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Abstract. The aim of this publication is to conclude on the interest of vibratory energy harvesting on classic
quadcopter drone for autonomous applications (battery charging in real time, autonomous sensors), monitoring
or even vibration control applications. A complete dynamic analysis allows to quantify the amount of electrical
power that is possible to produce during the hovering ﬂight of a quadcopter drone. These results have been
obtained by substitution of the inert parts of the drone by piezoelectric components. For that purpose, different
types of piezoelectric structures have been tested, including some commercial transducers (DuraAct from
Piezoelectric Instrument and Murata buzzers) and some home-made such as a piezoelectric paint. Our original
piezoelectric smart arms have been able to scavenge up to 5.35 mW during a stationary ﬂight which remains
quite enough to supply low-consumption sensors for monitoring applications.
Keywords: Vibration energy harvesting / structural health monitoring / piezoelectricity / plastronic /
smart structure / quadcopter drone

1 Introduction
Drones and small aircrafts, a class of Unmanned Aerial
Vehicle (UAV), sharply widespread from military applications expanding to scientiﬁc, agricultural, surveillance or
recreative applications. Their main drawbacks remain the
relative low in-ﬂight autonomy (from few seconds to hours)
and the reduced lifetime requiring new smart technologies to
improve these two points. Energy harvesting could be the
solution to increase the energetic autonomy by recharging for
example the batteries of UAVs. In the state of the art, a dozen
of publications can be found on energy harvesting devices
embedded on a drone or a small aircraft. In 2002, Fleming
et al. [1] presented the results obtained by several thermoelectric (Seebeck) modules on two model aircraft motors.
Four VHHFM-2 thermoelectric modules and four heat
exchangers placed on a OS MAX 0.61 motor in operation
conduced to produce 0.8-1W of electrical power (i.e. 200–
250 mW cm2). From 2008 to 2009, Anton et al. published
several results obtained with different piezoelectric structures as a clamped-free beam placed inside an small airplane
wing [2,3], piezoelectric patches glues on the wings [2–4], as
* e-mail: simon.chesne@insa-lyon.fr

well as thin-ﬁlm photovoltaic panels also located on the wings
[2,3]. When the aircraft is ﬂying, 11.3 mW (0.69 mW cm2)
has been produced by MFC patches (Macro-Fiber Composite), 10.1 mW (0.0.46 mW cm2) with PFC patches (Piezoelectric Fiber Composite), 24 mW (1.10 mW cm2) with
PFC beams and 400mW (823 mW cm2) with thin-ﬁlm
photovoltaic panels. In 2015 and 2016, the publication of
Sowah [5] and the patent of Rollefstad [6] mentioned the use of
the drone engines as alternators in order to take advantage of
the motors rotational mechanical energy. However, the two
authors remained relatively unclear on the moments where
the electrical energy was actually extracted (landing, change
of direction, rotation, etc.) as well as the electrical power
levels produced. Some energy harvesters embedded on UAV
were also mentioned in [4,7,8] such as piezoelectric devices for
the wing vibrations, in [9] as piezoelectric harvesters for the
landing, or in [5,6,10] such as rotational electromagnetic
systems; but without experimental results. It should also be
noted the solutions described in [11–15] for the UAV battery
recharge in ﬂight. All these solutions (thermoelectric, solar,
piezoelectric, magnetic) underline the potential of energy
harvesting on UAVs for recharging batteries or supplying
low-consumption systems such as sensors or actuators for
health monitoring.
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Fig. 1. Picture of a DJI F450 drone and its component parts.

