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Abstract

The biggest challenges Micro Aerial Vehicles (MAV) face at present time are the limited operation
windows due to weight restrictions on the batteries and the decreased performance due to early onset
of stall at high angles of attack. To overcome this problem a hybrid active-passive stall control system
was previously developed at Instituto Superior Técnico. The active control system and the extension
of the MAV’s range require additional power, which is not feasible with current batteries due to their
excessive weight. Hence, this work aimed to study the feasibility of a piezoelectric device mounted at
the trailing edge of a wing which oscillates with the shedding of the vortices from the wing to power
the active stall control system among others. A model was developed to find the device whose resonant
frequency matched best the vortex shedding frequency of the wing. Another model was developed
with ability to predict the voltage output of the device operating at this frequency. Based on the first
model, the acquired devices were put to the test in the wind tunnel with the most promising device (A)
harvesting powers between 1 and 3 nW for its light weight of 0.05 g. The voltages in closed circuit are
observed to be of the magnitude of 0.06 V with the open circuit voltages reaching 0.3 V. Additionally,
the wing is shown to generally have a higher lift to drag ratio with the mounted piezoelectric flag
relative to the wing without the device. The aero-electro-mechanical shows to be in good agreement
with the obtained results despite some underprediction being concluded.
Keywords: Micro Aerial Vehicle, Stall control, Piezoelectric Energy Harvesting, Vortex-Induced
Vibrations

1. Introduction
Being wary about the effects of fossil fuels on the
climate and human health, finding alternative ways
to re-use ambient energy is vital to power aircraft in
the future. Internal combustion engines (ICE) pow-
ered by fossil fuels are steadily becoming obsolete
in the majority of the transport sector, with avia-
tion being the one sector lagging behind. Invariably
this change is already hitting the aviation industry,
with new all-electric light aircraft being launched in
the upcoming years. However, the utilisation of an
electric system, such as the ones found in current
electric vehicles, is only feasible on its own for low
autonomy missions, due to the weight restrictions
on the battery packs.

The Eviation Alice, an Israeli electric airplane,
is able to carry 9 passengers for 540 nautical miles
(NM) with the batteries accounting for nearly two
thirds of the aircraft’s take-off weight (TOW) [1].
In order to increase the range of such aircraft, one
would have to increase the battery capacity as well,
which in turn reduces the performance of the air-
craft, thus reducing its range.

Hence, harvesting ambient energy such as solar,
thermal, wind, acoustic waves or mechanical vibra-
tions is key to enhancing the range of aircraft, with
each one of these types having certain pros and cons
in different mission types.

Herein comes the idea of using the vortices cre-
ated by the flow on the wing to harvest energy to
power certain aircraft systems and in the best case
scenario to power the aircraft’s engines. However,
before jumping straight away into large aircraft, one
will start with smaller vehicles, MAVs.

1.1. State-of-the-art

Vibration energy harvesters have been thoroughly
studied in recent years. The most common stud-
ies involve the configuration of a flapping flag, fixed
at the leading edge and free to flap at the trailing
edge, subject to axial flow. These harvesters oscil-
late due to the destabilising fluid forces being at-
tenuated by the stabilising elastic force of the beam
(structural stiffness). The oscillations can then be
self-sustained if a critical velocity value is reached.
[2][3][4] develop numerical models to predict the be-
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haviour of the flag in flutter boundary and post-
critical conditions.

In the literature there is not much about the wake
of an airfoil, though. Most studies that include
airfoils are numerical studies [5] or morphing wing
studies [6] [7].

More recently, [8] studied the energy harvesting
of a piezoelectric beam inside a MAV wing be-
ing oscillated by the mechanical vibrations of the
wing. His goal was to harness enough energy to
power an active stall control system to add to his
passive stall control which was based on a leading
edge change of a NASA LS(1)-0417 wing inspired
by the flipper of humpback whales. [8] obtained
peak power values of magnitude 20 to 30 µW for a
device weighing approximately 10 g. [9] was able
to achieve 15 mW cm−3 with a tuned device albeit
without considering the weight of the device on the
power output. A similar study to this work was per-
formed by [10], in which the dielectric properties of
a Polyvinylidene fluoride (PVDF) was tuned with
nanocomposites to achieve better energy harvest-
ing. The maximum power harvested was 36 nW.
Since the weight of the devices used by [10] was
similar, the power density ratio is also of the same
order of magnitude. The obtained results are con-
sistent to the ones obtained in this work.

