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Abstract

This paper presentspreliminay resultsabout the designand optimization of a model-scaleactive twist

bladeactuated by meansof Macro Fiber Composites(MFC), aspart of the EU-spnsaed Friendcopter
project for an environmentallyfriendly helicopter. The capability to numericallycharacterizeinduced
strain composite beamsectionsis usedin an optimization problemto determinethe designof the rotor

blade,which will be subsequentlyexperimentedin a hovertest rig at DLR.

Nomenclature

EA  tensionsti ness

EJy beamwisebendingsti ness

EJ, chadwisebendingsti ness

GAy chadwiseshea sti ness

GA, beamwiseshea sti ness

GJ torsionalsti ness

M; i-th internal momentcomponent

Ti i-th internal force component
i i-th linea strain component
i i-th angula strain component

C.G. centerof gravity
S.C. shea center
T.C. tensioncenter

Introduction

Friendcopter is a EU-spnsaed reseach project
aimed at investigatingthe feasibility and the possi-
ble developmentrendsfor an environmentallyfriendly
helicopter. It addressesli erent aspectsof helicopter
designand operation, including the use of appropri-
ate trajectories when operating in ground proximity,
the reduction of interior cabin noise, the quality of
the emissiondrom engineexhaustsand more. Work
Package 5 speci cally addresseshe investigation of
active control techniquesappliedto the rotor, to si-
multaneouslyreducethe vibrationstransmitted to the
airframeand the aeradynamicnoisegeneratedby the
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rotor bladesin certain ight regimes,andto improve
the overallperfaomancesof the helicopter.

Asthe threeobjectives althoughin generalpursued
in di erent ight regimesmay be contrastinganddif-
cult if not impossibleto achieveby meansof a single
active control principle, the partners agreedon inves-
tigating di erent, possiblycomplementay active con-
trol solutionsaccadingto a staggeredapproach. The
ideais to investigaterelatively consolidated low risk
techniqueswhich will be implementedin experimen-
tal setups,and, at the sametime, higherrisk solutions,
which may not immediatelyturn into a successfuéx-
perimentwithin the scope of this project but are likely
to leadto an innovationin future helicopterdesign.

In the spirit of pursuing relatively consolidated
active control techniques, the reseach team led
by DeutschesZentrum fur Luft- und Raumfahrt
(DLR), with the participation of Politecnico di Mi-
lano (POLIMI) and Riga TechnicalUniversiy (RTU),
is currently investigatingan innovative active blade
twist solutionbasedon the useof the next generation
piezcelectric actuation conceptsin conjunction with
speci cally tailored bladeand blade sectiondesigns.

As highlightedin previousworks conductedby DLR
in conjunctionwith ONERAIn the Active Twist Blade
(ATB) project [1], state of the art Macro Fiber Com-
posites[2, 3, 4] representa promisingsolutionfor the
implementationof active bladetwist. In the courseof
the project it is plannedto incarporate newtechnolo-
gies that are currently under developmentin other
work packagesof Friendcopter. Thesetechnologies
are aiming at the exploitation of advancedpiezcce-
ramic multilayer technology for the design of low-
pro le in-planeactuation systemsand will utilize the
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piezcelectricdss e ect at signi cantly reducedactu-
ation voltages.

As the number of parametersthat may a ect the
general perfaomancesof the blade, and speci cally
those related to the active twist, is quite large, an
important role in this work is played by automatic
structural and multidisciplinay optimization.

Approach

The compehensiveanalysisof the aercelastic be-
havia of helicopter blades typically relies on the
beam model, which regresentsa usually accepted
trade-o between accuracyand computational e -
ciency The relatively simple structural and topolog-
ical beam model can capture the complex behavio
of very sophisticatedinducedstrain, anisotropicand
non-homogeneouotor bladeswhenappropriate elas-
tic, inertial and piezcelectric beam sectionproperties
are available. The elastic/inducedstrain beammodel
ischaracterizedrst by a mix of generaFEM andded-
icated formulations[5]. The resultingsectionproper-
ties are directly usedin the designand optimization
at the sectionlevel. Thesepropertiesare fed asinput
to the eigenanalysi®f the bladeand to the intrinsic
beam model usedin the aeroservelastic analysisof
the rotor in a related part of the project [6].

