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Abstract. An application of macro-fibre composite (MFC) actuators for the active twist 
control of helicopter rotor blades leads to significant vibration and noise reduction without the 
need for complex mechanisms in the rotating systems. To optimise an active twist of rotor 
blades with C and D-spar, new 3D finite element models and corresponding piezoelectric, 
static torsional and modal analyses are developed for two variants of application of active 
materials. Due to a large dimension of the numerical problem to be solved, an optimisation 
methodology is developed employing the method of experimental design and response surface 
technique. The comparative analysis is carried out to choose an appropriate optimal solution 
from rotor blades with C and D-spar and two variants of application of MFC actuators in the 
examined design space. The results of quasi-static tests made on demonstration blade confirm 
high accuracy of the developed 3D finite element models and corresponding analyses. 

1 INTRODUCTION 
During flight, helicopter rotor blades produce significant vibration and noise as a result of 

variations in rotor blade aerodynamic loads with blade azimuth angle. Likely, significant 
vibration and noise reduction can be achieved without the need for complex mechanisms in 
the rotating system using active twist control of helicopter rotor blades by an application of 
MFC actuators. In this case MFC actuators are implemented in the form of active plies within 
the composite skin of the rotor blade with orientation at 450 to the blade axis to maximize 
shear deformations in the laminated skin producing a distributed twisting moment along the 
blade. 

A number of theoretical and experimental studies were performed to estimate an active 
twist of helicopter rotor blades required for the reduction of noise and vibration, and 
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improvement of the overall performance of helicopters. The early studies were mostly 
experimental in nature and were undertaken to prove the concept of an active twist control 
using piezoceramic materials [1, 2]. Most present numerical investigations are based on 
simple box–beam blade models or combination of 2D cross–section analysis and 1D beam 
analysis along the blade span [3, 4]. Recently, using these approaches, optimisation 
methodologies were developed to maximise an active twist response for some rotor blade 
models [5, 6]. 

The present investigations demonstrate the optimal design of an active twist of helicopter 
rotor blades with C and D-spar developed by using new 3D finite element models and verified 
by the testing of demonstrator blade. Two design solutions for an application of active 
materials were studied to estimate their effectiveness. 

2 CONSTRUCTION OF HELICOPTER ROTOR BLADES 
The investigated helicopter rotor blades (model scale) presented in Fig. 1 are not pre-

twisted, equipped with NACA23012 airfoil and have the radius of 2 m and chord length of 
0.121 m. They consist of C or D-spar made of unidirectional GFRP, skin made of +450/-450 
GFRP with the thickness of separate layer of 0.125 mm, foam core, balance weight and MFC 
actuators located on the skin. It is necessary to note that rib in the D-spar design presents 
continuation of C-spar ”moustaches” and, for this reason, has the same thickness with them. 

MFC actuators used consist of rectangular piezoceramic fibres embedded into the epoxy 
matrix and sandwiched between polyamide films that have attached interdigitated electrode 
patterns as shown in Fig. 2. The direction of piezoceramic fibres in MFC coincides with the 
direction of outside GFRP skin layers to maximise the twist actuation capabilities. The 
thickness of MFC actuators is 0.3 mm, their operational voltage is from -500 till +1500 V and 
the spacing between electrodes is 0.5 mm. MFC actuators are applied as an active rectangular 
shape layer with the length of 1.56 m. Two design solutions for a best application of active 
materials (Fig. 3) were chosen from the previous study [7] for the present investigations. The 
material properties of the rotor blade components are given in Table 1. 

