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Abstract

Deployment systems for the Gurney flap need to sustain large centrifugal loads and vibrations while maintaining precisely
the displacement under aerodynamic loading. Designing such a mechanism relies on both the actuation technology and
the link that transmits motion to the control surface. Flexible beams and piezoelectric patch actuators have been chosen
as components to design this mechanism. Flexible beams provide a hingeless robust structure onto which the piezoelec-
tric actuators are bonded. A candidate topology is determined by investigating the compliance of a simple wire structure
with beam elements. A parameterized finite element model is then built and optimized for displacement and force

through surrogate optimization.
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Introduction

Adapting a rotor blade in flight is the next step toward
smarter, more efficient rotorcrafts. The Green
Rotorcraft Consortium, part of European Clean Sky
Joint Technology Initiative, has chosen the Gurney flap
as an active concept to modify the aerodynamic charac-
teristic of a rotor blade during flight (Green Rotorcraft
Project Webpage, 2011; Maybury et al., 2010). The
Gurney flap consists in a small flap deployed as close
as possible to the trailing edge of the blade profile as
shown in Figure 1. This flap typically measures 2% of
the profile’s chord length. It improves the lift of the
profile without significant increase in the profile’s drag
(Maughmer and Bramesfeld, 2008; Thiel and Lesieutre,
2009; Wang et al., 2008). This article presents the opti-
mization work performed on a flexible mechanism to
provide sufficient displacement while satisfying the
mechanical and deployment time constraints. A proce-
dure is set up to investigate suitable geometries and
optimize the geometry of the actuated system.

The active Gurney flap concept

A fully deployed Gurney flap increases the lift coeffi-
cient of the profile over a wide range of angles of
attack. It also improves both the static and dynamic
stall behaviours of the profile (Yee et al., 2007).

Helicopter’s performances are limited by the lift mis-
match between the blade on the advancing side and the
blade on the retreating side of the rotorcraft during for-
ward flight.

This problem worsens quickly as the helicopter speed
increases because of the quadratic relation between the
lift and airspeed. It is solved by reducing the blade angle
of attack for the advancing side and increasing it for the
retreating side by means of a cyclic pitch control. This
is done until the stall limit of the profile is reached.
Thus, actively increasing the lift for the retreating blade
beyond the capabilities of the profile offers potential
for improving the speed and fuel efficiency.

The study carried out by the Green Rotorcraft
Consortium’s partners concluded that the Gurney flap
should be deployed within 10° of blade rotation for
optimum performances (Maybury et al., 2010). The
blade specifications shown in Table 1 were defined in
the project baseline. They provide the data needed to
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Figure 1. Sketch of the naca 23012 profile with a Gurney flap
of 2% long at the trailing edge.

Table |. Helicopter blade specifications.

Profile reference Naca23012
Blade radius 8.15m
Chord length 0.65m
Rotation speed 26.26 rad/s
Tip speed 214 m/s
Table 2. Design constraints.

Deployment duration 6.6 ms
Axial acceleration 573g
Holding force against the airflow 250 N

derive mechanical constraints for
mechanism (Maybury et al., 2009).
The maximum duration allowed for the deployment
mechanism is derived from the blade rotation speed.
The mechanism is designed in the plane perpendicular
to the axis of the blade. This ensures that the mechan-
ism motion will not be affected by the centrifugal loads.
The maximum force required has been determined
using flow simulations for a fully deployed flap
(Paternoster et al., 2010). This gives an upper bound
for the mechanism holding force in the direction of the
airflow. These constraints are summarized in Table 2.

a deployment

Actuators suitable in rotorcrafts

The pneumatic and hydraulic actuators are widely used
in aircraft but are unsuitable for rotorcraft actuation
due to the space available and their weight. The coil
actuators and screw jack electrical motors are more
flexible, but the large centrifugal loads caused by the
blades rotation limit the use of moving and rotating
parts inside a rotor blade. Therefore, an extensive
review at the capabilities of piezoelectric-based actua-
tors was carried out in the scope of this project
(Maybury et al., 2010; Paternoster et al., 2010).

