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Efforts to create efficient and lighter aeronautical structures are defining morphing systems especially
those associated with smart materials. In this regard, three simple mechanisms using shape memory alloy
(SMA) wires are investigated to generate torque that could be used for flap actuation. The devices consist
of an SMA wire biased by a linear spring in the following configurations: concurrent, collinear, and in
parallel attached to a pulley. The design of such mechanisms are modeled, optimized, and experimentally
Keywords: verified. The model for the flap consists of two rigid bodies, one fixed and the other rotating, with a single
Shape memory alloy actuator connected to each body. Aerodynamic loading and heat transfer analysis are also considered.
Flap The model utilizes the thermomechanical properties for an SMA wire experimentally characterized via
Optimization improved inverse problem techniques. A multiobjective genetic optimization is implemented to find
Design designs for the three configurations that minimize power consumption and maximize flap deflection
magnitude. Overall, as design complexity (i.e., number of degrees of freedom) increases, the power to
achieve a certain flap deflection decreases. The maximum deflection for all three mechanisms is sufficient
for typical aircraft operations. Finally, numerical results were verified via an experimental apparatus,
where similar performance to the model was achieved.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Aircraft wings are designed to have high performance during
cruise, the flight condition that represents the majority of flight
time. For other conditions, mechanisms are implemented to mod-
ify wing geometry and aerodynamic properties. High-lift devices,
such as flaps and slats, are implemented to increment lift during
various flight conditions [1]. As an essential aircraft component,
flap actuators are compact, have a high fatigue life, and are able
to exert high forces. To exceed the limitations of modern actua-
tors built out of traditional materials, the use of smart materials
is receiving increased attention. It is the authors’ belief that the
technical readiness level (TRL) for some of these smart materials
is high enough to develop new and realistic aerospace applica-
tions. A possible application for flap technology is to substitute
pneumatic mechanisms for compact shape memory alloy (SMA)
actuators.

Shape memory alloys undergo solid-to-solid phase transforma-
tions induced by an appropriate temperature and/or stress [2].
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Compared to other actuators, SMA actuators have high actuation
stress, high actuation strain, and high energy density [3]. SMA ac-
tuator configurations utilizing shape memory effect are classified
as either bias or antagonistic in regards to how the restoring force
is applied to the system. A bias configuration consists of one SMA
actuator acting against one bias spring. It is characterized as having
larger stroke, fast actuation during heating, but slow reset during
cooling. An antagonistic configuration consists of a pair of SMA ac-
tuators arranged antagonistically. When one actuator is heated, the
other remains at room temperature and acts as a stiff spring until
it is also heated restoring the initial configuration.

The main challenges for the implementation of SMAs are low
energy efficiency and functional fatigue [2], i.e. the loss of actu-
ation stroke over a number of cycles. Accordingly, SMA actuators
are suited for applications with low frequency and high force re-
quirements such as flaps. However, the actuators must be designed
to reduce energy consumption as demonstrated by Bellini et al.
[4] for automotive tumble flaps. Another relevant factor is that
the design of high displacement SMA-based mechanisms is not
trivial. Although some researchers have obtained significant rigid
body displacements utilizing mechanisms with SMA wires [5-7],
other researchers have found SMA wires quite limiting [8-10] and
even resorted to SMA springs which provide larger stroke in ex-
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Fig. 1. Design A: schematic of concurrent design (SMA wire in red and elastic spring
in blue). (For interpretation of the colors in the figure(s), the reader is referred to
the web version of this article.)

change of lower actuation forces [11,12]. Therefore, a complete
study of the most common configurations of an SMA wire-based
mechanism is beneficial to demonstrate the capabilities not only
for aerospace applications, but for any application implementing
this mechanism [13].

Previous work from the authors introduced the notion of skin-
based camber morphing utilizing SMA actuators for an aircraft
wing [14]. Despite the advantages of this technology, manufactur-
ing and switching barriers are an issue. Instead, herein the authors
focus on developing a simple SMA-based mechanism that is easy
to manufacture and minimizes switching costs. Inspired by pro-
totypes found in the literature for bias configuration [4,5], a bias
mechanism consisting of an elastic bias spring and an SMA wire
is utilized as driving mechanism for a single-actuated flap. The
flap itself acts as a lever for magnifying the displacement of the
SMA component which is modeled via the constitutive model by
Lagoudas et al. [15], and utilizing properties of the SMA wire
obtained following a modified procedure elaborated by Lagoudas
et al. [2]. To minimize the effects of small stroke and energy con-
sumption, a multi-objective optimization is undertaken maximiz-
ing adiabatic efficiency and flap deflection. The framework imple-
mented can be used to explore several actuation configurations. As
such a total of three mechanism designs are considered and com-
pared. One of the mechanisms is experimentally verified.