 

 
Figure 1: Helicopter rotor blades with C and D-spars 
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Figure 4: Finite element models of helicopter rotor blades 

New 3D finite element models of the rotor blades with C and D-spar (Fig 4) are built using 
ANSYS code [8], where the rotor blade skin with MFC active layer, spar “moustaches” and 
rib in D-spar design are modelled by the linear layered structural shell elements SHELL99, 
but the spar, foam and balance weight by 3D 20 node structural solid elements SOLID186. 
Some model simplification was done, namely foam material was removed from the rotor 
blade tile. This gives the possibility to decrease the dimension of the finite element model and 
to preserve a proportional mesh for the blade skin without an accuracy loss for the obtained 
results. The node offset option is applied for the joint MFC-skin-spar “moustaches” structure 
to preserve the rotor blade profile. In this case the finite element nodes are located at the top 
surface of laminate. The adhesive layer between MFC actuators and skin is ignored and 
clamped boundary conditions are applied from one side of the rotor blade. 

4 EXPERIMENTAL CHARACTERISATION 
To validate the developed 3D finite element models, the demonstration rotor blade with 

MFC actuators was designed, produced and tested. The main characteristics of the 
demonstrator are taken from the well-known BO 105 model rotor blade consisting of 
unidirectional GFRP C-spar, laminated composite skin and foam core. The chord length of 
121 mm and the radius of 2 m are in agreement with the original whereas, due to 
manufacturing reasons, the profile was slightly modified into a symmetrical NACA 0012 
which does not really change the blade from a structural point of view. The demonstrator is 
not pre-twisted and its dimensions are presented in Fig. 5. The material properties of the rotor 
blade components are given in Table 1 where the wolfram material should be chosen for a 
balance weight in the demonstration blade. 

MFC actuators used for an active twist of the rotor blade have the angle of piezoelectric 
fibres equal to +40° and the inner surface of skin is made of two GFRP layers with fibres 
angle of –30° (Fig. 5). In the areas outside actuators, two GFRP layers with the angle of +40° 
are added to the outer surface of skin in order to carry loads of actuators and to decrease the 
change of stiffness in this transition region between skin and actuator. Finally, 12 MFC 
actuators with operating voltage of -500 … +1500 V are implemented from both sides of the 
blade, resulting approximately in a total active area of 3200 cm2. All MFC actuators are  
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Figure 5: Cross-section and plan-form of the demonstration rotor blade 

placed into the mould and then cured together with GFRP. The details of manufacturing 
process could be found in [9]. 

The quasi-static tests for the demonstrator blade were carried out to measure an active twist 
angle. For such measurements rotor blades are usually clamped at the root standing upright. 
This is done to avoid any influence of flap bending, which would occur just by the weight of 
the blade itself, if tested horizontally. The developed special test rig (Fig. 6) allows location of 
sensors and actuators close to the rotor blade and simple installation of the rotor blade shape 
clamp for a twist measurements in a certain area of the blade. It is necessary to note that the 
test rig is also useful for the blade stiffness measurements. 

In order to measure the tip deflection, two different techniques were tested. The first 
assumes an application of laser beam on the blade tip. When the blade is twisted, this beam is 
also twisted and the beam’s projection on a wall located several meters away from the test rig 
gives the possibility to determine the blade twist. The second technique utilizes a set of laser 
displacement sensors to measure the tip deflection at leading and trailing edge of the blade tip 
which results in the tip twist angle. MFC actuators were used with the voltage range of –500 
… +1300V for a quasi-static excitation with the frequency of 0.15 Hz. Small voltage’s 
reduction was applied to avoid any electrical overloads. The tip twist measured 
experimentally is given in Table 2 together with the results of the finite element analysis. It is  

Table 2: Verification of numerical model 

Active twist angle  , ° 
Δ, % 

Experiment FEM 

3.93 4.06 3.3 
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Figure 6: An experimental set-up  Figure 7: Optimisation procedure 

seen that the difference between active twist angles obtained experimentally and numerically 
is 3.3% that confirms high accuracy of the developed 3D finite element model and 
corresponding analysis. 

5 OPTIMAL DESIGN 
Due to the large dimension of numerical problem to be solved, an optimisation 

methodology is developed employing the method of experimental design and response surface 
technique (Fig. 7). It is necessary to note, that in each of these stages, it is possible to solve 
the problem by different methods. The basic idea of this approach is that simple mathematical 
models (response surfaces) are determined only using the finite element solutions in reference 
points of experimental design. The significant reduction in calculations is achieved in this 
case in comparison with conventional optimisation methods. 

