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Résumé :
La présente étude vise à étudier l’effet physique d’un actionnement hybride piézoélectrique-alliage à
mémoire de formes sur un écoulement à des nombres de Reynolds élevés. L’objectif est de montrer les
effets de l’activation piézo-électrique à haute fréquence, faible amplitude du bord de fuite d’un prototype
hybride de profil d’aile d’avion. À cette fin, la conception du prototype hybride sera détaillée, et les prin-
cipes de fonctionnement des mécanismes d’actionnement seront mis en évidence. Après la description
de la conception de l’actionneur, des résultats expérimentaux seront présentés. L’étude expérimentale
est effectuée à l’aide de PIV tomographique. Il est montré à l’aide d’analyse spectrale que la faible
amplitude imposé par le mécanisme d’actionnement piézo-électrique au niveau du bord de fuite de la
structure étudiée, est capable d’influencer l’écoulement.

Abstract :
The present paper aims at investigating the physical effect on the flow via a hybrid piezoelectric-shape
memory alloy actuation at high Reynolds numbers. The aim is to show the effects of the high-frequency
low amplitude piezoelectric actuation at the trailing edge of a hybrid prototype of an airfoil. To this
end the design of the hybrid prototype will be detailed, and the functional principles of the underlying
mechanisms will be highlighted. Following the description of the design the experimental results are
presented. The experimental investigation is carried out by means of tomographic PIV. It is shown that
the low amplitude of the piezoelectric actuation mechanism at the trailing edge of the structure under
study is capable of influencing the flow.

Mots clefs : electro-active morphing, piezoelectric actuation, turbulence

1 Introduction
Conventional fixed wing airfoil geometries are usually the result of a design compromise optimizing
the shape only for some parts of the mission profile. Control surfaces while modifying the aerodynamic
profile of the wing and thereby extending the mission profile are usually characterized by poor aero-
dynamic performance and efficiency [19]. Adaptive or morphing structures hold the potential to solve
this problem and studies on wing deformation are subject of much interest in the aerospace domain.
Recent advances made in the field of smart-materials have renewed this interest [15].
The Electro-active morphing for micro-air-vehicles (EMMAV) research program, which was created as
part of the French foundation of «Sciences et Technologies pour l’Aéronautique et l’Espace»’s effort to
develop micro- and nano-air-vehicles and is composed of three French laboratories (IMFT, LAPLACE,
ISAE), aims at optimizing the performance of micro-air-vehicles in realistic environments via electro-
active morphing [17]. During the course of this project a deformable structure was developed with
embedded Shape memory alloys (SMAs) ensuring high deformation. The SMA technology, which in
the case of the EMMAV research program was a structure of Nickel and Titanium (NiTi), was able to
create large deformations over a large range of stresses but was limited to a low frequency of actuation.

1



21ème Congrès Français de Mécanique Bordeaux, 26 au 30 août 2013

These characteristics make it especially suitable to optimize the shape of the wing and to control the
flight. The SMA actuators were activated using the Joule effect. This mechanism is well understood
and was for example implemented by Barbarino [1] and Manzno [14] in order to modify the shape of
an airfoil. The developed plate allowed to study the fluid-structure coupling via wind tunnel experi-
ments [5].
In order to control and influence the aero-elastic coupling effect inducing both noise and drag a more
high frequent actuation was necessary. Therefore as a second pillar of the EMMAV research program
an actuation mechanism based on piezoelectric stack actuators was developed. These actuators are
able to achieve a very high frequency of actuation (in the order of kHz) useful to produce trailing-edge
vortices breakdown but only provide a very limited amount of deformation (several µm). Hence, an
amplification was necessary. With regards to piezoelectric stack actuators there is a diverse offer of cur-
rently available amplification mechanisms. Amplified piezoelectric stacks and flextension actuators are
among the more common amplification mechanisms [12]. The X-Frame and double X-Frame actuators
developed at MIT amplify the deformation via a «scissor»-like mechanism [16, 6, 7]. They were used
in Boeing’s SMART active flap [18]. EADS optimized an amplified stack actuator to be used for the
active control of a helicopter rotor [11, 10]. Finally NOLIAC developed a diamond type amplification
mechanism optimized for low weight and high energy density [13]. Since all the previously described
mechanisms add a considerable amount of weight and only allow for unidirectional amplification a new
PUSH-PUSH amplification mechanism was developed at LAPLACE [4].
This work is developed as follows : in a first part we recall the fundamental properties of piezoelectric
actuators, shape memory alloys and the developed actuation mechanisms. Subsequently we present the
control and instrumentation of both the SMA and piezoelectric actuation mechanisms. Then we present
the results of the Particle image velocimetry (PIV) measurements in the windtunnel at Re = 200000
for the piezoelectric actuation mechanism. Finally we will summarize the obtained results and present
the perspective for future work.