This work is organized in the following fashion: the mathemat-
ical model for the rigid body system is developed in section 2, the
experimental characterization of the SMA wires is described in sec-
tion 3, the numerical/experimental results for the flap system are
depicted in section 4, and a summary of the findings is provided
in section 5.

2. Mathematical modeling

Morphing structures are becoming important due to adaptive
behavior that confers to several applications such as aeronautical
systems. As a proof of concept, this paper focuses on the design of
a two-dimensional plain flap prototype. For actuation, the mecha-
nism consists of an elastic bias spring and an initially martensitic
SMA wire. The following approximations are considered: the model
is quasi-static since actuation is slow; the flap components are
rigid bodies since deformations and resultant fluid-structure in-
teraction of flap components are negligible; the flap mechanism
is simplified to two parts, one fixed and the other free to rotate,
connected at joint point J; and each actuator (i.e., SMA wire or lin-
ear spring) has one end, point —, fixed on the inertial component,
while the other end, point +, is connected to the rotating compo-
nent as depicted in Fig. 1. Multiple SMA actuator mechanisms are
possible [9,16], but here only three of the most used designs are
explored. In decreasing order of complexity, the designs are:

e Design A - Concurrent: Inspired by the work by Abreu [9] the
design in Fig. 1 is proposed. The end positions of the linear
and SMA actuators are independent, and the actuators are con-
current (i.e., each — end can be positioned anywhere on the
inertial component and each + end is positioned anywhere on
the rotating component). Each actuator is placed on a differ-
ent parallel plane to the airfoil; hence, the actuators do not

Fig. 2. Design B: collinear actuator design: (a) flap model utilizing collinear actua-
tors; and (b) the actuator itself.

I
b,

Fig. 4. SMA wire: actuator schematics.

intersect each other. Because this design has the most degrees
of freedom, eight design variables, a greater design domain is
explored.

e Design B - Collinear: In this application an SMA actuator is
positioned inside of a compression linear spring and both ac-
tuators are concentric as depicted in Fig. 2. The two — end
points of both actuators are at the same location. The same is
true for the + end points. The final design is compact and has
only four design variables.

e Design C - Pulley: a pulley design is also considered since ex-
perimental results by Song et al. [16] showed that it can effec-
tively be used to actuate a flap. The pulley is annexed to the
rotating component concentric to point J. When the pulley ro-
tates 0 degrees, the flap also deflect 6 degrees. Each actuator
has the — end point annexed to the inertial component and
the 4+ end point attached to a steel wire that connects both
actuators. To avoid entanglement of the passive actuator and
to thermally isolate the nitinol wire, only the steel wire is in
contact with the pulley (see Fig. 3).

The mathematical modeling for all designs is the same since
every concept has two actuators connecting the two rigid bodies,
and the deflection angle is torque-driven. In the following sections,
the kinematics (section 2.1), governing equation (section 2.2), SMA
constitutive model (section 2.3), and thermal performance model-
ing (section 2.4) are elaborated.

2.1. Kinematics

The spring and the SMA wire have the same geometric and
kinematic properties as implied in Fig. 4; hence, the equations de-
rived for this section are valid for both components. If r is the
position vector for an actuator, it can be further decomposed into
position vectors r~ and rt (cf. Fig. 4). Since the distance between
two points on the same rigid-body is constant, the position vec-
tors r~ and r* are constant in the inertial frame I and body frame
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B respectively. If R(9) is a simple 3 rotation tensor around point J
for an angle 6, the planar position vector r is:

X~ xT
r=r +ROr" wherer =|y | r"=|y" | . (1)
0/ 0/

For direct kinematics, the position vector r is an analytic func-
tion of the deflection 6. As for the used sign convention, a clock-
wise rotation leads to negative angles. For inverse kinematics, a re-
lation based on wire length (equation (2)) is used to estimate
the deflection angle 6 as a function of actuator strain € and pre-
strain €,.