Piezoelectric actuator expands or contracts when
subjected to an electrical field (Chopra, 2002). The
strain deforming the piezoelectric material is related to
the strain-charge piezoelectric coefficients of the matrix
[d] in the mechanical and electrical constitutive
equations

{8} = ["1X{T} + [d)" X {E} (1)

{D} = [d]x{T} + [€"]x{E} (2)
where S is the strain vector, [sf] is the compliance
matrix under constant electrical field, {7} is the stress
vector, [d] is the piezoelectric matrix, [€7] is the permit-
tivity matrix under constant stress, {D} is the dielectric
displacement vector and {E} is the electrical field vec-
tor. The first equation relates the mechanical strain in
the material to the applied voltage. Therefore, in the
absence of mechanical loading on the piezoelectric
component, equation (1) becomes

{8} = )" x{E} (3)

Piezoelectric material’s properties are anisotropic.
The coefficients of the piezoelectric matrix depend
therefore on the poling direction. By convention, axis 3
is the poling direction. Developing equation (3) gives

&1 0 0 d31
& 0 0 d32
E,
&3 0 0 d33
= X< E 4

Y23 0 ds O Ej 4)
Y1 ds 0 0

Y12 0 0 0

The static performance of the material is defined by
the maximum strain the material can achieve when
unloaded and the largest stress when constrained. They
both depend on the value of the strain coefficients ([d])
filling the piezoelectric matrix. The ds; coefficient is
generally the highest coefficient (Chopra, 2002).
Therefore, the piezoelectric actuators taking advantage
of the ds3 coefficient achieve the best performance.
‘Macrofibre composite’ (MFC) actuators consist in
piezoelectric fibres embedded in an epoxy matrix as
shown in Figure 2. Electrical fields are applied along
the piezoelectric fibres, in line with the ds3 coefficient,
through interdigitated electrodes. During the actuator
selection process, ds3 piezoelectric actuators showed the
best free strain, block force and actuation speed

Voltage

source
Interdigitated

electrodes

Piezoelectric
fibres

matrix

Figure 2. Structure of a ‘macrofibre composite’ actuator.
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Figure 3. Resulting structure after investigating the flexibility of various configurations.

Figure 4. Geometrical parameters used for the finite element
analysis. a: length of the upper arm, b: length of the lower arm,
and c: curvature of the middle arm.

(Maybury et al., 2010; Paternoster et al., 2010). Their
actuation speed met the deployment duration required
according to the blade rotation speed. Furthermore,
these components have already been used to provide
active twist of helicopter blades ensuring their tough-
ness is sufficient to withstand large centrifugal loads
(Riemenschneider et al., 2010; Shin et al., 2008). The
MFCs are used in this study as the piezoelectric active
material. Nevertheless, the displacement generated by
piezoelectric actuators is very small. A supporting
mechanism has to be conceived to support the MFC
actuator and enhance its displacement.

Mechanisms made with bending beams

To provide a sufficiently large displacement, piezoelec-
tric actuators are often bonded onto bending beams.
When a voltage is applied, the piezoelectric patch gener-
ates strain at the beam surface, which bends the beam.
The tip displacement of the bending system is much
larger than the displacement generated by the patch
actuators. This article details the geometrical optimiza-
tion of flexible mechanisms consisting of multiple bend-
ing beams actuated by piezoelectric patches.

Methods

The early designs of a mechanism made for the Gurney
flap consist in directly deploying the Gurney flap trans-
verse to the flow direction (Thiel, 2006; Thiel and
Lesieutre, 2009). The efficiency of the Gurney flap as a
lift improvement control surface depends strongly on
the Gurney flap position relative to the trailing edge. It
has been shown that the Gurney flap efficiency is maxi-
mized when placed at the trailing edge (Thiel, 2006).
However, the space available inside a beam profile is

very limited close to the trailing edge. Therefore, a hori-
zontal motion is needed on top of a vertical motion to
deploy and place the Gurney flap at the trailing edge.
It is possible to kinematically link the vertical motion
to the horizontal displacement by a sliding mechanism.
Therefore, a single horizontal motion could deploy and
bring the Gurney flap at the right position. Moreover,
a sliding mechanism allows a cross-flow deployment,
which requires less force than deploying the Gurney
flap by rotation like a typical control surface. This part
describes the process followed to determine a topology
and optimize a piezoelectric actuated system.