2 Smart materials
2.1 Piezoelectricity

GndVcc

Figure 1 – Illustra-
tion of a piezoelec-
tric stack actuator

In 1880 the brothers Jacques and Pierre Curie discovered that certain types of
materials became electrically polarized when subjected to a mechanical force.
This effect became known as the direct piezoelectric effect and is nowadays ex-
ploited in variety of sensor and energy harvesting applications. The inverse effect,
that is to say the deformation of the material when an electric field is applied, is
used in different actuators from image stabelizers in cameras to accelerometers
and elements for vibration control [9]. Piezoelectric materials are defined by an
electro-mechanical coupling which can be described by the following equations :

{S} = [sE ] · {T}+ [d] · {E} (1)

{D} = [d] · {T}+ [εT ] · {E} (2)

where {S} is the strain vector, [sE ] is the compliance matrix, {T} is the stress
vector, [d] is the matrix of piezoelectric constants, {D} is the dielectric displace-
ment vector, [εT ] is the permittivity matrix and {E} is the electric field vector.
During the course of this work, piezoelectric stack actuators were used. These
actuators are made out of several layers of piezoelectric ceramics with alter-
nating polarity bonded together as illustrated in Figure 1. This amplifies the
deformation of a single piezoelectric element. The achievable deformation δl of these types of actuators
can be approximated by δl = N · d33 · V , where N is the number of layers of the stack. While this
actuator has a large blocking force the significant capacitance of the stacked piezoelectric elements has
to be kept in mind.
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2.2 Shape memory alloys
Whereas piezoelectric actuators are characterized by an electro-mechanical coupling, SMAs are defined
by a thermo-mechanical dependance. In other words a change in the temperture induces a change in
the intrinsic properties of the material. The material is able to produce large deformations (6%− 9%)
over a large range of stresses ( 200Mpa) but at limited deformation speeds. The shape memory effect
in these types of alloys is caused by a change in the crystalline structure of the material induced by
a variation of the temperature. Two crystalline phases can be distinguished : the so called martensitic
phase with a lattice crystal structure and the austenitic phase with a cubic crystal structure. Due to the
reversability of the shape change this material is a good candidate for an actuator in smart structures.
Amongst the various mechanical properties exhibited by these kinds of materials the hysteresis effect
between the martensite-austenite transformations is certainly the most remarkable one. This effect has
to be considered when precise structural control is desired. It can be shown that the resistance R of
the alloy is a suitable control parameter for the displacement of a SMA wire [3].

3 Actuation mechanism
Based on the previously described smart materials, an integrated actuation mechanism has been de-
veloped exploiting the benefits of both material types. Naturally, the mechanism is split in two parts,
the large displacement low frequency actuation achieved by SMAs and the small displacement high
frequency actuation achieved by piezoelectric actuators.
The proposed piezoelectric PUSH-PUSH actuation mechanism uses a lever in order to amplify the defor-
mation of the stack actuators. By applying a force F at a distance δh to the neutral plane the flap can
be deformed by δz as illustrated in Figure 2a. By placing two stack actuators at opposing sides of the
neutral plane bidirectional flapping can be achieved (see Figure 2b). Hemispheric interfaces between the
flap and the actuators enable the bidirectional motion when the stack actuators are driven in opposition.

Neutral
Plane

Force

δz

l

δh

(a) Side view of the mechanism

Neutral
Plane

δh
δh

(b) Back view of the mechanism

Figure 2 – PUSH-PUSH actuation mechanism

Whereas for the piezoelectric actuators an amplification mechanism had to be developed, the SMA
based actuation mechanism works by simply embedding the wires into the structure above and below
the neutral plane. Upon heating the wires contract and the structure is deformed. An integrated struc-
ture, shown in Figure 3a, has been developed combining both the piezoelectric actuation mechanism
as well as the SMA based actuator.