(a) Leading edge change of
the NASA LS(1)-0417 wing

(b) Piezoelectric device inside
the wing

Figure 1: Wing design and piezoelectric device by
[8]

[11] also studied the vortex-induced vibrations
on a piezoelectric flag in an inverted configura-
tion in the wake of a NASA LS(1)-0417 airfoil and
a SD7003 airfoil. They concluded that for the
Reynolds Numbers (Re) tested, the voltage was
highest at a certain position above and downstream
of the trailing edge. They also concluded that using
such a device for wake sensing is viable, while not
disturbing the wing itself.

2. Theoretical Overview
With the growing demand for not just energy
but clean and sustainable energy, many everyday
thoughts focus on finding new ways to use re-
newable energy sources in everything that revolves
around our everyday life. For this, the human be-
ing is primarily harvesting solar, wind and hydro-
dynamic energy to shift from coal and gas towards
a more greener future. Our focus in on vibrational

energy.

2.1. Vibration Energy
Structural vibration is present everywhere with the
structures themselves being built in a way that pre-
vents those vibrations from destroying the struc-
ture. The idea of vibrational energy harvesting is
to convert these vibrations into electrical energy.
With the rise of micro-electro-mechanical system
(MEMS) devices, this type of energy harvesting de-
veloped due to the amounts of energy that could be
harvested versus the cost and weight of such a de-
vice [8]. In reality this process is done in two steps:
a mechanical-to-mechanical conversion first, usually
through a mass-spring system, followed by a con-
version to electricity by a mechanical-to-electrical
converter. The use of a mass-spring system is pri-
marily due to the fact that ambient vibrations are
comparatively low, which are then boosted by the
mass-spring system inducing resonance in the mass,
which is were the harvested power is largest. This
resonance phenomenon amplifies the amplitude of
the mobile mass relative to amplitude of the ambi-
ent vibrations [12].

Piezoelectric devices operate in two ways: me-
chanical stresses generate electrical voltage or elec-
trical voltage generates mechanical stresses. Thus,
there is a wide application for these materials. The
harvested power of piezoelectric devices is typically
of the µW magnitude, sufficient for most micro-
scale devices [8].

2.2. Piezoelectric Modes
There are two modes in which the electrodes can
be configured in: mode [3-1] and mode [3-3]. The
configuration is dependent on the direction of the
applied strain and the direction of the electric field.
These modes have some fundamental differences,
which will be presented and explained.

Mode [3-1]: This mode is defined by the strain
vector being perpendicular to the electric field vec-
tor, meaning that the applied force and poling have
the same direction.

Mode [3-3]: This mode is characterised by an
applied force being perpendicular to the poling di-
rection, which leads to the electric field and strain
vectors being parallel.

2.3. Piezoelectric Constitutive Equations
Piezoelectric materials are dielectric materials.
This makes the poled piezoceramics transversely
isotropic materials. According to the IEEE Stan-
dard on Piezoelectricity [13], constitutive equations
are given by: equations are:

• T and E are independent

S = [sE ]T + [dt]E ,

D = [d]T + [εT ]E ,
(1)
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with (S) and (T) being the strain and stress com-
ponents respectively and (E) and (D) corresponding
to the electric field and electric displacement com-
ponents respectively. The piezoelectric constant is
represented by d, while s is the elastic compliance
and ε is the permittivity constant. Furthermore,
the superscripts D and T indicate that the con-
stants are calculated at constant electric displace-
ment and stress, respectively. While superscript E
implies strain applied at zero or constant electric
field, superscript S implies zero or constant strain.
As usual, t stands for the transpose.

3. Models

While the previous work performed at Técnico fo-
cused on scavenging the energy from the mechanical
vibrations inside the wing, the nature of the prob-
lem changed when trying to predict the behaviour
of the piezoelectric device to harvest the flow’s en-
ergy outside of the wing. In the first instance, the
frequency at which the device operates is largely
independent of the wing incidence at a certain Re,
equal to 140,000 in this case. As such the device
could be fine-tuned to match the fundamental fre-
quencies produced by the wing’s mechanical vibra-
tions. This involved changing the device itself with
a steel tip plate and a tip mass so as to reduce the
natural frequency of the device from 110 Hz down to
the fundamental frequency measured by the modal
analysis of 17,6 Hz [8].