\/(x+c059 — ytsinfd — x)2 + (x*+sind + y*cosh)Z—
(1+€—¢€p)l|lr||=0

(2)

For a stress-free state, the actuator has length L, i.e., the length of
the actuator before coupling to the flap structure. If L is not equal
to the magnitude of vector r, the actuator is deformed. If L > ||r||,
the actuator is stretched. If L < ||r||, the actuator is compressed.
As in the work by Abreu [9], the force F generated by each ac-
tuator is determined by the constitutive model (elaborated in the
section 2.3) and has the same direction as position vector r.

2.2. Governing equation

The governing equation is the quasi-static moment equilibrium
since the only degree of freedom in the model is the flap angle 6.
Considering the torque from all components, the quasi-static mo-
ment equilibrium for the system is:

Ts(€s) + Ti(€5) + Tw(€s) + Tal€s) =0, (3)

where each torque component is generated by the SMA actuator
(ts), the linear spring (t;), the weight (Tt ), and the resultant
aerodynamic loads (t4). As will be seen, it is possible to formu-
late all the torques as a function of a unique variable, the SMA
actuator deformation €. The utilized model is temperature driven;
as the temperature linearly increases the necessary deformation €;
is calculated to satisfy the quasi-static moment equilibrium. Con-
sidering that the deflection 6 is calculated as a function of €; via
equation (2), the formulation of each torque is as follows:

e T;: the torque provided by the SMA actuator is given by the
cross product r{ x Fs. The force generated by the SMA actuator
is ||Fs|| = 0sA, where stress o is obtained from the constitu-
tive model by Lagoudas [15] and A is the cross-section area of
the wire.

e T;: the torque generated by the linear actuator is given by the
cross product rfr x Fj. The force F; in regards to the strain ¢; is
linear, e.g. ||F|| = ke|L;, where k is the spring coefficient and
L; is the original length of the linear spring. The design of the
linear spring and calculation of k are undertaken following the
procedure from Budynas et al. [17]. The linear spring stiffness
coefficient, k, must be high enough to fully detwinne the SMA
actuator, hence obtaining maximum stroke.

e T, the weight driven torque is generated by the cross prod-
uct of the weight vector and the position vector of the center
of gravity in regards to the joint point. If W is a scalar that de-
picts the magnitude of the flap weight, and r,, is the distance
from the joint to the center of gravity, the torque ., is:

Ty =rwWcoso iz. (4)

e T,: the resultant aerodynamic torque generated by the pres-
sure gradient along the flap surface is estimated via panel
method, which considers a potential flow around the airfoil
as a superposition of flow elements that satisfy the Kutta con-
dition. From the definition of the coefficient of pitching aero-
dynamic moment, T, is:

Ta=Cm, PV CPi3. (5)
where ¢, j is the two-dimensional moment coefficient at the
joint, ps is the air density, V is the aircraft velocity, and ¢
is the chord. The panel method and moment coefficient cal-
culations are implemented via the AeroPy [18] interface to
calculate the discrete distribution of pressure coefficients cp.

To ensure physically meaningful designs, the following kine-
matic constraints are implemented: the actuators must reside in-
side the wing structure; and the SMA actuator must not cross the
joint point J to avoid zero torque configurations.

2.3. SMA wire constitutive model

The thermomechanical behavior of SMAs can be described by
constitutive models that establish a phenomenological descrip-
tion of these alloys. Herein, the model elaborated by Lagoudas
et al. [15] is employed and briefly described to introduce the
physics behind SMAs and their material properties. The model
considers three external state variables (i.e., observable variables):
stress o, total strain €5, and absolute temperature T. To fully
characterize the thermodynamic state of an SMA, the two follow-
ing internal state variables (i.e., not observable) are also consid-
ered: inelastic transformation strain € (i.e. caused by detwinning)
and martensitic volume fraction &. For this paper, temperature is
known and defined as a linear function while strain is calculated
through the quasi-static moment equilibrium (Eq. (3)). By adding
the separate elastic, thermal, and inelastic contributions, the total
strain is given as [19]:

es:[l+s(i—i>}a+ar(r—ro)+ef, (6)
Eq Em Ea

where E4 and E) are the Young modulus for austenitic and
martensitic phases, respectively; o is the thermal expansion co-
efficient; and T, is ambient temperature.