The designof an optimal active twist bladeis log-
ically split in two levels. At the rotor blade level op-
timal beam section properties are determined, while
at the beamsectionlevelthe beamsectiondesignpa-
rametersare soughtthat match the overallproperties
while complyingwith manufacturingand possiblycost
constraints.

In the current state of the project, no rotor blade
level optimization is being perfamed yet, but the
bladeis requiredto t into somespeci ed rangesof
the designperfamanceindicesof the correspnding
referencepassivebladewithin a giventolerance,while
maximizing the actuation autharity per unit span,
namely the torsion per unit applied voltage. More
sophisticateddesignlayouts will be consideredat the
bladelevel,includinga non-unifam bladedesignthat
matchesthe overall passiveproperties of the original
blade while allowing a higher freedomin the design
of its active strain portion: a combinationof active
and passivespanwiseportions of bladewould allow to
relax structural and aercelasticconstraintson the ac-
tive portion of the blade. Further activity will include
aeroservelastic veri cation and, if required, further
aeroservelasticoptimization of the blade and of the
actuation system.

Objective

The ultimate goal of the optimization processis to
developan optimal designand placementof the active
pliesin the rotor bladewith respectto vibration reduc-
tion, aeradynamicnoiseabatementand perfamance
improvement[7]. The complexiy of the procedure
required to compute the objective function, based
on the interaction of many di erent software compo-
nents (automatic discretizationand meshgeneration,
blade section characterization, constraint evaluation
by meansof FEM/multib ody analysis)suggeststo
adopt a multilevel optimization approach, otherwise
the direct e ect of changesin the designparameters
on the objectivefunction and on the constraintscan
be masledby the \noise" relatedto the computation,
thus deceivingthe optimization procedure.

In the presentwork, intermediateobjectivesare se-
lected, whoselocal optimality is assumedo be ben-
e cial in view of the global optimality of the overall
design. Particular emphasiss put on maximizingthe
amplitude of the static inducedblade twist per unit
length, and on some spanwiseweighted integral of
the static inducedtwist, preservingas much as pos-
siblethe dynamicpropertiesof the passiveblade, un-
der the assumptionthat the dynamicresmpnseof the
blade torsion, and thus the resulting perturbation of
the aeradynamic forces, is maximizedas well in the
frequencyinterval of interestfor the active control of
the rotor. Figurel sketchesthe parametricdiscretiza-
tion of the bladesectionthat is being optimized. Ac-
tually, that gure refersto aninitial, tentative design
that evolvedin more specializedlayouts, with the ac-
tive plies placeddirectly on the outer surfaceof the
blade in single or multiple patches, as illustrated in
the following.

InducedStrain Blade SectionChaacterization

The bladesectionelasticand piezo-electriccharac-
terization is fundamentalto obtain realisticestimates
of the inducedstrain capabilitiesof a design.Eventhe
characterizationof passiverotor bladesmay represent
a challengebecausehe sectionpresentsmany di er-
ent layers and portions, made of di erent, heteroge-
neousanisotropicmaterials. As a consequenceimple
analysisapproachesmay leadto inconsistentresultsin
terms of elasticproperties, becausethe anisotroy of
the materialsandthe complexgeometryof the section
typicallyleadto sectionpropertieswith couplingsthat
cannot be descriled by the conventionalengineering
properties.