For the underlying problem, predicting how the
device will vibrate with the oncoming flow is key to
choosing the device with a design that matches the
vortex shedding frequency (vortices are constantly
being shed from the leading edge of the wing due
o its shape). Fine-tuning a device to match this
frequency is not efficient since the added mass in-
volved in this process does not bring any benefits
for the whole system. As such, a model to predict
the frequencies involved, was formulated.

Before proceeding to the model, there are two
installation procedures that need to be considered
for the experiment. The first configuration is the
piezoelectric flag mounted at the trailing edge and
in the wake of the airfoil (shown in Figure 2(a)) and
the second is the inverted piezoelectric flag above
and downstream of the upper surface of the airfoil
(seen in Figure 2(b)):

It is relevant at this time to show that the two
possible configurations have distinct fundamental
frequencies, as can be observed in Figure 3. As
such, the characteristics of the piezoelectric flag for
the two configurations will be different as well so as
to match the desired frequencies.

The second installation shows more promise in
terms of harvesting the energy from the shed vor-
tices of the leading edge of the wing while also in-

(a) Piezoelectric flag
mounted at the trailing
edge of the airfoil

(b) Inverted piezoelectric flag
mounted above and down-
stream of the upper surface of
the airfoil

Figure 2: Two installations of the piezoelectric de-
vice on the wing [8]

(a) Frequency analysis of the
piezoelectric flag mounted at
the trailing edge of the airfoil

(b) Frequency analysis of
the inverted piezoelectric flag
mounted above and down-
stream of the upper surface of
the airfoil

Figure 3: Frequency analysis of the two installations
of the piezoelectric device on the wing [8]

creasing the pre-stall and post-stall lift-to-drag ra-
tio of the airfoil. In [8], a numerical study with the
aid of CFD was performed to assess the effects of
this configuration on the lift and drag coefficients
of the airfoil. The conclusion was that there is a
decrease in lift accompanied by a larger decrease in
drag, which resulted in an overall increase of the
lift-to-drag ratio for the airfoil. The decrease in
drag is related to the resizing of the shed vortices
by the piezoelectric flag by turning large vortices
into smaller ones, thus reducing the overall drag.

3.1. Frequency Model

While elaborating the frequency model, the focus
was on the inverted flag configuration. It can be
observed that the vortex shedding frequency lies at
18.8 Hz. The process of harvesting energy from the
vortices is not linear, though, see Figure 4, with
the highest amount of energy being harvested at
the natural frequency ωn of the device. The goal is
not to find the device which can harvest the most
energy at natural frequencies because the MAV will
not be operated at these conditions solely. There is
a whole spectrum of flight conditions that need to
be analysed. By choosing a device with a slightly
lower natural frequency, energy can be harvested
more efficiently at lower air speeds.

As such, the goal of this model was to obtain the
material characteristics of the plate that would vi-
brate at frequencies in the range of 10 to 15 Hz.
The device used for the tests of the mechanical vi-
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Figure 4: Harvested power as a function of the fre-
quency

brations inside the wing has a natural frequency of
110 Hz and had been fine-tuned to match the fun-
damental frequencies of the mechanical vibrations.
This device was not a viable option for the current
experiment, because adding mass to the MAV is
not optimal since the performance gained from har-
vesting vibration energy is lost by having a heavier
MAV. An extensive Web search for other piezoelec-
tric plates showed no such plates with a natural
frequency below 49 Hz. Thus, another option had
to be considered. Recently, other studies were per-
formed using a PVDF sheet glued to a substrate
layer. This model will also evaluate the viability of
such a configuration.