Macroscopic phase transformation is induced either by stress or
by temperature. Hence, application of stress results in formation
or reorientation of martensitic variants. The transformation or de-
twinning phenomena generates an observable strain €’ [2]. During
forward transformation (i.e., austenite to martensite), the inelas-
tic transformation strain rate is dependent on martensitic volume
fraction rate and transformation strain. During reverse transforma-
tion, it is assumed that the direction and magnitude of transfor-
mation strain recovery are governed by the average orientation
of the martensite at transformation reversal. Under these assump-
tions, the evolution of inelastic transformation strain €’ may be
expressed by:

o {sgn(U)HC”r(krl) foré >0 @)

€ =8 err e foré <0

where H" is the current transformation strain, €!~" is the trans-
formation strain at transformation reversal, and &" is the marten-
sitic volume fraction at transformation reversal. The magnitude
of transformation strain generated during full martensite trans-
formation is captured by the scalar-valued function H®"(|o |). For
trained materials, H%" is represented as follows:
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Hmin
Hpmin + AH (] _ exp—K(\UI—Ucm))

geur _ for |o| < ocrie
for |o| > ocrie

(8)

where Hpin, AH, k and o are material parameters. Other pa-
rameters considered in the model are: the transformation temper-
atures (As, Ay, Ms, and My) that determine where transformation
occurs when no stress is applied, the slope of the transforma-
tion surfaces (C4 and Cy;), and the hardening parameters (nq, ny,
n3, and ng) that determine the smoothness in the transition be-
tween transformation and thermoelastic loading. For more details,
see reference [15].

2.4. Thermal performance

The SMA-based mechanism must have similar or improved ca-
pabilities in regards to other traditional actuators to make this
technology competitive. It needs to generate sufficient torque for
significant actuation and also accomplish minimal energy require-
ments. In this regard, thermal efficiency is the essential point to
be considered. Herein, thermal efficiency n is defined as the ratio
between generated mechanical work W and input heating load H
[20]. As will be seen, work is independent of environment con-
ditions, but the heat load is not. Therefore, the influence of con-
vection must be addressed when defining the system thermal effi-
ciency.

The generated mechanical work W is calculated utilizing the
classical definition of work as the inner product of a force vector
applied along a path. However, diverging from traditional appli-
cations, the stress for an SMA component is not only related to
strain but also related to material temperature. Temperature and
stress are time dependent and therefore, the total work in its inte-
gral form is:

ffinal [finul

W= / Wtdt=AL, / (656 + 0€5)dt . (9)
to to

Temperature is defined as a linear function and the necessary
input heating load H to achieve the temperature profile is eval-
uated. The heating is provided via Joule effect and it must also
be sufficient to compensate the energy lost from convection and
for the energy used for phase transformation. Thus, power con-
sumption can be defined by the following function of the specific
heat/sink term r:

tfinal

2
H= / (%)Ls(t)p(t)r(t)dt, (10)
to

where L; is the length of the SMA wire, and p is the density.
Ls is obtained from actuator strain while the product pr is cal-
culated via the 1-D intrinsic version of the energy conservation
model introduced by Tabesh et al. [19]. The model adopts homoge-
neous temperature distribution and does not consider conduction
and end effects, which is acceptable for a thin wire. Consequently,
the energy equation for a 1-D wire with heat flux and heat source
terms is:

pcT 4+ Tad + (=t + pAseT)é = h(T — Too) + pr (11)

where ¢ is the specific heat, 7¢ is the effective thermodynamic
driving force for transformation, As, is the reference entropy dif-
ference between martensite and austenite, T, is the ambient tem-
perature, and h is heat transfer coefficient due to natural convec-
tion. The Nusselt number for natural convection is provided by

Kakag et al. [21]. The left hand side of equation (11) considers
thermomechanical coupling effects. Specifically, Tard represents
the thermoelastic heat change present in all material bodies that
can be attributed to the change of the volume of a material un-
der elastic load; and the last term is the latent heat related to
phase transformation. The right hand side contains terms related
to heat entering (Joule heating) or leaving (convection) the system.
The thermodynamic driving force 7! and pAs, are functions of
the parameters introduced in the previous section. For more infor-
mation about this formulation, the work by Lagoudas et al. [15] is
referred. Since the modeling adopts a temperature-driven model,
T and T are known. Assuming all other constitutive model terms
known, pr is the only unknown in equation (11). Therefore, the
Joule effect term pr necessary to linearly increase the temperature
is calculated via equation (11).