Topology investigation

The possible topologies for the structural mechanism
are investigated using a simplified wired structure with
a limited number of nodes. A procedure tests the vari-
ous possible connections between a defined square
array of nodes as shown in Figure 3. A few constraints
govern the connections between the nodes: the two
fixed nodes and the lower right node must remain con-
nected to the structure. Once the connections are set, a
linear system of equations is solved to calculate the
deformation of the structure when a horizontal force is
applied on the lower right node. The structures are
ranked by the amount of horizontal displacement they
could offer. This preliminary test leads to the structure
displayed in Figure 3.

Finite element model

From the resulting topology, a finite element model
(FEM) is made using the same set of connections as
shown in Figure 4. The piezoelectric physics environ-
ment from COMSOL Multiphysics is used for the
implementation, which solves the full electromechanical
coupling as formulated by the constitutive equations
(equations (1) and (2)). The finite element simulation is
a quasi-static bidimensional simulation. The geometry
of the structure is generated based on three parameters:
the length of the upper arm, the length of the bottom
arm and the curvature of the middle arm. The piezo-
electric component’s length is linked to the length of
the upper arm to maximize the space taken by the
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Table 3. Characteristics of MFC 4010-P| from smart material.

Active thickness (mm) 10
Maximum voltage (V) 1500
Electrode spacing (jum) 500
Piezoelectric fibre d3; coefficient (pC/N) 460
Free strain per volt (ustrain/V) 0.93

MFC: macrofibre composite.

piezoelectric component for each geometrical config-
uration. The material’s properties are set to the MFC
characteristics from the manufacturer datasheets as
shown in Table 3 (Smart Material Website, 2011).

The left side of the upper arm is clamped. The lower
arm is subjected to a sliding boundary condition mean-
ing displacement is constrained in the direction normal
to the bottom surface of the arm. The geometry of both
the arms follows the curvature of the profile to use as
much available space as possible. The geometry being
different for each set of parameters, the number of ele-
ments can significantly vary. The quadratic triangular
elements utilized are generated based on the thickness
of the piezoelectric element and the thickness of each
bending arm to have a consistent mesh quality between
simulations. On average, 5000 elements are generated
for each simulation.

The FEM is embedded inside a procedure that
returns the objective value that is going to be maxi-
mized by the optimization loop. This objective value is
calculated according to the required constraints for the
mechanism. The objective value is expressed as

AOG e

where y is the objective value, d is the free displacement
of the lower arm, d, is the free displacement of the
MFC actuator without structure, f'is the block force of
the mechanism and f,, is the block force of the MFC
actuator without structure. Maximizing this objective
leads to mechanisms with both large forces and
displacements.

Optimization scheme

The optimization scheme chosen is a surrogate optimi-
zation for its flexibility and the number of simulation it
requires to approach the optimum. It consists in the
determination of a surrogate function followed by a
refinement of the optimum (Akcay Perdahcioglu, 2010)
as shown in Figure 5. Thirty finite element simulations
are computed to explore the design space. A Latin
hypercube distribution is chosen to get a relevant dis-
tribution of the design parameters. An ordinary kri-
ging model is chosen as a surrogate function to
estimate the model (Forrester et al., 2008) and can be
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Figure 5. Flow chart detailing the evaluation of the surrogate
function and the optimization loop.
FEM: finite element model.

defined as a base function, which represents the glo-
bal trend of the data with a stochastic function that
approximates the data computed at the sampling
points

X)) =pt € (6)
a

x=15b (7)
c

where y(x) is the estimation of the surrogate function
for a vector of parameters x, u is a constant value cor-
responding to the base function of the ordinary kriging
model and € (x) is the function that estimates the data
modelled at the sampling points. The surrogate func-
tion evaluates the objective value for a set of design
parameters. After the surrogate function is calculated
(cf. Appendix 1), MATLAB standard genetic algorithm
searches the design space for a global maximum. The
maximum is refined by a gradient-based search. Once
the extremum is found, a new finite element analysis
evaluates the displacement at the extremum. The loops
stop when the objective set no longer improves signifi-
cantly between two iterations. For this optimization
scheme, the termination objective was less than 0.05%
of improvement between two iterations. The combina-
tion of global and local search strategies ensures the
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Figure 6. Values of the geometrical parameters used for the optimization and the objective. The curvature is defined by a
dimensionless parameter related to the relative position of a node for creating the geometry primitives.

uniqueness of the solution over the design space
considered.