In order to obtain the vibration frequencies of
the piezoelectric plate, one has to analyse what the
vibration is depending on. The plate is subject to a
destabilising motion by the flow instabilities and a
stabilising motion by the plate’s structure [14]. The
non-dimensional bending stiffness β represents the
magnitude of the bending force relative to the fluid
inertial force [14][15] and is given by:

β =
B

ρfU2
∞L

3
, (2)

where ρf the density of the fluid, U∞ the freestream
velocity, L is the length of the beam and B is the di-
mensional flexural rigidity and for a uniform plate,
given by:

B =
Et3

12(1 − ν2)
, (3)

where E is Young’s Modulus, t the thickness and
ν the Poisson ratio of the plate or for a multilayer
plate [16]:

B =
Esh

3
sH

12(1−ν2
s )

+
2EphpH
1−ν2

p

(
h2
s

4 +
hshp

2 +
h3
p

3

)
, (4)

where the subsript s and p are related to the sub-
strate layer and piezoelectric layers, respectively, H
is the total plate width and h is the thickness of
the layer. While a bimorph plate is option to be
considered, the unimorph plate certainly is viable

as well. Efforts to find a similar relation as above
were unsuccessful in the literature, though. Hence,
an approximation was to compute the values of B
for the unimorph case. Having the parameter B, the
frequency can then be obtained from the following
relation [16]:

f =
ωn
2π

=
3.515

2πL2

√
B

µ
, (5)

where µ is the mass per unit length.
With these equations, a sensitivity study was

performed in order to evaluate how the frequency
changed in relation to the use of different substrate
materials as well as different sizes of plate length,
PVDF thickness and substrate thickness. Figures 5
to 7 show the sensitivity study for a bimorph plate
with a substrate layer composed of different materi-
als with subfigures (a) consisting of a thinner PVDF
sheet than subfigures (b).

(a) Case 1: PVDF sheets
with 28 µm thickness

(b) Case 2: PVDF sheets
with 52 µm thickness

Figure 5: Sensitivity study of a bimorph plate with
a Brass substrate

(a) Case 1: PVDF sheets
with 28 µm thickness

(b) Case 2: PVDF sheets
with 52 µm thickness

Figure 6: Sensitivity study of a bimorph plate with
an Aluminium substrate

The study shows that, independently of the sub-
strate material, the natural frequency of the plate is
largely impacted by the substrate thickness. Find-
ing these substrate materials in thicknesses smaller
than 0.1 mm is hard and very expensive, so this was
the minimum thickness considered. This thickness
has proven to be the ideal case for the scope of this
work, since the frequency values of all tests neared
the frequency range aimed for.

While the length of the plate has some impor-
tance with the difference in natural frequency be-
tween a short and a long plate being more accen-
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(a) Case 1: Two PVDF
sheets with 28 µm thickness

(b) Case 2: Two PVDF
sheets with 52 µm thickness

Figure 7: Sensitivity study of a bimorph plate with
a Steel substrate

tuated for thicker substrates, but not insignificant
for the minimum substrate thickness, the thickness
of the PVDF is not shown to be of great impor-
tance with the values being similar except for the
polyester. More on this subject after the results of
Tab. 1.

The uniform plates’ sensitivity studies are pre-
sented in Figs. show similar trends to the ones of
bimorph plates. The important frquency values are
shown in Tab. 1.

Table 1: natural frequency results for the minimum
substrate thickness

Unimorph Bimorph E[Pa] ν ρ [kg m−3]

28 µm 52 µm 28 µm 52 µm

Brass 16.4247 16.5969 16.4148 16.7413 1.00E+11 0.32 8300

Steel 22.8459 22.8370 22.6779 22.6688 1.93E+11 0.29 8000

Aluminium 23.3799 23.3212 22.8990 22.8512 6.90E+10 0.32 2700

FR4 16.7530 17.3440 16.6839 17.6764 2.60E+10 0.17 1900

Polyester 9.8896 12.0282 10.9047 13.7871 3.65E+09 0.48 1380

From the results, it can be concluded that both
steel and aluminium are not viable substrates since
both have larger natural frequencies than the vortex
shedding frequency. FR4 and brass possess similar
natural frequencies, brass being a better candidate
because of widespread use and hence ease of access.
Polyester would be a viable option as well bar the
fact that it is not common and as such not easy to
find and order online. For polyester it is also notice-
able that it boasts the largest difference in natural
frequency between the thinner and thicker PVDF
sheets. If the option of polyester as a substrate had
been pursued, the choice of PVDF thickness would
impact significantly the obtained results. Brass was
the chosen substrate material for the experiments.

As previously stated and seen in Fig. 3, the nat-
ural frequency of this second type of installation
is considerably smaller at around 8 Hz. The sen-
sitivity study did not present any substrates able
to achieve such small frequencies and as such the
option to do the experiment without substrate was
considered. The MATLAB results showed this to
be a viable option with the natural frequency of
the PVDF sheet being 7.4 Hz.