3. Experimental characterization

Nitinol material properties are necessary to design and build
the SMA driven flap actuated via an electric current. On the
grounds that nitinol components have high sensitivity to manufac-
turing procedures and heat treatments [2], each wire from differ-
ent batches are likely to have divergent properties. Therefore, it is
necessary to characterize the SMA components in-house. A flex-
inol wire fabricated by Dynalloy [22] of diameter 0.381 mm is
utilized.

Shape memory alloys have thermomechanical coupled proper-
ties, e.g., Young’s modulus is temperature and stress dependent.
Consequently, the characterization process for SMA components
is more complex than for other traditional alloys. The character-
ization of SMA components requires the following three types of
experiments: [2]

e Experiment 1 - DSC test: Determination of zero-stress trans-
formation temperatures (Ms, My, As, and Ay) via a differential
scanning calorimeter (DSC);

o Experiment 2 - tensile tests: Monotonic loading and unloading
in martensite (T < M) and austenite (T > Ay) conditions to
define Young’s moduli for martensite and austenite (Ep and
Ea);

o Experiment 3 - isobaric tests: Isobaric thermal loading at dif-
ferent non-zero stress levels. Combined with results of the
previous two types of experiments, the alloy’s transformation
slopes (Cp and C4) and strain deformation properties (Hpin,
AH, k, and o) are determined. Transformation temperatures
are also calculated via this test.

For experiment 1, a Nietzche DSC 200 F3 is utilized. The testing
system Instron 5982 with a thermal chamber, depicted in Fig. 5, is
used for experiments 2 and 3. The temperature inside of the cam-
ber is controlled by an Eurotherm’s 3208 hardware that regulates
resistive heating and cooling via liquid nitrogen. A cell load with
maximum load capacity of 1 kN and an accuracy of 0.25 N is used
since the expected forces are below 100 N.

Overall a two-step procedure is implemented. The first step de-
nominated as experimental calibration consists of a traditional set of
inverse problems to determine thermomechanical properties (sec-
tion 3.1). The second step denoted as numerical calibration pertains
to curve fitting the constitutive model to experimental results (sec-
tion 3.2) utilizing the preliminary calibrated properties as an initial
guess. This extra step is necessary because current constitutive
models have complex dependencies that are not fully portrayed
in the initial experimental calibration.
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Fig. 5. Instron equipment utilized for thermo-mechanical loadings: testing system
and thermal chamber.

3.1. Experimental calibration

In the case of shape memory alloys, it is important to train niti-
nol wires before the characterization process. Training is related
to the stabilization of the material under cyclic thermomechanical
loads specific to its intended application [2]. The training process
consisted of 100 isobaric thermal cycles between 30°C and 140°C,
which approximately reproduces the working conditions of the in-
tended flap application. The material is trained for a stress above
the intended use, 200 MPa, since overloading a trained material
can influence the material’s stable response.

Experiment 1 — DSC test A low speed IsoMet saw is utilized to
cut an untrained wire sample to reduce residual stress. Two heat-
ing/cooling cycles were undertaken with the DSC equipment from
—40°C upto 140°C. Transformation temperatures are estimated via
Nietzsche’s tangent method furnishing the values M = 49.9°C,
My =31.6°C, A;=74.8°C, and Ay =79.8°C.

Experiment 2 - tensile tests Two tensile tests are undertaken uti-
lizing the Instron equipment. The first is a rupture test for an
untrained SMA wire at room temperature; thus the wire is in the
martensite phase according to DSC results. The ultimate stress is
1248 MPa. For stress below 200 MPa, the material behaves in a
linear fashion and a martensitic Young modulus Ej; of 91.01 GPa
is obtained via linear regression. The second test is a 200 MPa
cyclic loading of a trained SMA wire at 140°C. From the results
in experiment 1, we have that the wire is purely in the austen-
ite phase. Utilizing linear regression once again for stresses below
200 MPa, the initial estimate for austenite Young modulus E, is
44.93 GPa.