An active twist optimisation problem for helicopter rotor blades with C and D-spar is 
formulated based on the results of parametric study. In this case the objective function is the 
torsion angle maximisation 

  max)( X  (1) 

where    LtttlX skinribspar ,,,   is the vector of design parameters (Fig. 8) with the following 
boarders in mm: 

16≤ l ≤24,   0.50≤ ribspar tt  ≤2.50 
(2) 

0.25≤ skint ≤1.25,   0≤ L ≤100  

It is necessary to note that the skin thickness skint  is a discrete value design parameter with the 
step of 25.0)45/45(  t  mm. Taking into account the producers requirements, the following 
constraints are defined for the present optimisation problem: 
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2510   ,3022  eacg yy  (3) 

kfm T /4000   ,15.59   ,35.1 max1
   (4) 

where 4.1k  is the safety coefficient. 
The plan of experiments, where the points of experiments in the domain of factors are 

distributed as regularly as possible, was developed for 4n  design parameters and 30k  
experiments. The piezoelectric, static torsional and modal analyses determining active twist 
angle, strains arising in the rotor blades, location of centre of gravity and elastic axis, blade 
mass per unit span length and first torsional frequency were applied in separate points of the 
developed plan of experiments. By using approximations of the numerical results, 
corresponding response surfaces were built for the active torsion angle with correlation 
coefficient of 94 % and for other behaviour functions with the correlation coefficients higher 
than 90 % for both rotor blades. They were verified successfully by the finite element 
solutions using the design parameters not presented by the points of the plan of experiments. 
The formulated optimisation problem is solved by the random search method [10] using 
EDAOpt optimisation software [11] and the response surfaces obtained. 

The optimisation results for two rotor blades and two different MFC applications are given 
in Table 3. Since these results were obtained using approximations instead of original 
functions, they are verified by the corresponding finite element analysis in the optimal points. 
Table 3 shows that all the residuals   for objective and other behaviour functions determined 
as the relative errors between the response surfaces (RS) and original finite element solutions 
(FEM) are lower than 2 % in most cases that talks about high accuracy of the present optimal 
design. The optimisation results (Table 3) were obtained with 1000 V and linear piezoelectric 
analysis. Using linearity, the maximal torsion angle could be easily interpolated in the bounds 
of -500 … +1500 V. Strains arising in the rotor blades in the present diapason are lower than 
admissible and for this reason they are absent in Table 3. It is necessary to note that the 
maximal torsion angle desirable for the vibration and noise control applications is ±2º. 

Clearly one can say from Table 3 that, due to the very close maximal torsion angles 
obtained for both spar optimal designs (difference around 2.5%), D-spar design could be 
examined like more preferable since it gives smaller distance between location of the centre 
of gravity and elastic axis, and at the same time does not considerably contribute to an 
increasing of the rotor blade mass (around 3.2% from C-spar design). Obviously also that 
approach 2, due to its ability of higher actuation energy application, is more effective than 
approach 1 concerning the maximal torsion angle. However, this approach gives the rotor 
blade design with biggest mass and larger distance between location of the centre of gravity 
and elastic axis that does not contribute to an improvement of the rotor-dynamic behaviour. 