The approachfollowedby DLR is basedon 3D FEM
modelingof a bladesectionusingANSYS. A paramet-
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Figure 1: Active Twist Blade section.

ric model generate was establishedn ANSYS Para-
metric DesignLanguage(APDL). That way models
with di erent valuesfor the designparameterscanbe
generatedautomatically Foam, spa, skin and MFC
actuatar weremodeledwith SOLID45lements,in or-
derto make the model more accurate. Additional bal-
ancingweightwasintroducedaspoint massedVASS21
in the spa. The level of discretizationin the cross-
section plane is illustrated in Figure 1. The piezo-
electric coupling e ect is modeled by exploiting the
thermal analogy In severaltest casesthis procedure
was compaed with the approachby POLIMI. The re-
sultsobtainedwith both methodswerein good agree-
ment. In a secondstepthe globalsti ness andinertia
terms are derivedand appliedto a beam model for
the eigenfrequencynalysis.

POLIMI follows an approach basedon a 2D nite
elementmodel of the section,which allows a level of
detail compaableto that usedby DLR. The modelis
usedto de ne the geometryof the beamsectionand
to solvethe linea elastic problemon the 2D domain
of the beam sectionfor load distributionsthat corre-
spond to unit internal forcesand appliedelectricvolt-
ageand accountfor the appropriate natural bounday
conditions. As a consequencehe solutionis intrinsi-

Figure 2: Active Twist Blade FEM model.

structural shellelementsSHELL99while the foremost
portion of the spa and the foam are modeledby 3D
20 node structural solid elementsSOLID186 To pre-
servethe outer shape and geometryof the airfoil, the
layered elementsare o set inward from the external
contour, wherethe nodesare placed.

Befare starting the analysis,convergenceests of
the nite elementresultshavebeenexaminedfor dif-
ferent meshes. As a consequenc®f the complexiy

cally compatible, becauseof the displacement-based of the structure investigated,three sepaate conver-

FEM modelingof the continuum,whilethe local equi-
librium is enfacedin a weakform [5]. A clea advan-
tage of this approachis that inter- and intra-domain
strainsand stressexan be computedwith the desired
levelof accuracyby re ning the mesh.

RTU follows yet another approach, basedon 3D
FEM modelingof a portion of bladeusingANSYS, as
illustrated in Figure 2. The rotor blade skin and the
rea portion of the spa are modeledby linear layered

genceproblemshave been solvedfor components of
the rotor blade;the skin, the spa and the foam.

When dealing with isotropic, uniform straight
beams,the sti ness matrix of the sectioncan be par-
titioned in axial and transversdoad carrying portions

8 9 2 38 9

< Tx = Air A Az < x =
My =4 Ap An Ax> . (1)
M, Az Axz Aszs 2’
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8 9 2 38 9

< Ty = Si1 S Sz < oy =
T, . =4S, Sp Sk .. (2
My ° Siz S23 Sz 1 x ]

whereT; andM; are the internalforcesand moments,

i and ; are the linea and angula strains of the
beam,and A;j and S; are the sti ness coe cients

relatedto axial and shea straining of the beam sec-
tion.

Thesecoe cients can be factored out to yield the
well-knovn engineeringparameters,i.e. two distinct
referencesystemsrepresentingthe tension and the
shea centers, and the axial and shea elastic prop-
ertiesreferredto thesetwo locations,in the principal
directions. These properties can be consistentlyob-
tained from a simple,geometry-basednalysis.

However, for anisotropic, non-homogeneoubeam
sections,the axial and the transversebehavia of the
beamno longercan be sepaated; the sti ness matrix
becomesdfully coupled,and eventhe tensionand the
shea centerlosetheir meaning.

This shouldbe takeninto accountwhenanalyzing
the dynamicand aercelasticbehavia of the rotor; in
fact, the 6 by 6 sti ness andinertia matricesresulting
from the beamsectionanalysis plus, for N, piezoac-
tuators, the 6 by N, piezaelectriccouplingmatrix, are
directly fed to the multibody aeroservelasticanalysis
that is usedto assesshe active rotor design. If re-
quired, rotorcraft aeroservelasticanalysiswill be part
of the outer optimization level.