Excluding solar intermittent energy, the vibrations
remain the main source of energy on UAVs. A complete
dynamic analysis on a classic drone, namely a quadcopter
drone, is required to ﬁrstly quantify the amount of energy
that is possible to produce during a ﬂight and to clearly deﬁne
the potential applications on UAVs: recharging batteries to
increase the in-ﬂight time, supplying sensors for embedded
monitoring leading to higher lifetime of the structure or
vibration control applications to increase the stability of the
drone or the stability of embedded equipment such as
cameras. In this task, let’s underline the research work done
in [16–20] on the dynamics of different drones.
Finally, one can also note that a low-weight and spacesaving solution is required for UAVs leading to integrated
solution such as smart composites or plastronic system.
Piezoelectric transducers are thus well-suited for integration
into complex structures [21] and piezoelectric material can be
directly deposited on or into speciﬁc parts of the system, thus
adding an active function to classic inert/passive structural
parts of the system. Thus, one of the originalities of our study is
the modiﬁcation and analysis the drone by replacing an inert
structural part of this quadcopter drone by an active structural
part including piezoelectric transducers used for example for
energy harvesting application. It illustrates the possibility of
functionalizing (monitoring, harvesting, controlling, etc.) such
a structure by performing an energy and dynamic balance.
This paper includes ﬁrstly an experimental modal
analysis performed on a quadcopter DJI F450 drone, the
quantiﬁcation of the effects of the main vibrations source
(strain of structural parts) and the design of the active
structural part which allow to incorporate piezoelectric
structures while keeping a similar dynamic behavior.
A vibratory analysis in real conditions of this original
active structure will be presented, and the experimental
results on energy harvesting level obtained with different
types of piezoelectric structures will be discussed.

2 Initial structure and evolutions
A DJI F450 quadcopter drone is investigated (Fig. 1). This
drone is very simple to assemble/disassemble with an

affordable price and is widely distributed on the market. It
will therefore be very easy to replace a standard part of the
drone by a functionalized part including piezoelectric
transducers. The DJI F450 drone is composed of a central
frame on which is mounted four plastic arms of 45.9 g each. On
each arm is placed a speed controller of 28.9 g, a brushless
motor of 52.7 g and a 12.6 g propeller. On the central frame, a
FS-IA6B receiver of 15.8 g can be found, a 28.0 g APM 2.8
ﬂight controller and a HRB lithium battery (412 g for the
6000 mAh = 21.6 kJ battery or 169 g for the 2600 mAh =
9.36 kJ battery) complete this drone.
As the aim of this research work is to quantify the level
of harvested vibration energy during the different phases of
a ﬂight, the ﬁrst step was to identify the most loaded areas
of the chosen DJI 450 quadcopter drone. Whatever the
operation of the drone (rising phase, hovering ﬂight, spin
turning in place, etc.), the four electrical motors are the
main source of the vibratory excitation measured into
the different parts of the structure, vibrations which could
be mode shape of the structure or harmonic of the
excitation. Thereafter, as the acceleration levels tend to
logically increase when approaching the motors, we focused
our study on functionalizing the arm of the drone by adding
piezoelectric structures on these arms.
The initial arms of the DJI F450 drone weight 45.9 g and
are made of polymer with a Young modulus experimentally
measured at 2.5 GPa (value issued from the ﬁrst resonance
frequency in a clamped-free conﬁguration and Finite
Element anaysis). In order to include piezoelectric elements
on the arms of the drone and as we want to take advantage of
the out-of-plane bending of the arms, the geometry of the
arms have been adapted (from Fig. 2a to Fig. 2b and its
overview in Fig. 3). This simple shape ensures a signiﬁcant
area to place several piezoelectric structures, area three time
larger than the one in the initial arm (45 cm2 compared to 15
cm2 on each side). The different attachment points for the
central frame and the motors remain identical, the clamping
part is slightly widened to avoid any mechanical failures. It
remains to be seen which thickness is necessary to keep a
quasi-equivalent stiffness/dynamic of the revised arm. Three
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Fig. 2. (a) Initial arm: 218 mm in total length, variable width 24–31 mm (blue area: approximatively 15 cm2 on each side). (b) Revised
arm: 218 mm in total length, 31 mm width (red area: 45 cm2 on each side).