Experiment 3 - isobaric tests Results for five isobaric tests at con-
stant stresses 50, 100, 150, 172, and 200 Mpa are given in Fig. 6a.
The purpose of the isobaric thermal loading tests is to develop the
material’s phase diagram and maximum recoverable transforma-
tion strain H®" curve (equation (8)). The obtained data from the
experiments is processed and utilized in inverse problems to cal-
culate the desired properties. A differential evolution algorithm is
implemented to minimize the root mean squared error between
the experimental data and the numerical model.

It was experimentally verified that there was a stress variation
when heating the wire initially free of stress and with an imposed

0.05 :
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200MPa
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0.035 ‘ ‘ ‘ ‘ ‘
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(b) Maximum recoverable transformation strain.

Fig. 6. Data from isobaric temperature driven experiments related to transformation
strain.

constant length. If actuator strain is constant and thermal expan-
sion is negligible, only a variation in transformation strain would
be responsible for the stress variation (equation (6)). Therefore,
this indicates that at o = 0, the maximum recoverable transfor-
mation strain is not zero, and the critical stress where recoverable
transformation strain is generated is oy = 0. The result from the
differential evolution optimization with a population of 200 and
100 generations is depicted in Fig. 6b, and the fitted parameters
are Hpin = 0.03878, Hpmax = 0.06272, and « = 0.00359 MPa~'.
Fig. 6b shows that the calibrated H¥" function accurately portrays
material behavior.

The data from the isobaric thermal loading tests is also used
for calculating transformation temperatures for non-zero stresses.
Lagoudas [2] conventionally utilizes the tangent method to find
transformation temperatures. The original tangent method consists
of three lines drawn tangent to different points of a strain ver-
sus temperature plot; the intersection of these lines indicate the
transformation temperatures similar to Fig. 7a. However, for the
obtained experimental data, the tangent method is imprecise and
highly sensitive. Instead, an alternative method is utilized to auto-
mate the process and to improve accuracy. Following this concept,
a discrete function composed of three linear domains is proposed
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Fig. 7. Data from isobaric temperature driven experiments related to transformation
temperatures.

to curve fit experimental data independently for heating and an-
other for cooling. The proposed function is summarized as:

(T =Ty +e€  for T<T,
eMEM(T) = f=R (T —To) +€& for To<T<T3
PR —Ta)+es for  T>Ts

(12)

where Tp is the minimum temperature, T4 is the maximum tem-
perature, and T, and T3 are in-between transformation tempera-
tures. When heating T, is As, and T3 is Ay, while for cooling T,
is Mg, and T3 is Ms. For all problems T1 =30°C and T4 = 140°C,
while T, and T3 are adjusted via the optimization algorithm. All
fitted strains {e1, €2, €3, €4} are calculated, but do not represent
meaningful material properties.

A summary of all calculated transformation temperatures ac-
cording to stress are given by the phase diagram in Fig. 7b, where
the fitted transformation surfaces are also depicted. Since the
transformation surface slopes Cy and Cp are equal for start and
finish surfaces, a simple linear regression did not suffice; hence
an optimization problem was considered where the root mean

0.05 T T T T T
0.045 F _172 MPa| |
0.04 .
0.035 1

|| __Experimental
data

00171 Constitutive
model
0.005
0 . .
300 320 340 360 380 400 420

Temperature (K)

Fig. 8. Verification of fitted parameters for experimental data at a constant stress of
172 MPa.

squared error for both surfaces are simultaneously minimized via
differential evolution. The values obtained are C4 = 7.64 MPa/K
and Cy = 8.15 MPa/K. As a result from this last calibration, the
transformation temperatures at zero stress are also calculated as
M;s = 62.38°C, My = 51.69°C, A; =70.96°C, and Ay = 83.49°C.
The difference in temperature measurements can be either be as-
sociated with the inherent error from the calculations or from the
influence that training has over transformation temperatures.

3.2. Numerical calibration

Previous section utilized experimental data to find traditional
shape memory alloy parameters in three different inverse prob-
lems. However, in recent models [15,19] transformation surfaces
are not only dependent of transformation temperatures and slopes,
but also dependent of Young moduli, maximum recoverable trans-
formation strain H¥", and hardening parameters (ni, ny, n3, and
n4) [15]. To accurately portray the behavior of SMA wires, a final
calibration step is undertaken where all the material parameters
experimentally calibrated are utilized as an initial guess for the
constitutive model that will be curve fitted to the experimental
data from isobaric tests for stresses 50, 100, 150 and 200 MPa via
a Newton-Raphson optimizer (cf. Fig. 6). Compared to the exper-
imental data in Fig. 8, the fitted constitutive model response por-
trays the resultant strain and resembles the experimental result;
this is considered as sufficient to verify the numerically calibrated
properties.