This configuration also presents an easier assem-
bly since no additional support for the flag is needed

as opposed to the inverted flag configuration. The
plate can just be glued to the trailing edge and con-
nected to the electrical circuit.

3.2. Aero-electro-mechanical Model
The frequency analysis was of major importance
to determine which piezoelectric devices and sub-
strate, that are optimal for the experiments at
hand, should be acquired. However, predicting the
energy harvesting capabilities of these devices is of
paramount importance so as to have a comparison
term between the theoretical and experimental re-
sults obtained.

The prediction model has a large complexity since
there is a need to incorporate three different kinds of
differential equations, each representing a physical
concept (aerodynamical, mechanical and electrical).

3.3. Electro-Mechanical Model of the Piezoelectric
Beam

Since these models can quickly become over-
whelmed in complexity with little gains in accu-
racy, several assumptions were made to facilitate
the equations without harming the overall accuracy
of the model: 1) the harvester is considered to be an
uniform Euler-Bernoulli beam of a PVDF sheet (for
the inverted flag a composite structure of substrate
plus PVDF sheet would be considered); 2) the elec-
trical circuit has a resistive load only with the har-
vester connected to it through the electrodes; 3)
The electrodes are perfectly conductive and cover
the entire bottom and top surfaces of the PVDF
sheet so that the electric field may be assumed uni-
form across the entire beam; 4) the beam is conti-
nously oscillated by the fluid flow, hence enabling
continuous harvesting of the electrical current; 5)
The leakage resistance of the PVDF is considered
to be negligible, as the PVDF is connected parallely
to the resistive load and 6) the piezoelectric consti-
tutive equations generate an electrical capacitance
term and will be accounted for in the equations, al-
beit not being shown in the circuit as parallel to
the resistive load - it is considered as an internal
parameter.

The two differential equations that model the
problem are:

∂2Mbm(x,t)
∂x2 + csI

∂5y(x,t)
∂x4∂t + ca

∂y(x,t)
∂t +m∂2y(x,t)

∂t2 = F (t), (6)

whereMbm(x,t) represents the internal bending mo-
ment, csI the equivalent damping term due to struc-
tural viscoelasticity with cs being the equivalent co-
efficient of strain rate damping and I the second
moment of area of the cross-section, ca the viscous
air damping coefficient, m the mass per unit length,
F the fluid force exerted on the beam by the flow
and y(x,t) is the vertical displacement and

D3(x, t) = e31S1(x, t) + εS33E3(t) = d31EpS1(x, t) − εS33
v(t)
hp
, (7)
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where v(t) is the voltage, hp is the thickness of the
piezoelectric layer, Ep is the Young’s Modulus of
the piezoelectric material, S is the strain and εS33 is
the permittivity constant.

Through some mathematical and physical manip-
ulation these equations can be given by:

Y I ∂
4y(x,t)
∂x4 + csI

∂5y(x,t)
∂x4∂t + ca

∂y(x,t)
∂t +m∂2y(x,t)

∂t2 + νemv(t)
[
dδ(x)
dx − dδ(x−L)

dx

]
= F (t), (8)

εS33bL
hp

dv(t)
dt + v(t)

R = −
∫ L
x=0

d31Ephpcb
∂3y(x,t)
∂x2∂t dx. (9)

Having the two equations needed to model the
problem, the only term still to be determined is the
aerodynamic forcing term, which will be modelled
in subsection 3.4.

3.4. Aerodynamic forcing term
For the normal flag configuration, the vortices that
hit the piezoelectric flag at the trailing edge are very
difficult to model with an empiric equation, mean-
ing that most studies found in the literature are
done numerically. Additionally the vortical struc-
tures are different at different positions along the
wingspan, hence another method had to be re-
searched in order to accomplish the objective of
predicting the output power for a given velocity and
impedance. So, the model was calibrated for a ref-
erence forcing term obtained from the experiments
with an impedance of 1.55 MΩ at Re = 140000.