Fig. 3. Isometric view of the (a) initial drone and the (b) revised drone.

different thickness have been tested (4, 5 and 6 mm). The
modiﬁed arms have been made of acrylic resin by stereolithography in Ampère laboratory, in order to simplify the
electrodes deposition. The density of this material is
1230 kg m3 with a Young modulus of 2.5 GPa, based on
experimental measurements carry out by the Ampère
laboratory. It may be noted that this manufacturing process
is a ﬁrst step (the process is now mastered), future works will
be focused on the use of plastronic technologies and on the
integration of composite materials. Different arms were
fabricated to best ﬁt the actual dynamic behavior of the
structure, the resulting vibration, being a balance between
the bending stiffness and the added mass.
– The mass of the 4 mm-thick arm is equal to 48 g (compare
to the 45.9 g of the initial arm) for a static stiffness of
0.328 N mm1 (calculated with Ansys®).
– The mass of the 5 mm-thick arm is equal to 54 g for a
static stiffness of 0.613 N mm1.
– The mass of the 6 mm-tick arm is equal to 61 g for a static
stiffness of 1.022 N mm1.

3 Dynamic analysis of the drone
3.1 Single arm modes
The energy available to be harvested is directly related to
the vibrational behavior of the structure, in terms of
amplitude and spatial distribution. To quantify these
energy levels, it is important that the new instrumented
arm has a very similar dynamic behavior. In order to better

understand the dynamic of the arms, an experimental
modal analysis is ﬁrstly done on an arm in a clamped-free
conﬁguration, as illustrated in Figure 4a. The vibratory
excitation is performed by a B&K LDS V408 shaker ﬁxed
to the free end of the arm, and the injected force is
measured thanks to a force sensor B&K 8200 (Fig. 4a).
Four B&K 4517 drop charge accelerometers have been
chosen for their lightweight (0.7 g each), in order to restrict
their impact on the dynamic of the arm.
The four accelerometers were ﬁrstly placed on the upper
part of the initial arm (positions named Acc3, Acc5, Acc7
and Acc9 in Fig. 4a) and secondly on the lateral part
(positions called Acc13, Acc15, Acc17 and Acc19 in Fig. 4a)
to identify the various modes between 0 and 1000 Hz.
Three “out-of-plane” bending modes (Fig. 4b), two “inthe-plane” bending modes and one torsional mode have
been found in the chosen frequency range. Regarding the
bending modes, an experimental analysis with a Laser
Doppler Vibrometer (Polytech PSV-400) allow us to
properly identify the shape of the mode, as illustrated
with the small enclosed images in Figure 4b. This mode
shape identiﬁcation is in complete agreement with the
measured level of acceleration done by the four accelerometers placed on the top of the arm. The three bending
frequencies are respectively: 50H z, 515 Hz and 930 Hz. As
expected, one can also note that as classically observed for
clamped-free conﬁguration, the highest level of strain is
observed near the clamped edge. This observation will be
veriﬁed for the entire drone assembly in the next parts.
Figure 5a introduces the four Frequency Response
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Fig. 4. (a) Set up use to characterize the arms and localization of the different accelerometers on the revised arm. (b) Identiﬁcation of
the ﬁrst three “out-of-plane” bending modes of the initial arm. Frequency Response Function (FRF) measured by injecting a white
noise at the free end of the initial arm.

Functions (FRFs) related to the initial arm and the three
revised arms (4 mm, 5 mm and 6 mm). It may be observed
that the 6 mm-thick arm develops the nearest behavior
compared to the initial arm, with especially a very good ﬁt
on the ﬁrst mode frequency (Fig. 5b). In the rest of this
paper, this particular 6mm arm will be used as revised arm.
3.2 Global modes of the drone
Experimental modal analysis of the initial drone and of the
drone with 6 mm arms have been achieved following the
method described in the previous sub-section for the dynamic
analysis of a single arm. A B&K LDS V408 shaker is placed on
the workbench and provide a white noise excitation at the
center of the frame of the drone and four accelerometers B&K
4517 are located on one arm (Acc3, Acc5, Acc7, Acc9). An
additional accelerometer (B&K 4381) is ﬁxed on the frame
near the center of the drone. All parts of the drone (motors,
battery, controllers, etc.) are assembled and the electrical
motors are all off. A Laser Doppler Vibrometer (Polytech
PSV-400) was also used to deﬁne precisely the mode shape of
the structure. A precise mapping of the drone with reﬂective
point is thus realized. Contrary to previous experiments, the
drone is in “free-free” conditions, namely it has been hung
thanks to four elastics ﬁxed to the base of the four arms.
Figure 6 describes the experimental set-up for the drone with
the 6 mm revised arms.
Figure 7a shows the FRFs related to ﬁve accelerometers.
This “free-free” conﬁguration allows to highlight two out-ofplane bending modes: the ﬁrst one at 35 Hz and the second one