Performance evaluation

The force and displacement are not the only require-
ments. As mentioned in the ‘Introduction’ section, the
deployment duration is critical for a correct perfor-
mance of the Gurney flap. The force and displacement
capabilities of the mechanism are evaluated during the
finite element analysis to calculate the objective value.
However, a transient analysis is needed to obtain the
displacement speed. It is performed on the optimized
geometry.

Results

The results of the geometrical optimization are pre-
sented in Figure 6. After 30 initial finite element simu-
lations and the evaluation of the surrogate model, the

problem converged quickly. The termination criterion
is achieved within nine iteration loops. The optimum
geometry displayed in Figure 7 shows a middle arm
with an opposite slope when compared to the initial
structure shown in Figure 3.

The bender mechanism achieves a free displacement
of 2.3 mm for a block force of 230 N. The deformed
structure is shown in Figure 7. The displacement
remains insufficient for sliding directly along the length
of the Gurney flap (13 mm). However, the block force
is sufficient to sustain the force of the airflow close to
the tip of the blade (Paternoster et al., 2010). The
objective function can be modified to put more impor-
tance on the force or the displacement criterion by add-
ing coefficients in front of the normalized displacement
and force. However, modifying the objective function
to give more importance to the displacement does not
improve the displacement sufficiently to meet the speci-
fications while the force becomes too weak to with-
stand the airflow force.
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Figure 7. Deformation field of the optimized mechanism with a, b and c being the upper, lower and middle arm, respectively.
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Figure 8. Displacement of the bender mechanism during the transient analysis.

This optimization objective was focused on getting a
structure that would maximize both force and displace-
ment. A deployment within 10° of blade rotation is also
needed to have a suitable actuation mechanism. This
characteristic was investigated for the deployment
mechanism using a transient analysis of the finite ele-
ment analysis set. The displacement of the bender
mechanism subjected to a short-step voltage (0.1 ms) is
displayed in Figure 8. Ten degrees of sweeping angle
are completed in 6.6 ms. The displacement shown at
this time step is 1.13 mm. The free displacement is
achieved at 11 ms and increases further on due to the
inertia of the motion. The displacement oscillations are
undamped because no structural damping has been
implemented in the FEM.

Conclusion and future work

The process described in this article successfully achieves
to optimize an actuation mechanism according to both
displacement and force. It manages to amplify the small
strain generated in an MFC piezoelectric actuator into a
significant displacement. The performance of the resulting
geometry showed sufficient block force. However, the

displacement and the deployment duration are still not
sufficient for this application. The transient analysis
shows that the displacement of the structure is higher
than the free displacement using the inertia of the
motion. Future work involves redefining the objective’s
calculation to include and take advantage of the
dynamic effects and implementing a more complex
FEM that takes into account damping, contact ele-
ments and has more MFCs. The described procedure
can be applied to any actuated system requiring an opti-
mization based on performances.
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Appendix |

Calculation of the surrogate function with an ordinary
kriging model

An ordinary kriging model can be defined as a base
function, which represents the global trend of the data
with a stochastic function that approach the data com-
puted at the sampling points.

A kriging model can be defined as

Y@ =pt e (8)

where P(x) is the estimation of the surrogate function
for a set of parameters x, u is a constant value corre-
sponding to the base function of the ordinary kriging
model and € (x) is the function that estimates the data
modelled at the sampling points. The surrogate func-
tion will evaluate the horizontal displacement of the
bottom arm for a set of design parameters.
A Gaussian correlation is used for this model

Rexi,x) = e’ )

where x; and x; are parameter values and 6 is a scaling
parameter for the correlation function, whose value
depends on the problem considered.
Then the base function is estimated as
Al
XTR 'y

— (10)
XTR'x

=
where fu is the estimation of the base function, R is the
correlation matrix and X is a unit vector (ordinary kri-
ging case).
Therefore, the prediction of the kriging model is

y=p+r R TR (11)

where y is the estimation of y, r is the correlation vector
between the set of parameters, y is evaluated at and the
parameters at which the surrogate function has been
evaluated and I is a unit vector.
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