Blade SectionOptimization Procedure

As alreadyanticipated, the objectiveis to maximize
the twist per unit spanper unit electric eld of a uni-
form beamsection,undera givenset of constraints.

Most of the constraints result from the needto
match as closeas possiblethe properties of the ref-
erencepassivedesign,to reducethe likelihood of the
insurgenceof dynamicsand aercelasticissuessothat
this levelof optimizationcanbe run standalone.Some
of the constraintsactually result from manufactaing
considerationsof from the needto keepthe number
of designvariablesundera reasonabldghreshold. The
constraintsare:

a) the outer shape is that of a given airfoil (NACA
23012in the presentcase);

b) the spa is\C" shaped; the thicknessof the rea
portion of the \C" is constant;it endswith a tri-
angula shape, while the front tting is circula;

c) a leadballastwith circula shage is buriedin the

front portion of the \C" spa; it does not cary
tension;

the chardwiselocation of the C.G.is between22%
and 30% of the chard;

d)

the chadwiselocation of the elasticaxisis between
20% and 25% of the chard;

f) the massper unit spanof the crosssectionmust
be belowv a givenvalue;

the rst torsionaleigenfrequencyt nominalRPM
must be between3.5/rev and 4/rev;

9)

h) the maximum axial strain in the \C" spa is lim-

ited;

i) the beamwisebending sti ness must be between
a lower and an upper limit;

j) the torsionalsti ness mustbe abovea limit value;

Slightly di erent setsof designvariableshavebeen
considereddy the partners, to further expandand ex-
plore the designspace.

DLR focusedon the parametric investigation, re-
quired for the optimization procedure develogd by
RTU. The e ects of di erent designparametersonthe
properties of the blade sectionswere discussedising
aninitial FE model of the section. The model consists
of two MFC actuatars (thickness0.3 mm each), one
on the upper and one on the lower side of the blade
section. The skin consistsof two layers: an outer
layer of 45 deg GFRP (thickness0.25 mm) and an
inner layer of 0 deg (unidirectional, spanwise)GFRP
(thickness0.125 mm). The spa is modeledwith 0
deg GFRPaswell. Additional weight in the nosehas
the massof 182.5g/m, located 1.5 mm behind the
leadingedge. This masswas not changedduring the
investigation. The parametersaddressedire:

D.1) the leadinglocation of the MFC actuatar;
D.2) the chadwiselength of the MFC actuatar;
D.3) the thicknessof the \C" spa;

D.4) the length of the \C" spa.

The crosssectionwas modeledin ANSYSin order to
determinethe crosssectionalpropertiesof the design.
The generageometryandthe stackingof the di erent
materialsare illustratedin Figure 1.

The in uence of the sizeof the inducedstrain ac-
tuator hasbeeninvestigatedby varying the length of
the patch for three starting points: 10%, 20% and
30% of the chard from the leadingedge,with the end
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Figure 3: Sensitiviyy of mass(left) and C.G. chadwiselocation (right) to chardwiseactuatar extensionand

position.

of the spa setto 40% of the chad and its thickness
setto 1 mm. Figure3 illustratesthe sensitiviy of the
total massand of the C.G. of the sectionwith resgect
to the chardwiseactuatar extension.The strongin u-

enceof the additional actuatar massis causedby the
density of the MFC (4.7 g/cm?), whichis signi cantly
high in compaisonto the GFRP (2.008 g/cm?) and
foam (0.052 g/cm?). The additional masscan be as
high as 20% (compaed to that of the passiveblade)
with just one MFC layer for the lower and upper skin,
respectively The closerthe Start of Actuator point

is located to the leading edge, the lower is the ad-
ditional mass;this latter e ect is rather small. The

C.G. movesbackward as the added massincreases.