at 60 Hz. At higher frequency, other modes might be present
but it can be seen that they are largely damped. Thanks to the
various accelerometers and the velocimeter measurements, it
can be observed that the four arms are bending in phase for
these two modes, as plotted in the embedded images in
Figure 7. The modal shape of the ﬁrst mode (35 Hz) presents a
node located between Acc5 and Acc7 contrary to the modal
shape of the second mode (60 Hz) which has no node. As can
be expected, the revised drone with the 6 mm arms, exhibits a
very similar behavior with a ﬁrst resonance frequency at
28 Hz and the second one at 49 Hz. The modal shapes of the
revised drone are similar to the initial one as it can be seen in
Figure 7b. It is also interesting to note that for the same
vibratory excitation, the level of vibrations is higher on the
revised drone than on the initial one, leading to higher level of
strain on the revised arms which is quite interesting for our
application with piezoelectric elements (Fig. 7b). As
expected, the highest levels of curvature are observed near
the central part of the drone. Moreover, these ﬁgures show
that with the new instrumented arms, the drone presents a
very similar vibratory behavior to the initial one.

4 Operational condition analysis: Drone in
hovering ﬂight
In order to carefully test the drone in hovering ﬂight, a
dedicated test bench has been designed and manufactured
(Fig. 8a). This cage is composed of an aluminum frame and
aluminum panel. During the tests, the cage is completely
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Fig. 5. Comparison of the FRF between the initial arm and the revised arms using the accelerometer Acc3: (a) FRF between 0 and
1000 Hz, (b) focus on the ﬁrst mode.

Fig. 6. Installation of the revised drone in “free-free” conditions, the motors were off.

Fig. 7. FRF computed by injecting a white noise at the center of the (a) initial drone and the (b) revised drone, both without propeller.
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ﬁgures, it can be highlighted that the excitation is wide
band excitation with a ﬁrst fundamental frequency related
to the rotational speed of the motor and its harmonics. The
increase of the embedded mass (additional mass of 400 g)
on the drone tends to increase the rotational speed of the
motors (from 72 Hz to 78 Hz) and as a consequence increase
the whole excitation frequencies. Nevertheless, even if the
mass of the drone is set at its minimum, the fundamental
frequency directly related to the rotational speed of the
motors remains signiﬁcantly higher than the ﬁrst natural
frequency of the drone: 72 Hz in Figure 9a vs 28–35 Hz in
Figures 5b and 7b. In this conﬁguration, the harmonic
perturbations generated by the motors will not coincide
with the drone dynamic. Avoiding this frequency coincidence is a common constraint in mechanical engineering.
But many harvesting devices require mass addition
through an auxiliary oscillating system. Obviously, such
additions are not possible in the realistic case where the
host structure is very light. Therefore, the harvesting
device cannot beneﬁt from the vibration ampliﬁcation due
to the resonant frequency (except during short moments of
engine acceleration or deceleration). This observation
being made, the rest of the paper will focus on the nonoptimal case of hovering where the perturbations are
stable.

5 Functionalization of the drone:
piezoelectric transducers on the arms

Fig. 8. (a) Cage used to test the different drones under real
conditions and (b) revised drone in hovering ﬂight.

closed. Only a small area is let opened to check the correct
running of experiments. This cage is big enough
(80 cm  80 cm  150 cm) to let the drone ﬂy inside under
operational condition. The drone can be left free or driven
by two cables as presented in Figure 8a and 8b. The drone
can then slide safely before stabilizing in hovering ﬂight. As
realized in the previous experiments, four low-weight
accelerometers are located on one arm on of the drone
(Acc3, Acc5, Acc7 and Acc9 as described in Fig. 4a) and
another one is place in the frame in the center of the drone.
All parts of the drone (motors, battery, controllers, etc.)
are assembled and the electrical motors are all on to
simulate a hovering ﬂight. Several masses can also be added
into the drone in order to simulate additional equipment
such as a camera, a GPS, an extra battery, etc. Finally, the
rotational speed of the motors can be measured thanks to a
laser sensor focused on a blade.
Figure 9a and 9b provides the Power Spectral Densities
(PSDs) measured at different locations of one arm and on
the frame (Fig. 1) for two different embedded masses:
battery and battery plus additional mass. On these two