3.5. Solution of the system
The system was solved making use of the MATLAB
code Ode45 to solve the partial differential equa-
tions numerically and give the solution when it has
converged. As stated before, the forcing term was
calibrated for a reference output. The results of
the model are shown in Figs. 8 to 9. The first
shows the voltage and power outputs of the model
as a function of the impedance. It is clear that
the voltage rises quickly for lower resistances, while
rising more slowly and asymptotically for very high
impedances. This behaviour is expected to continue
until an infinite resistance where the open circuit
voltage would be achieved. The power clearly fol-
lows the same trend up until 20 MΩ, where it starts
to decrease due to small increase in voltage output
being counteracted by high impedance.

Fig. 9 shows an almost linear increase in voltage
with increasing air speed. The increase in voltage
is higher for lower Re becoming more linear after
Re = 100000.

4. Results
For this work, three types of piezoelectric devices
were tested, with all being PVDF devices with a
protective coating differing only in thickness of the

(a) Voltage as a function of
the impedance

(b) Power as a function of the
impedance

Figure 8: Results of the aeroelectromechanical
model

(a) Voltage as a function of
the Reynolds Number

(b) Power as a function of the
Reynolds Number

Figure 9: Results of the aeroelectromechanical
model

piezoelectric layer and length. Device A has a piezo-
electric layer thickness of 52 µm and a length of 30
mm. Device B has the same thickness but double
the length and device C is 28 µm thick and 30 mm
long. These can be viewed in Fig. 10.

(a) Device A (b) Device B (c) Device C

Figure 10: Mouser Electronic Devices

4.1. Impedance dependency of device A

In order to find the optimal impedance of the elec-
tric circuit to be used in the baseline experiments,
the piezoelectric device A was positioned at the
trailing edge and subjected to an oncoming flow of
Re = 140,000 at α = 15◦ at the mid-point of the
airfoil’s span (y/c = 3/4). The impedance was para-
metrically varied from 25 kΩ to 2300 kΩ with the
power being measured for each impedance. Since
only a multimeter was available to measure the volt-
age at each instant, 30 measurements were made in
order to then calculate the root-mean-square (rms)
voltage and subsequently the peak-to-peak (p-p)
voltage.

Fig. 11 shows the evolution of the harvested
power as a function of the circuit impedance. It
can be observed that the power rises until reaching
a local maximum at 1550 kΩ. One can see that this
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value is slightly off the scale due to using the trig-
ger function to obtain 30 voltage values. In fact a
continuous rise of the power is to be expected until
10 MΩ. At this impedance the highest power value
was measured. However, an impedance this high is
impracticable in a real-world application. As such,
the impedance where the highest power output was
measured in the range of 25 to 2300 kΩ was taken
instead. The maximum obtained power value for
1550 kΩ is equal to 2.474 nW.

Figure 11: Power as a function of the circuit’s
impedance

4.2. Velocity dependency of device A

With the impedance at 1550 kΩ, device A was
tested at different air speeds to evaluate the effect
of the flow velocity on the power output.

Figure 12: Harvested power vs. Flow velocity

From Fig. 12, one can infer that the higher the
flow velocity the higher the power output as well.
In the graph one can observe a slow increase of the
power output from Re = 40000 to Re = 70000 fol-
lowed by a large increase until Re = 100000. The
maximum is reached at Re = 140000, with a power
output of 1.109 nW, after a steady increase ob-
served from Re = 100000. This trend is similar
to the one from the model.

Afterwards, device A was tested at angles of at-
tack ranging from 0◦to 20◦, at 5 different positions
of the wing and for Re = 70,000 and Re = 140,000

and compared with device B and C at Re= 140,000.
The device was also tested with an open circuit to
measure the theoretical maximum voltage that can
be obtained in the set configuration. The results
are shown as the power as a function of the angle
of attack with each line representing a position of
the device on the wing (y/c).

(a) Re = 70000 (b) Re = 140000

Figure 13: Power vs AoA for device A in closed
circuit

(a) Device B (b) Device C

Figure 14: Device B and C at Re = 140000

The closed circuit tests, presented in Fig. 13 show
higher power outputs for high AoA. It is interesting
to see that for the outer positions, y/c = [1/4,5/4],
the highest power outputs come at an AoA of 20◦,
while for the inner positions they are measured at
15◦. Additionally, it is noticeable that at low AoA
at the outer positions the harvested power is 1 or
2 orders of magnitude smaller than for the inner
positions. This was apparent, while running the
test, in the way the device oscillated at each AoA.
At low AoA almost no oscillation was seen, while
at high AoA the device oscillated vehemently.