Figure 4 shows the in uence of the same parame-
ters on the bendingsti ness in beam and chad di-
rection. The sti ness increasein beamwisedirection
is strongerthan that in chardwisedirection. The far-
ther back the active portion is located, the higheris
the stiness increase;this is caused,in the beam-
wisedirection by the larger distancefrom the neutral
axis of the piezeelectric material. When the actua-
tor starts at 10% and spansup to 15% of the chad
the beamwisesti ness slightly decreasess the actu-
ator becomedonger. This is dueto the fact that, in
this con guration, the actuata is locatedin the front
of the spa only; as a consequencethe piezcelectric
material is replacingthe GFRP material, whosesti -

nessis higherin the spanwisedirection of the blade.
The torsionalsti ness (GJ) andthe rst torsionalfre-
guencyat nominal RPM are shavn in Figure5. The
sti ness increasesalmost linealy with the chardwise
actuatar extension. For very shat actuatas, located
in the regionof the spa, a behavia analogougo that
of the beamwisebendingsti ness, wherethe sti ness

initially slightly decreasesThe eigenfrequencghons
a strongnonlinea behavia with respect to the chard-
wiseactuatar extension but the changein magnitude
is quite limited.

Figure 6 shavsthat the active twist is pretty much
linea with the chardwiseactuatar extension.A small
perturbationin the regionof the rear end of the spa,
which in the baselinedesignoccurs at a chadwise
actuatar extensionof 25%, distinctly appeas on the
plot on the right. This behavia strongly dependson
the participation to the torsionalsti ness of the spa,
which the actuatar hasto counteract. The reduced
autharity of that portion of MFC patch suggestghe
opportunity to split the patch in two piecesin that
position.

The in uence of the spa length on the main prop-
ertiesof the sectionhasbeeninvestigatedwhile main-
taining the beginningof the actuatar at 10% of the
chad, and varying its rea end from 70% to 80% of
the chad; a thicknessof 1 mm hasbeenconsidered.
Figure7 showvsthe strongin uence of the spa length
on the massand the C.G. of the section. The mass
increasedinealy with the spa length, while the C.G.
shift shawvs a nonlinea behavig. Figure 8 shavs the
in uence of the spa length on the bendingsti ness
in both directions. The increasein sti ness in the
beamwisdlirectionis muchstrongerthan that for the
chardwisedirection. The beamwisebendingsti ness
increasesalmost linealy, while the lag wise sti ness
showvs a nonlinea trend. The active twist and the
torsional sti ness (GJ) are shown in Figure 9. The
strong dependenceof the twist on the torsionalrigid-
ity is appaent, with a remakable nonlinea behavia
around 40% of the chad whenthe end of the actu-
ator is located at 70% of the chard. No satisfactoy
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explanationfor this behavio hasbeenfoundyet. The
in uence of the spa lengthonthe rst torsionaleigen-
frequencyat nominalRPM is shovnin Figure10. The
increasein polar inertia is clealy dominating the in-
creasein torsionalsti ness.

The in uence of the thicknessof the rea portion
of the spa has been investigatedwhile keepingthe
end of the spa at 40% of the chad, and the begin-
ning and the end of the piezcelectric patch at 10%
and 80% of the chad, respectively Figure 11 shows
that the massincreasedinealy whenthe thicknessof
the rea portions of the \C" spa is increasedwhile
the C.G. movestoward the leadingedge, sincemost
of the spa material is located in front of the 25%
line. All sti nessesincreasewith the spa thickness,
asillustratedin Figure12 andin Figurel3 (left). The
active twist again dependson the torsionalsti ness,

asillustrated in Figure 13 (right). The reasonfor the

deviationfrom lineaity is relatedto the interaction of

the MFC patch with spa rea end region. The tor-

sionalsti ness (Figure 13 left) doesnot changesignif-
icantly with the spa thickness,but the polar inertia
does. As a consequencethe rst torsionalfrequency
at nominalRPM decreasesigni cantly whenthe spa

thicknessincreasesasillustrated in Figure 14.