4 Experimental investigation
The goal of the experiments were twofolds : the first goal was to show that the energy introduced
from the low amplitude high frequency flapping of the piezoelectric part of the actuation mechanism is
sufficient in order to influence the flow, building upon this work an optimization has to be performed.
This paper will focus on the first part. To achieve this aim the flow past the integrated piezoelectric-
SMA prototype (see Figure 3b) with an incidence angle of 10◦ and Reynolds number of 200.000 is
considered (as shown in Figure 4). Using foam the prototype was given the structure of a NACA0012
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airfoil. The present PIV measurements were being conducted in the S4 wind-tunnel of IMFT with
the contribution of S. Cazin and M. Marchal of the IMFT signal and image processing service at a
frequency of 1000Hz over a duration of 3s. The measurement zone (1024 × 1024 pixel) was at the
trailing edge of the airfoil. The trailing edge Kelvin-Helmholtz vortices and response characteristics
can be found in Hoarau et al. [8]. Laser Doppler velocimetry (LDV) experiments at high Reynolds
numbers were carried out by Favier, Berton et al. [2] in the Marseille-Luminy wind-tunnel.
During the measurements the flap was actuated at different frequencies. The PIV measurements for
the actuation at 60Hz and 90Hz are shown in Figure 5a and Figure 5c respectively. Using this data
the welch power spectral density estimate for both frequencies was created. The resulting spectra (for
the point X :652 Y :396) are shown in Figures 5b and 5d. The higher frequency peaks are due to the
Kelvin-Helmholtz vortices. The lower frequency peak is due to the von-Karman shedding, modulated
by the strongly turbulent chaotic motion.

The low amplitude of the piezoelectric actuation mechanism at the trailing edge of the flap has a
noticable impact on the flow as can be seen from the spectra shown in Figures 5d and 5b. The change
in the frequency of the actuation of the piezoelectric actuators leads to a shift in the peaks of the power
spectral density corresponding to the actuation frequency of the piezoelectric PUSH-PUSH actuator. A
detailed analysis of the forcing effect from the actuation by means of the piezoelectric actuators will
be presented concerning the modification of the wave structure past the trailing edge as a function of
the actuation frequency.

5 Conclusion
The goal of this study was to demonstrate the effect on the flow of a low amplitude, high frequency
piezoelectric actuation mechanism integrated in a hybrid prototype. To this end, the design of the
hybrid prototype was illustrated and the actuation mechanisms were explained. Using this hybrid
prototype it was shown, that the energy added via high-frequent, low amplitude actuation of the
piezoelectric stack actuators has a noticable impact on the velocity field. The peaks in the velocity field
spectra correspond to the actuation frequency of the piezoelectric PUSH-PUSH actuation mechanism.
This is especially interesting as this high frequent actuation has the potential to influence the high-
frequent Kelvin-Helmholtz vortices whereas the low-frequent high amplitude SMAs are more suited to
control the flight and for quasi-static optimization of the form.
A detailed investigation of the forcing is being conducted with regards to the effects on the turbulent
structures namely the lower-frequent von-Karman and the higher-frequent Kelvin-Helmholtz vortices.
The data obtained from the PIV measurements will be fully exploited in order to identify the effect of
the actuation on the vortex structures. Based on this data, a control law has to be developed for the
coupled piezoelectric-SMA actuation mechanism in order to optimize the form in real time by ensuring
reduction of the instability modes.
On the other hand, the actuation mechanisms have to be improved. This includes further investigation
regarding the optimal driving waveform for the piezoelectric actuators as well as an adaptation of the
structure with embedded SMAs.

(a) 3D CAD model (b) Actuated prototype

Figure 3 – Hybrid prototype
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Figure 4 – Illustration of the experimental set-up
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(a) PIV norm of velocity components at 60 Hz
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(b) Welch power spectral density estimate at 60 Hz
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(c) PIV norm of velocity components at 90 Hz
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(d) Welch power spectral density estimate at 90 Hz

Figure 5 – Experimental results obtained via PIV measurements
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