This trend makes the device at the outer posi-
tions worthy for another type of application: wake
sensing. By having a device that does not have sig-
nificant power outputs at lower AoA and increases
significantly at high AoA, one can utilise it as a
sensor to inform the on-board computer that it is
reaching stall conditions. Such a device at the inner
positions would not be so useful since the differences
in power are not large enough to detect such a be-
haviour.

As can be seen in Fig. 14, device B has a higher
energy output at high AoA when compared to de-
vice A, despite the fact of the open circuit volt-
age being lower than for device A. When compar-
ing the values of both devices at low AoA, device
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A has generally higher power outputs at the inner
positions, while having lower output in the outer
position. The power trends remain largely similar
with almost steady values from 0◦to 10◦and then
reaching maximum values at 15◦or 20◦for the inner
positions and staying 1 order of magnitude lower at
low AoA and then increasing rapidly for high AoA
for the outer position.

Device C, being less thick than the other two
devices, has some fundamental differences in be-
haviour as per Fig. 14. One can deduce that unlike
the previous devices, device C is more susceptible to
oscillate more and thus produce more energy at low
AoA, with the maximum open circuit voltage mea-
sured at 0◦and y/c = 3/4. Additionally, the graph
shows mostly higher power values at y/c = 1/2 than
y/c = 3/4, which has not been the case for the first
two devices. Again, this device seems to work bet-
ter in this position because of its inferior thickness.
Interestingly, device C has its maximum power out-
put at 20◦at y/c = 1/4, with P = 1.736 nW. This
high value can be related to voltage spikes again.

4.3. Series connection of multiple devices A

By connecting 5 devices in series, one at each po-
sition y/c, in an effort to add their voltages, one
should accomplish higher power outputs since the
impedance remained the same. However, this was
not verifiable from the experiment, as can be seen
in Fig. 15.

(a) Open circuit (b) Closed circuit

Figure 15: Results of series connection of multiple
devices A at Re = 140000

In fact, voltage levels in open circuit and power
outputs in closed circuit are down from the val-
ues recorded in the single tests. The only plausible
explanation is that having multiple devices at the
trailing edge creates a sort of extension of the wing
meaning that the vortices were mostly being shed
downstream from the piezoelectric devices than at
the trailing edge. When observing the oscillations
while the test was running, the only device that
was really oscillating similar to the single-device
test was the one at y/c = 3/4, with the others not
showing significant oscillations even at high AoA.
Based on these observations the results obtained
should have been expected, however not what was
idealised, which would be an increase in power lev-

els due to the coupling of multiple voltage sources.

4.4. Effect of Lift and Drag Coefficient

Analysing the effects of the device on the overall lift
and drag coefficient of the wing is interesting be-
cause, as stated before, other configurations might
be more advantageous in terms of power output,
penalising the overall efficiency through higher drag
coefficients, though. The lift and drag forces on the
wing were tested with and without the piezoelectric
device for the typical range of AoA at Re = 140000.
The ratio of these coefficients is shown in Fig. 16.

Figure 16: CL/CD ratio for the wing with and with-
out piezoelectric device

Given the uncertainty of the forces balance at for
low values of drag and lift, the results for the first
few angles of attack are not very coherent. How-
ever, from 15 ◦on the overall trend is already no-
ticeable. Theoretically, the CL/CD ratio is higher
for the wing with the piezoelectric device than for
the wing without piezoelectric device.

4.5. Test with standard wing

The obtained results for a standard wing without
changes to the leading edge are shown in Fig. 17.

(a) Voltage output as func-
tion of AoA

(b) Power output as a func-
tion of AoA

Figure 17: Results for standard wing for R = 1.55
MΩ

It can be observed that the harvested power in
this wing follows a much different trend than in the
wing with the leading edge change. Here, the volt-
age and power are maximum at 0◦and keep decreas-
ing as the AoA increases. Even though the maxi-
mum power output is not much lower than that of
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the wing with the leading edge change, for the other
AoA the harvested power is generally much lower.