POLIMI perfamed the optimization of the blade
sectionwith the previouslydescriled constraintsusing
a standad SequentialQuadratic Programmingtool-
box, consideringas designvariables:

P.1) the chadwise position where the piezalectric
patch starts;

P.2) the length of the piezcelectric patch;
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P.3) the thicknessof the piezaelectric patch;

37.

P.4) the radiusof the balangingmass;
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565 Tablel: Best blade sectionoptimization with the de-
. fault constraints.
E: Initial Final
g 555 Endor Tensionsti . 61.02 86.16 % ref.
g -° Chad shea sti . 68.68 70.50 % ref.
e ” = Beamshea sti . 6.94 13.47 % ref.
T a5 Torsionalsti . 156.09 163.28 9% ref.
g Beambend. sti . 93.10 107.90 % ref.
1 Chad bend.sti. 226.78 266.72 % ref.
s ‘ Mass 93.47 131.36 % ref.
2 30 35 40 4 50 55 Twist inertia 135.51 178.84 9% ref.
Spar Length [3 Beaminertia 98.64 137.90 % ref.
Chad inertia 136.37 179.79 % ref.
Figure 10: Sensitiviy of nominal RPM 15t torsional gﬂgg ch 3;411 ggs Zj’gﬂgg
frequencyto spa length. : - 0
g yio sp g Chad T.C. 11.77 7.36 % chad
Authority 20.59 100.00 %

P.5-8) four parametersthat de ne the geometryof the
\C" spa.

The model is madeof an outer layer of 45 degfab-
ric, with the orthotropic piezcelectric patchesbonded
on the outer faceand the gaps lled with epoxy. The
spa is modeled by automatically generatingthe de-
siredshape, accading to the designvariablesthat de-
ne the position and the shape of the rea portion,
the thicknessesnd the location of the circuler tting
of the front. A circula inclusionrepresentingthe lead
balancingmassis consideredswell; its sti ness prop-
erties have beenmodi ed to accountfor the correct
inplanesti ness, while eliminatingits participation to
the spanwisesti ness. The rest of the inner section
hasbeen lled with foam. preliminay analyseshoved
that neglectingthe foam leadsto smalldi erencesin
terms of sti ness, but may lead to signi cant varia-
tions in the position of the elasticaxis.

Note that the thicknessof the MFC patch, param-

eter (P.3), shouldbe imposedby technologicalcon-
straints; however,sincethat componentwill be specif-
ically manufacturedfor the presenttest, it hasbeen
considered designvariableto asses#ts impactonthe
optimality of the design. On the contrary, the thick-
nessof the 45 degfabric that wrapsthe airfoil has
beenenfaced. Currently the constraint (g) on the
torsionalfrequencyhasbeenaccountedfor by consid-
ering the analytical frequencyof a uniform beam of
appropriate lengthwithout anyelasticor inertial twist-
bending coupling. A more accurate eigenanalysi®f
the fully coupled,rotating bladewill be accountedfor
in future optimizations.

Figurel5illustratesthe initial andthe best nal de-
signthat hasbeenobtainedsofar. Tablel illustrates
somerelevant gures about the sametwo blade de-
signsas compaed to those of the referencepassive
rotor blade. Note that Table | doesnot descrite the
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couplingsof the active twist blade section,which are
not coveredby the conventionalengineeringproper-
ties.

The resulting designgivesvery signi cant perfar-
mancesin terms of active twist capability per unit
electric eld inthe MFC: 1:.04 10 © (deg/m)/(V/m);
this gure has been increasedby the optimization
about 5 times with respect to that of the initial con-
guration. Whenan electric eld in the rangeof 10°
V/m is applied, either by using a high voltage or a
verysmallelectrade distance a static actuationabove
1 deg/m is expected.

