transparent and allow for direct video
recording of the flag’s motion. This second wind tunnel
is however not suitable for the rest of the present work
due to its strong confinement (test section of 10 cm ×
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FIG. 2. Examples of measurement of ΘT for L = 8 cm and
U = 12.3 m/s in the transparent wind tunnel at four different
instants.

4 cm), which is not accounted for by the nonlinear nu-
merical model used in this work. Confinement is however
not a problem for the present measurements of χ since
Eq. (8) is valid regardless of the fluid forcing applied on
the plate in the limit of linear piezoelectric coupling as-
sumed here. Moreover, χ is an intrinsic property of the
piezoelectric material that does not depend on the flow
condition.
The voltage is recorded using the DAQ (Figure 3), and

V0 is obtained by averaging the signal’s peak values over
the duration of the recording (>5s). The flapping fre-
quency f is equal to the voltage signal’s frequency, which
is obtained using the Fourier transform of the recorded
signal. In order to measure the trailing edge orientation
ΘT , the flag’s motion is recorded using a high-speed cam-
era (Phantom R© v9) at 960 frames per second. In each
frame, ΘT is measured using ImageJ R© (Fig. 2) and Θ0

is obtained from these measurements (Fig. 3b). Using
this procedure, we obtained B = 2.03× 10−5 N·m2 and
χ = 1.45× 10−7 C. As a consequence, for the PVDF flag
used here, α ∼ 0.085 for L = 6 cm, and α ∼ 0.1 for L = 8
cm. These values are retained for the numerical study.
A first comparison between experiments and simula-

tions is conducted for the case without piezoelectric cou-
pling (α = 0). Figure 4 shows the dimensionless flapping
frequency ω as a function of dimensionless velocity U∗,
obtained both experimentally and numerically, for L = 6
cm and 8 cm. Both results show a good agreement in
terms of the flapping frequency, suggesting that the nu-
merical model is capable of capturing the flag’s essen-
tial dynamics. The fact that the numerical simulation
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FIG. 3. Measurement of voltage V and trailing edge angle
ΘT for L = 8 cm and U∞ = 12.3 m/s.
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FIG. 4. Comparison of dimensionless flapping frequency ω as
a function of dimensionless velocity U∗ obtained experimen-
tally and numerically with α = 0. In (a) Case A, (b) Case B
(see Table I).

slightly underpredicts the frequency compared with the
experiments (Fig. 4) is likely due to the wind tunnel’s
weak but existing transverse confinement.[29]
The energy harvesting performance is assessed both

experimentally and numerically for two different effec-
tive lengths. The parameters corresponding to the two
cases A and B are shown in Table I. Figure 5 shows the
dimensionless harvested power P (Fig. 5a, b) and flapping
frequency ω (Fig. 5c, d) as functions of the harvesting re-
sistance β, obtained numerically and experimentally. We
observe that for both values of L, when the circuit is in
resonance with the flapping flag, the harvested power in-
creases considerably compared with the purely resistive
case for almost all values of β. For a same resistance,
the resonant circuit is able to harvest twice as much en-
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L (cm) U∞ (m/s) f (Hz) L (H) α M∗ H∗ U∗ ω0

Case A 6 20.9 56.8 530 0.085 0.410 0.417 17.91 1.06

Case B 8 17.8 41.0 1000 0.1 0.547 0.313 21.18 1.14

TABLE I. Parameter values of two piezoelectric flags and corresponding numerical simulation
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FIG. 5. (a, b) Dimensionless harvested power P and (c, d)
flapping frequency ω as function of β obtained both from ex-
periments and nonlinear numerical simulations for cases A
and B (see Table I).

ergy as the optimal purely resistive circuit. Meanwhile,
the optimal resistance is larger when a resonant circuit
is used, showing that resonant circuits maintain a sat-
isfactory energy-harvesting performance even for large
resistances for which little energy would be harvested
with no inductance. At the optimal resistance for the
resonant circuit, the system harvests 4 to 5 times more
energy than the optimal resistive circuit. These results
suggest that the presence of an inductance improves the
energy harvesting performance by resonance. The fact
that the circuit works in resonance produces a high volt-
age, leading to an enhanced harvested power. The same
results are found using numerical simulations, showing
a good agreement with the experiments in terms of the
harvested power P .
However, both experiments and numerical simulations

suggest that resonance introduces little impact on the
flags’ flapping dynamics, as the flapping frequencies ω
for both cases are almost identical for both types of cir-
cuit, and remain unchanged when varying β. The ab-
sence of a strong feedback induced by the inverse piezo-
electric effect in the present work, as well as in other
studies,[30] is mainly due to the weak coupling of the
chosen piezoelectric material.[25] Another important fac-

tor is also the large internal resistance of the inductor
(RL ∼ 1 kΩ), which introduces an additional damping
to the system. This damping limits the voltage obtained
at resonance,[31] hence diminishes the harvested energy,
and hinders the inverse piezoelectric effect. Reducing the
inductor’s internal resistance is therefore an important
step toward a stronger feedback and a greater efficiency
of the system.[25]
Nevertheless, the present results confirm the validity of

the nonlinear fluid-solid-electric model for predicting the
energy-harvesting performance of the piezoelectric flag
connected with a resistive-inductive circuit. This model
can therefore be applied to more extensive parametric
studies in order to identify potential piezoelectric feed-
back effects and their influence on the energy harvesting,
as performed in previous work.[22, 24, 25]

The experimental study presented in this paper con-
firms the benefit of a resonant circuit to the energy har-
vesting performance of the piezoelectric flag. Because
the flag’s flapping frequency is relatively low compared
to a typical electric resonance frequency of a circuit with
such a small capacitance, large inductances must be used
but we show here that the required inductance is still
within the commercially-available range, showing opti-
mistic perspectives of the technology on the electrical
aspect.
The results presented in this paper identify again the

resonance as a key mechanism that improves the perfor-
mance of energy-harvesting piezoelectric flags.[25] This
role of the resonance could also be extended to other
kinds of vibration energy harvesters, whose performance
can be improved by coupling them with resonant oscilla-
tors. Moreover, the potential feedback from the resonant
oscillator to the vibration source would also be an effect
acting in favor of the energy harvesting, and constitutes
an interesting subject for further investigations.
Another perspective towards a better energy-

harvesting performance lies in the choice of piezoelectric
material. Composite materials, offering better piezoelec-
tric coupling than polymers, while retaining satisfactory
mechanical properties (flexibility, resilience) are promis-
ing candidates for future applications. Meanwhile,
optimizing the number and the positioning of piezoelec-
tric patches on the flag will also improve significantly
the system’s performance.[32]
This work was supported by the French National Re-

search Agency ANR (Grant ANR-2012-JS09-0017).
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