Thanks to our previous complete dynamic analysis, we
demonstrate that during a hovering ﬂight, no speciﬁc
structural mode of the drone will be stimulated. The
vibration excitation of the drone due to the electrical motors
is thus a wide range excitation meaning that the level of strain
into the arms will be relatively low and that various
structural out-of-plane bending modes could be solicited.
One can remember that the piezoelectric transducers need
high level of strain to generate high level of charges, leading to
the segmentation of the arm in different areas in which the
piezoelectric transducers will be deposited or glued.
Through the example of two piezoelectric structures
taped on each side of a beam loaded in out-of-plane bending
(Fig. 10), if the thickness of the piezoelectric and electrode
layer is negligible compared to the thickness of the
substrate, then the following simpliﬁed equation can
be written:
D3 ¼ d31 T 11 þ e0 e33 E 3

ð1Þ

with D3 the electric displacement ﬁeld in the e3 direction,
T11 the stress applied to the face 1 in the e1 direction, E3 the
electric ﬁeld in the e3 direction, d31 one of the piezoelectric
coefﬁcients, e0 the permittivity constant of vacuum, e33 the
relative permittivity related to the e3 direction. This shows
the main parameters that affect performance.
As the levels of strain and stress are relatively low in the
arm, the entire surface of the arm will be covered with
piezoelectric transducers in order to increase the output
level of harvested energy. One can easily understand that
the piezoelectric transducer located near the central part of
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Fig. 9. PSD measured during a hovering ﬂight: (a) 2600 mAh battery (169 g), (b) 2600 mAh battery (169 g) + 400 g.

Fig. 10. Section view of a functionalized beam structure.

the drone (called frame) will be more deformed as this part of
the arm undergoes larger strain, even in a “free-free”
conﬁguration as previously underlined in our experiments.
The displacement ﬁelds represented in Figure 7 also show the
high curvature level near the central part. Three different
piezoelectric transducers are used in our experiments to
functionalize the arms: two commercial ones (PI and
Murata) and one home-made (piezoelectric paint). The
home-made piezoelectric transducers are deposited using
classic technic. Firstly, a 5 mm-thick copper layer has been
deposited by electroless metallization in the Ampère
laboratory on the whole upper and lower face of each arm
(Fig. 11a). The spray deposition of the piezoelectric layer
(120mm of Polyurethane /BaTiO3) is then realized by the
LGEF laboratory, as illustrated in Figure 11b in order to

cover entirely the ﬁrst copper layer [22]. Only two output
pins enable to connect this ﬁrst layer of electrodes to the
ground. Finally, eight 35 mm-width copper electrodes (5 mm
in thickness) have been deposited by electroless metallization directly on the piezoelectric layer in order to exploit the
entire surface of the arm (Fig. 11c). The piezoelectric
structures are ﬁnally polarized at 480 V (4 V mm1) in a heat
chamber maintained at 90 °C. Thereafter, the facing
electrodes could be associated with the same resistive load
since they will be subject to the opposite deformations.
Finally, two other arms have also been equipped with
commercial piezoelectric structures. Overall, seven Murata
buzzers were glued on the ﬁrst arm (3.5 g each: Fig. 12a) as
well as three other PI DuraAct 876.A15 patches (7.2 g each:
Fig. 12b).
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Fig. 11. Manufacturing steps of the “integrated piezoelectric
arm”: (a) after deposition of the ﬁrst copper layer (Ampère),
(b) after deposition of the piezoelectric layer (LGEF), (c) after
deposition of the second copper layer (Ampère).

Fig. 12. Integration of commercial piezoelectric structures:
(a) Murata buzzers, upper side of the arm, (b) PI DuraAct
876.A15 patches, upper part of the arm.