However, from a helicopter blade designpoint of
view, the resulting designmay su er from allowing
the MFC to carry too much of tension, bendingand
torsion,althoughall constraintsare satis ed, andfrom
allowing too large a sepaation betweenthe center of
gravity (C.G.) andthe normal stressesenter, or ten-
sion center (T.C.) on one side, and the shea center
(S.C.) on the other side. As a consequencefurther
optimization attempts, with additional constraints,
havebeenperfamed.

When independent constraints on the position of
the C.G. and of the S.C. are consideredthe former
tendsto moveto the reamost allowed position, while
the latter movesstraight to the foremost position,
as indicated in Figure 15 and in Table I, wherethe
distancebetweenthe two points resultsin 10% of the
chard.

When an additional constraint on the relative dis-
tancebetweenthesetwo pointsis consideredlessper-
forming but more aercelastically realistic blade sec-
tions result. Figure 16 illustrates the results of two
optimizationswith the additional constraint:

Tablell: Bladesectionoptimizationwith an additional
constrainton C.G.-S.C.distance.
8% chord 5% chord

Tensionsti . 65.86 74.69 % ref.
Chad shea sti . 62.06 51.46 % ref.
Beamshea sti . 8.39 12.64 % ref.
Torsionalsti . 145.65 128.99 9% ref.
Beambend. sti . 86.19 87.02 9% ref.
Chad bend.sti. 233.79 226.01 9% ref.
Mass 107.02 103.28 9% ref.
Twist inertia 151.53 138.03 9% ref.
Beaminertia 110.16 88.25 9% ref.
Chad inertia 152.50 139.19 9% ref.
Chad C.G. 4.84 1.30 % chad
Chad S.C. 1.31 0.67 % chad
Chad T.C. 8.77 5.10 % chad
Authority 74.37 33.05 % Tab.|I

k) the distancebetweenthe C.G.andthe S.C. must
be below a givenfraction of the chard.

When its value is set to 8 and 5%, the actuation
authority respectively reducesto 3/4 and 1/3 of the
valueobtainedealier, asindicatedin Tablell.

RTU focusedon the e ects of the number and
placementof the MFC patcheson the twist actuation
autharity, and on other parametersof the blade sec-
tion, like the radiusand location of the circula tting
in the noseof the \C" spa. To be ableto formulate
an optimization problem,a parametric study hasbeen
initially conducted. The dependenceof the behavio
functions(torsionangle, rst torsionfrequencycenter
of gravity, massof crosssection,bendingand torsion
sti nesses,tensionmicrostrains)on:

R.1) the length of the rea portion of the spa;
R.2) the thicknessof the rea portion of the spa;
R.3) the radiusof the spa circular tting;

R.4) the chadwiselength of the MFC patch;
R.5) the thicknessof the skin; and

R.6) the voltage

hasbeenstudied.

The thicknessof the rea portion of the spa shaws
quite a small in uence on the behavia functions,
while the chadwiselength of the MFC patchesshaovs
the most signi cant in uence on most of them, asex-
pected. As a consequenceadditional investigations
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Figure 15: Blade sectionoptimization with the default constraints: initial (top) and nal (bottom) con gu-
ration. Propertiesare detailedin Tablel.
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Figure16: Blade sectionoptimization with an additionalconstrainton C.G.-SCdistance:8% chad (top) and
5% chard (bottom). Propertiesare detailedin Tablell.
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Figure 17: Sketch of the sectiongeometry(top) and gluing patterns (bottom).

havebeenconductedto gain more insightinto the in-
uence of MFC chadwiselength on the bladetorsion
angle.

Figure 6 shows that there appeas to be a change
in the slope of the torsionangleas soon as the MFC
patch extendspast the end of the \C" spa. This
feature canbe exploitedto study the optimal location
of the MFC in the rotor blade. For this reason,four
sepaate problemshavebeensolved,accading to the
symiols indicatedin Figure 17:

1. MFC extendingfrom A to B;
2. MFC extendingfrom B to A;
3. MFC extendingfrom B to C;
4. MFC extendingfrom C to B.

Figure 18 illustrates the dependenceof the torsion
angle on the length of the MFC patch accading to
the four problemsabove, for a nite portion of blade
1.52 m long and for an applied voltage of 1000 V;
curve (1) is analogougo thosein Figure6.