4.6. Power Density Ratio

The obtained results across all tests do not boast
significantly high enough power outputs when con-
sidering raw values. However, in comparison with
other solutions viewed in recent studies, these de-
vices are significantly lighter than those. As stated
before, lighter solutions are favoured because they
do not penalise the range as much due to their
added mass. Thus, an analysis on the harvested
power per device mass is interesting in order to
draw some conclusions. Knowing the components
and the measurements of each device, their mass
followed trivially and is shown in Tab. 2. Figs. 18
and 19 show the obtained results for this case.

Device A B C

Mass [kg] 5.2234 × 10−5 1.0337 × 10−5 3.2058 × 10−5

Table 2: Device Masses

(a) Re = 70000 (b) Re = 140000

Figure 18: Power per Mass vs AoA of device A

(a) Device B (b) Device C

Figure 19: Power per Mass vs AoA of devices B and
C

From the graphs, one can see that when the mass
is considered in the calculations and since all devices
are considerably light, the results are of the order of
magnitude 10−5 W kg−1. Despite having the high-
est raw power value, Device B has the lowest value
of power per mass because its heavier than devices
A and C. Devices A and C show relatively similar
results in this analysis because both have a mass of
the same order of magnitude. Conclusively, device
A has the best Power/Mass ratio.

5. Conclusions

With this work, it was possible to quantify the har-
vested energy from a piezoelectric device oscillating
as a flapping flag at the trailing edge of a wing. The
predictive aerodynamic-electric-mechanical model
developed enabled to predict how the device would
operate in the given conditions. Despite the fact
that the model assumed some simplifications in or-
der to achieve results in more rapid fashion, there
was a good agreement between the model and the
experimental results obtained in the wind tunnel.
In the impedance test, the model generally under-
predicts the voltage outputs relative to the wind
tunnel testing. This in fact was to be expected due
to the calibration of the model to a reference force.
A numerical model for the force would certainly
achieve a better predictive result in detriment of
a more rapid solution. Such numerical models are
very costly in terms of computational power and
time.

The model also predicted the power output of
the piezoelectric device. Here, there are two pri-
mary observations to be made when comparing the
model with the experimental results. The model
underpredicts the power outputs up until 2.3 MΩ,
while overpredicting the power outputs from 10 MΩ
forward. Additionally, one can also observe that the
model shows a maximum power output for 20 MΩ
and a decline in power outputs from then on, while
the experimental results show this maximum power
output happening at 10 MΩ. This has to do with
the fact that the model predicts a more pronounced
increase in voltage between 10 and 20 MΩ, which
was not verified in the experiments.

In the air speed test, the model shows good agree-
ment with the obtained results in the wind tunnel,
with the same trends and approximate values be-
ing seen in both the model and the experiments.
The major difference why the model is more ef-
fective here than in the impedance test is the fact
that the calibrated force term behaves linearly in
the equations, while the impedance appears in var-
ious shapes and forms in the equations, resulting in
a worse prediction.

When comparing the three types of devices used,
there is a general advantage in using the smaller
devices A and C in detriment of the longer device
B. Despite having a higher maximum power out-
put, device B also weighs more than A and C, thus
having a lower power density ratio. Between de-
vices A and C, A is the more viable option due to
higher power outputs and a not significant increase
in weight resulting in an overall better power den-
sity ratio.

In terms of energy harvesting, the devices did
not perform as one would have hoped for with the
results showing power outputs in the magnitude
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of nW. With the widespread of microelectronics,
small amount of energy are required to power micro-
sensors, for instance. With some tuning and opti-
mised conditions for energy harvesting, one should
be able to power such micro electronic devices. Ad-
ditionally, this configuration allows for energy gains
without penalising the overall weight of the MAV,
since the devices are lightweight. Other studies in
the literature harvested more power, but at the cost
of added weight to the MAV.

If not for power harvesting purposes, these de-
vices showed good results in managing to identify
the onset of stall while operating at the outer posi-
tions of the wing. This wake sensing is an important
tool to inform the pilot or the onboard computer of
imminent stall situation so that it can be dealt with.

Possible work for the future includes: 1) study
the inverted flag configuration to see if the higher
power outputs overcome the added drag; 2) develop
piezoelectric devices to have acceptable voltage out-
puts at lower resistive loads to increase power;
3) piezoelectric devices can also be optimised for
energy harvesting purposes; 4)enhance predicitive
model with a better forcing term for better results;
5) optimise leading edge for better vortex-induced
vibrational energy.
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