6 Results and discussion on the harvested
energy
6.1 Characterization of the functionalized arms
As a ﬁrst step, a characterization of the arms alone is done.
The different functionalized arms with piezoelectric
structures were tested in a free-clamped conﬁguration
under a mono-harmonic excitation. Even if this situation
differs slightly from the real case, it represents a test case
for comparison. A sinusoidal force (amplitude 0.1 N),
closed to the ﬁrst mode of resonance of the structure, was
injected at the free end of the arm thanks to an
electromagnetic shaker (see Sect. 2; Fig. 4) and the
electrical power produced was measured for different
resistive loads by computing the square of the piezoelectric
output voltage divided by the resistance value. Figure 13
highlights the average electrical output power harvested
with a single Murata ceramic (Fig. 12: Murata 4) and with
the home-made piezoelectric layer (Fig. 11: Piezo 4). These
two transducers, located closest to the clamped end of the
arm (Figs. 11 and 12), sustain the highest level of strain in a
clamped-free conﬁguration, leading to higher level of
harvested energy.
The commercial Murata piezoelectric transducer harvests almost 3.5 mW on an optimal resistive load of 90 kV,
while the home-made piezoelectric transducer harvests
1.5 mW on an optimal resistive load of 800 kV. One can note
that the output electrical power harvested by the two
piezoelectric transducers are in the same range (few mW)
while Murata are heavy and rigid and our home-made

Fig. 13. Harvested electrical energy with a commercial piezoelectric transducer (in blue) and with our home-made one (in red).

transducer are very light and compliant (density of the
piezoelectric paint of about 2.2 g cm3). Note that for this
type of application (very light ﬂying structure), the
structural modiﬁcation of the host structure due to the
addition of transducers should be as small as possible. It is
therefore preferable to use light and ﬂexible transducers.
The maximal harvested power density per transducer are
thus respectively 1 mW g1 and 3.9 mW g1 underlying the
promising performance of our home-made piezoelectric
transducers. The dynamic of the functionalized arm with
the piezoelectric paint, is exactly the same as the initial arm
with a ﬁrst bending resonance at 50 Hz as the thin layers of
active material and electrodes add a very small mass and
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Fig. 14. (a) and (c) Transfer function of the different piezoelectric structures by injecting a white noise at the free end of the arm (the
other end is clamped). Integrated structures: R = 200 kV, Murata buzzers: R = 100 kV, PI DuraAct patches: R = 70 kV. (b) and (d)
Zoom on the ﬁrst mode.

stiffness to the arm. Unfortunately, the numerous tests put
a lot of strain on these prototypes, and the piezoelectric
paint showed damages mainly due to delamination. It was
not possible to perform more extensive ﬂight tests for these
transducers (next section).
The addition of Murata buzzers (7  3.5 g of added
mass) induced a signiﬁcant increase of the arm stiffness,
which induced a frequency offset respectively of +17 Hz
(for the ﬁrst considered mode), and the PI piezoelectric
patches (3  7.2 g of added mass) induces a frequency offset
of +15 Hz, as it is clearly stated in Figure 14. Figure 14
highlights the transfer functions (electric power/square
force) of the different structures with commercial piezoelectric transducers and demonstrates that the areas
closest to the clamping are the most interesting. As
explained in Section 2, a white noise was injected at the free
end of each arm and the electrical power produced was
measured for different resistive load by computing the
square of the piezoelectric output voltage divided by the
resistance value. We veriﬁed that the electric voltage
produced by each piezoelectric patch was proportional to
the injected force, which allows to nondimensionalize the
electrical power by the force injected square.
Regarding the arm equipped with PI DuraAct 876.A15
patches, an electrical power of 9.17 mW N2 on the PI
1 patch and 117 mW N2 on the PI 2 patch (nearest to the
clamping) were respectively produced. For the
Murata buzzers, the following levels of electrical power