 
Figure 8: Design parameters 
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Table 3: Optimisation results 

Optimal design 

C-spar D-spar 

Approach 1 Approach 2 Approach 1 Approach 2 

RS FEM Δ, 
% RS FEM Δ, 

% RS FEM Δ, 
% RS FEM Δ, 

% 

D
es

ig
n 

pa
ra

m
et

er
s l , mm 24.0 24.0  16.0 16.0  16.0 16.0  22.0 22.0  

skint , mm 0.25 0.25  0.25 0.25  0.25 0.25  0.25 0.25  

spart , mm 0.50 0.50  1.50 1.50  1.00 1.00  0.50 0.50  

L , mm 91.0 90.0  77.0 76.0  89.0 88.0  82.0 82.0  

C
on

st
ra

in
ts

 cgy , % 26.5 26.7 0.7 28.9 29.2 1.0 29.7 29.4 1.0 29.4 29.0 1.4 

eay , % 16.3 16.6 1.8 15.7 16.0 1.8 22.1 21.9 0.9 18.1 17.7 2.3 

m , kg/m 0.99 0.99 0 1.16 1.14 1.7 0.96 0.95 1.0 1.20 1.23 2.5 

1Tf , Hz 59.2 57.9 2.2 59.3 59.8 0.8 59.2 58.1 1.8 59.8 58.9 1.5 

O
bj

ec
tiv

e 
fu

nc
tio

n 

 ,° 3.91 3.88 0.7 5.52 5.56 0.7 4.01 4.04 0.7 5.39 5.39 0.0 

 
Additionally, it is necessary to note that very strong constraint narrowing borders of the 
optimal solution search is the fundamental torsion eigenfrequency since all optimisation 
results come on its boarder or very close to it. 

To find a compromise between minimal distance of the centre of gravity and elastic axis, 
and maximal torsion angle and minimal rotor blade mass, multiple optimisation problems 
were solved with the same objective function maximising the torsion angle (Eq. (1)) under 
constraints described by Eq. (4) and presented below 

constyy eacg   (5) 

In this case optimal solutions were obtained for the constant minimal distances of the centre 
of gravity and elastic axis taken with the step of 0.5%. The value of step was reduced till 0.1% 
only approaching the minimal and maximal possible boarders where the optimal solution still 
exists. The optimal results for all steps are presented in Figs 9-10 for two spar designs and 
two approaches presenting different MFC applications. It is seen from Figs 9-10 that D-spar 
design is more effective in most cases since gives the possibility to obtain higher values of 
torsion angle and to build rotor blades with the smaller distance between location of the centre 
of gravity and elastic axis. It is interesting to note that optimal solutions for the rotor blades 
with C-spar design do not exist already for the minimal distances of the centre of gravity and 
elastic axis lower than 6.7% for approach 1 and 12.1 % for approach 2. At the same time, D-
spar design allows obtaining considerably lower values especially for approach  
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Figure 9: Optimal solutions for Approach 1 
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Figure 10: Optimal solutions for Approach 2 
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2. As expected, approach 2 is more effective than approach 1 concerning the maximal torsion 
angle but it considerably narrows application boarders of C-spar design and increases the 
weight of rotor blades. It is necessary to note also that approach 1 allows finding the optimal 
solutions in wider boarders for both spar designs. 

6 CONCLUSIONS 
Optimal design of helicopter rotor blades for an active twist application was developed by 

using simple plan of experiments with a regular distribution of sample points and accurate 
response surfaces obtained with high correlation coefficients. New 3D finite element models 
and corresponding piezoelectric, static torsional and modal analyses carried out in the points 
of experiments were successfully validated by the quasi-static tests made on demonstration 
blade. Optimisation problems were solved for two spar designs and two variants of 
application of MFC actuators to maximise an active twist angle. The comparative analysis 
was carried out to find a compromise between minimal distance of the centre of gravity and 
elastic axis, and maximal torsion angle and minimal rotor blade mass. 

For an improvement of the rotor blade active control, D-spar design could be examined as 
more effective since allows smaller distance between location of the centre of gravity and 
elastic axis. At the same time it preserves high value of the active twist angle and does not 
considerably contribute to an increasing of the rotor blade mass. Moreover, D-spar design 
allows the obtaining of optimal solutions in such regions of the examined design space where 
C-spar optimal design is completely impossible. 

As expected, approach 2 is more effective than approach 1 concerning the maximal torsion 
angle since it allows an application of higher actuation energy. However, at the same time this 
approach gives the rotor blade design with the biggest mass. 
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