Figure 18 givesthe possibility to choosean optimal
strategyfor MFC gluingin the rotor bladechad-wise
direction. Clealy, for a givenchadwiseactuator ex-
tension, case3, consistingin gluing the MFC patch
right behindthe end of the spa, appeas to be opti-
mal in terms of actuation autharity per unit extension
of the patch; the autharity for a givensizeof the MFC
patchis maximizedwhenthe solutions(2) and(3) are
usedsimultaneouslylimiting case(2) to 20 25% of
the chad.

Figure 19 illustratesthe dependenceof mass,C.G.
location, active twist and nominalRPM rst torsional

Figure 18: Dependenceof torsion angle on MFC
chardwiselength and gluing pattern.

frequencyof the blade as functions of the chardwise
position of the circular tting in the \C" spa. The
behavio of the active twist slope with respect to
the chadwiseactuatar extensionand positioninitially
highlightedby RTU in Figure 18 hasbeenconsistently
observeddy all partners, asappeas from DLR results
in Figure5 (more pronouncedon the right), andfrom
POLIMI resultsin Figure 20 (left), wherethe author-
ity in terms of torsion per unit spanper unit electric
eld of a patch starting at 10% of the chad and ex-
pandingup to 70% of the chard is shavn. An \aver-
aged" slope, illustratedin Figure 20 (right), hasbeen
obtainedby moving a shat MFC patch (roughly 3%
of the chad) between 20% and 60% of the chad,
crossingthe end of the \C" spa at about 35% of the
chad. The gure clealy shows that the MFC patch
encountersa pronouncedossof autharity in the vicin-
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Figure 19: Dependenceof mass(top, left), C.G. chadwiselocation (top, right), active twist (bottom, left)
and 1% torsionalfrequency(bottom, right) on the chardwiseposition of the nosecircular tting.
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Figure 20: Dependenceof inducedtorsionangleon MFC chadwiselength (left) and position (right).

ity of the rea end of the \C" spa. This result was In fact, the rea endof the spa alwaystendsto move
obtained with a relatively shap \C" spa end; it is towardsthe leadingedgeasmuchaspossibleto leave
partially attenuatedwhena more regula blending,as the MFC patch outsidethe \C" spa region.

the oneillustrated in Figurel, is used. Moreover,the

bladesectionlayout illustrated in Figure 15, resulting

from POLIMI's optimization, is in agreemenwith the

behavio observedby RTU in case(3) of Figure 17.
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ConcludingRemaks and Future Prospects

This work descrilesthe current status of the active
twist rotor investigationthat is part of the Friend-
copter EU sponsaed project. The participating part-
nersset up and perfamed somepreliminay paramet-
ric studiesand constrainedoptimizationsof an inno-
vative con guration for an active twist blade section.
Despitethe useof rather heterogeneouanalysidools,
the resultsagreequite well.

The insight providedby the parametricanalysisand
the preliminay optimizationsindicatesthat the actu-
ation autharity increasesf the MFC patchesand the
\C" spa overlapas little as possible. This requires
to allow the distributed actuatars to carry somesig-
ni cant portion of the bending and torsional loads,
which may not be acceptableand needsfurther inves-
tigation. Furthermae, becauseof the considerable
densiy of the piezcelectric fraction of the MFC, this
placementresults in having the C.G. in a reaward
position that may giveriseto aercelasticissues.

Unlessthe design obtained with additional con-
straints, basedon simple aercelastic considerations,
appea acceptable,a multi-level integrated aeroser-
voelastic optimization will be necessgy for the con-
tinuation of the project.
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