were measured: 190 mW N2 on the Murata 1 buzzer,
1.07 mW N2 on the Murata 2 buzzer, 3.16 mW N2 on the
Murata 3 buzzer and 10.8 mW N2 on the Murata 4 buzzer.
The PI DuraAct are made of modiﬁed Lead Zirconate
Titanate (PZT), called ceramic PIC255, with a piezoelectric coefﬁcient d31 equal to 180 pC N1 which is higher
than the one of our home-made piezoelectric transducer
(d33 ≈ 3pC N1).
6.2 Achievement in hovering ﬂight
Figure 15 reports the levels of harvested electrical power
with commercial piezoelectric transducers, recorded during
the hovering ﬂight of the drone with a 2600 mAh battery,
on different resistive loads. It can be seen that the
piezoelectric elements which are closest to the central part
of the drone, namely PI 2 and Murata 4 (see Figs. 11 and 12
for localization) produce the highest levels of electrical
power. An average electrical power of 4.4 mW cm2 was
achieved for the Murata buzzers, and 14.9 mW cm2 for PI
DuraAct 876.A15 patches. As previously measured in the
“clamped-free” conﬁguration, the PI transducers harvest
the highest level of energy even under a wide vibratory
excitation.
As the total area of the four arms (upper and lower
parts) is equal to 359.6 cm2, we can thus extrapolate the
following levels of harvested electrical power:
– 1.58 mW by covering the four arms with Murata buzzers.
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Fig. 15. Average electrical power produced by different piezoelectric structures during a hovering ﬂight, with a 2600 mAh (169 g)
battery: (a) Murata buzzers, (b) PI DuraAct 876.A15 patches.

– 5.35 mW by covering the four arms with PI DuraAct 876.
A15 patches.
Practically, a 2600 mAh battery allows the drone to ﬂy
during approximately 10 min. In that respect, it can be
conclude that the drone requires a continuous power of
15.6 W to maintain a hovering ﬂight. Then, the following
gains in ﬂight time due to the harvested electrical power,
can be extrapolate:
– 0.061 s for a 10 min hovering ﬂight with Murata buzzer.
– 0.21 s for a 10 min hovering ﬂight PI DuraAct 876.A15
patches.
Clearly, these added times of ﬂight are very low (<s) and
unusable in practical applications. Nevertheless, the level of
harvested electrical power with the commercial piezoelectric
transducers remains quite interesting (>mW) and high
enough to supply various low-consumption sensors such as
an accelerometer or a temperature sensor used for monitoring applications. Indeed, an autonomous sensor node
generally needs at least 100 mW–1 mW to measure (not in
continuous), process and send an information [23]. The
home-made piezoelectric transducers develop level of
harvested energy in the same range as the Murata buzzer
(Fig. 13) but are up to now, too fragile for hovering ﬂight
experiments as delamination issues occurred during our
tests. Nevertheless, this plastronic technology offer promising performance in term of potential harvested energy and
integration. Indeed, active piezoelectric layers could be
directly developed and deposited during the fabrication
process of the drone. This integration property is a
tremendous advantage to design embedded sensors such
as strain sensor or force sensor that could be used in
monitoring application especially in structure health
monitoring applications, or to design transducers for
harvesting applications. Many parameters must be optimized to improve performance such as transducer thickness
(depending on the type). Finally, the present electrical
powers were measured on a simple passive impedance
matching, but using an active power management circuit
would allow to obtain much better results [24].

7 Conclusions
This paper exhibited for the ﬁrst time in the state of the art,
a complete dynamic analysis of a quadcopter drone and the
analysis of the electrical power levels produced by the
vibrations of this drone during a hovering ﬂight. Classic
passive structural parts of the drone have been functionalized to integrate a harvesting function, through the use of
piezoelectric elements. Two commercial piezoelectric
transducers and one home-made have been employed to
functionalize the arm of the drone, while keeping a similar
dynamic behavior and without increasing the levels of
mechanical vibrations. From our original experiments and
extrapolations, it can be expected that the levels of power
reached with piezoelectric transducers (>mW) are sufﬁcient to supply a sensor for SHM applications for example,
but certainly not for the purposes of increasing the ﬂight
time of the drone. The home-made piezoelectric transducers underline strong promising performances as the
harvested power remains in the same range as the
commercial piezoelectric transducers, and need further
developments to improve their adhesion to the host
structure and thus their lifetime.
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