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a b s t r a c t

The tiltrotor blades, or proprotor, act as a rotor in the helicopter mode and a propeller in the airplane
mode. The helicopter mode generally requires relatively a low built-in twist angle, whereas in the air-
plane mode, a high built-in twist is desired. Meeting these rather conflicting requirements make the tilt-
rotor design a challenging task. This paper explores an optimal design of a variable-twist proprotor that
changes the built-in twist in an adaptive manner by using the shape memory alloy hybrid composite
(SMAHC). The optimum design problem attempts to find the cross-section internal layout that maximizes
the twist actuation of the variable-twist proprotor while satisfying a series of design constraints. An opti-
mum design framework is constructed in the current work by combining various analysis and design
tools, such as an active composite cross-sectional analysis, a nonlinear flexible multibody dynamics anal-
ysis, a 3-D strain analysis, and a gradient-based optimizer. The MATLAB is used to integrate and synthe-
size the individual tools. A static tip twist is chosen as an objective function that should be maximized for
the best performance. The optimum results exhibit that the twist actuation of the variable-twist propro-
tor can be maximized while satisfying all the prescribed design constraints.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The tiltrotor aircraft is a highly attractive and versatile vehicle
since it has the capability of vertical take-off/landing and high-
speed flight. The vehicle consists of three operation modes:
helicopter mode, transition mode and airplane mode. Also called
a proprotor, the tiltrotor blade can function as a blade in the heli-
copter mode and as a propeller in the airplane mode. Because of
the dual function role, the proprotor experiences two different
aerodynamic environments. In the helicopter mode, it has a rela-
tively small inflow, high blade loading and high rotor speed,
whereas in the airplane mode, it has a high inflow, small blade
loading and relatively low rotor speed. The difference in the
inflows and rotor speeds between the two operation modes neces-
sitates that the proprotor requires a low built-in twist for the
helicopter mode but a high built-in twist for the airplane mode
in order for a good performance characteristic. Because of the con-
flicting requirements, the built-in twist often determined from a
compromise between the two built-in twist angles adequate for
the helicopter and airplane modes, respectively. Naturally, this
conventional design method is unable to guarantee the best perfor-
mance in either operation mode.

Several researchers have studied the variable-twist proprotor
concept to overcome this problem. The most successful approach
was to take advantage of the anisotropic nature of fiber-reinforced
composite materials. When a composite blade is elastically tailored
in an appropriate manner, the extension and torsion behaviors
may be coupled. In this method, the change of centrifugal actions
due to different rotor speeds between the two operation modes
is used to vary the built-in twist distribution [1–3]. However, since
this approach is based on a passive way, it is difficult to achieve
necessary built-in twist angles appropriate under different flight
conditions. The shape memory alloy (SMA) was introduced in the
variable-twist proprotor design to overcome this drawback [4].
Since the SMA can produce a large strain with a low actuation fre-
quency, it is suitable for the structural shape control rather than
vibration and noise controls. Recently, an adaptive shape control
using the SMA has been a focus of research. Prahlad and Chopra
[4] demonstrated that the twist performance of an SMA actuator
could be increased using a torque tube configuration.

The first serious work on the design and performance analysis of
the variable-twist proprotor using SMA was conducted by the pres-
ent authors [5]. An SMA hybrid composite (SMAHC), which consists
of SMA wires and composite matrix, was introduced as an actuator
for a built-in twist control. As is depicted in Fig. 1, the SMA wires are
uniformly embedded with the composite laminae in the fiber direc-
tion (1-direction). The SMAHC is employed in the variable-twist
proprotor design because of its potential advantages. First, the
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design method for a variable-twist proprotor using the SMAHC is
similar to that of a conventional composite proprotor, since the
SMAHC ply can be regarded as a composite prepreg. Second, the
SMAHC is used to endure the loads as well as to control the built-
in twist distribution. In other words, the SMAHC plies can play roles
as a primary structure. Third, through the SMAHC actuation by
applying the temperature change, the proprotor performance could
be improved in an adaptive manner. This is because the twist actu-
ation can be controlled adaptively by adjusting the applied temper-
ature to the SMAHC. It is noted that the authors’ previous work [5]
has a limitation since it used a manual iterative process to design
the cross-section, thus the desired maximum twist actuation was
not achieved. The maximization of a twist performance is truly de-
sired for more efficient variable-twist control.

There have been numerous studies on optimal designs for com-
posite proprotors [2,3], helicopter blades [6–8] and active twist
rotor incorporating anisotropic piezoelectric composite actuators
[9,10]. However, no prior work could be found on the optimal
design of the variable-twist proprotor using the SMA. The present
study demonstrates the optimal design of the variable-twist
proprotor for maximizing the twist actuation using the SMAHC.
The model proprotor is designed based on the composite proprotor
of the KARI (Korea Aerospace Research Institute) SUAV (Smart
Unmanned Aerial Vehicle, [11]), which is illustrated in Fig. 2. The

thermomechanical behavior of SMA wires in the SMAHC is pre-
dicted using the Brinson model [12], and the effective material
properties of the SMAHC prepreg are obtained by applying the rule
of mixture. A design optimization framework is constructed and
composed of several analysis and design tools: active composite
cross-sectional analysis, nonlinear flexible multibody dynamics
analysis, 3-D strain analysis, and gradient-based optimizer.

2. Technical approach

2.1. Thermomechanical behavior of SMA wire

The Brinson model [12] is used to simulate the thermomechan-
ical behavior of the SMA wire. This model basically uses the rate
constitutive equation as the one developed by Tanaka [13] and
Liang–Rogers [14]. However, the martensite volume fraction, n, in
the Brinson model is divided into two parts: the stress-induced
martensite volume fraction, nS and the temperature-induced
martensite volume fraction, nT, and n = nS + nT. The constitutive
equation is then expressed as

r� r0 ¼ EðnÞðe� e0Þ þXðnÞðnS � nS0
Þ þHðnÞðT � T0Þ ð1Þ

where the subscript 0 indicates the initial state. The detailed
expressions of nS and nT in the phase transformations can be found
in Ref. [12]. In addition, E, X and H are Young’s modulus, the
thermoelastic coefficient, and the phase transformation coefficient,
respectively, and they are represented as

EðnÞ ¼ EA þ nðEM � EAÞ; XðnÞ ¼ �eLEðnÞ
HðnÞ ¼ HA þ nðHM �HAÞ; HðnÞ ¼ aðnÞEðnÞ

ð2Þ

where nL is the maximum residual strain and a is the thermal
expansion coefficient. Furthermore, the subscripts A and M denote
the austenite phase and the martensite phase, respectively.

2.2. Effective material properties of an SMAHC prepreg

For the SMAHC, the SMA wires are embedded into the composite
matrix along with the fibers. The effective material properties of the
SMAHC can be obtained using the rule of mixture [15] as follows:

E1 ¼ E1mVm þ EsVs E2 ¼
E2mEs

ðE2mVs þ EsVmÞ

G12 ¼
G12mGs

ðG12mVs þ GsVmÞ
v12 ¼ v12mVm þ v sVs

q ¼ qmVm þ qsVs

ð3Þ

Fig. 1. Shape memory alloy hybrid composites (SMAHC).

Fig. 2. KARI SUAV tiltrotor.
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