All of the calculated thermomechanical properties including the
hardening parameters are provided in Table 1. After the numerical
calibration, all thermomechanical properties except for the trans-
formation temperatures did not vary significantly; hence, the ini-
tially experimentally calibrated properties were close to accurately
depicting the material’s behavior. The transformation temperatures
significantly changed because of smooth hardening [15].

4. Flap mechanism analysis

A flap is a high-lift device utilized to modify an aircraft outer
mold line to increase lift. In modern aeronautics, flaps are essen-
tial components, being mostly utilized for take-off and landing.
A flap actuator must be reliable and generate high torque. While
efficiency is not a requirement, it is a desired trait. This section
discusses flap mechanism morphing considering minimum energy
cost. The mathematical modeling introduced in section 2 is herein
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Table 1

Calibrated SMA wire properties.
Property Value Property Value
p (kg/m3) [22] 6450 Oultimate (MPa) 1268.1
Em (GPa) 88.88 Ea (GPa) 3743
vy [22] 0.33 va [22] 0.33
ayp (1078/K) [22] 11.0 aa (1078/K) [22] 6.6
¢ (J/(kgK)) [23] 320
Cy (MPa/K) 712 Ca (MPa/K) 8.04
M; (°C) 62.38 As (°C) 70.96
My (°C) 51.69 Ar (°O) 83.49
Hppin (m/m) 0.0387 AH (m/m) 0.0163
k (1/MPa) 0.00597 Ocrit (MPa) 0
n 0.1752 ny 0.1789
n3 0.1497 ng 0.2935

Table 2

Constant parameters.
Variable Value Variable Value
Angle of attack 0 Altitude 3000 m
Chord 1m Vo 10 m/s
Joint x-coordinate 0.75 m Joint y-coordinate 0m
Flap CG 0.85 m Pre-tension 100 MPa
T, 30°C Timax 140°C
w 0513 N rw 01 m
Spring index 10 Safety factor 5

implemented for the three proposed designs (A, B, and C) of the
bias SMA mechanism utilizing the SMA wire properties determined
in section 3. Numerical procedure adopted to deal with mathe-
matical model is proposed in section 4.1. Mathematical models
for the three designs are optimized in a multi-objective problem
(section 4.2). Another optimization is undertaken to obtain the
maximum deflection for each design and evaluate the influence
of convection (section 4.3). Finally an experimental apparatus of
an SMA driven flap is fabricated to verify the mathematical model
(section 4.4).

4.1. Numerical procedure

A quasi-static temperature driven simulation is performed. For
each temperature, governing equation solution is calculated. SMA
wires constitutive modeling is accomplished via a MATLAB code
while the aerodynamic moment 7, is calculated at each iteration
via the AeroPy interface [18]. A fixed-point iteration method is
implemented until convergence is obtained for each temperature
increment.

The optimal design for the problem proposed is not trivial. The
positioning of the actuators influences the total stroke, the length
of the actuators, the moment arm, and maximum actuation tem-
perature without violating kinematic constraints. Therefore, an op-
timization algorithm is necessary. In order to minimize the number
of design variables, certain values such as the spring index and
safety factor considered for the spring designs, are held constant
(Table 2). The design variable vector X is composed only of the co-
ordinates of the actuator end points. The lower and upper limits
of the design variables, x°"¢" and x“PP€" are the lower and upper
airfoil surfaces. Other non-defined aerodynamic properties, such as
air density, are calculated either via Sutherland’s Law [24] or by
interpolating known air property values.

4.2. Multiobjective design comparison
High power requirements are undesirable on the grounds that

it makes this technology less competitive when compared to other
traditional actuators. Therefore, it is important to reduce power
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Fig. 9. Comparison of Pareto frontiers (i.e. optimal solutions) for designs A, B, and C.

consumption without losing actuation capability. Accordingly,
a multi-objective optimization is implemented with deflection 6
and power consumption H as objective functions. A genetic algo-
rithm [25] is utilized to find the set of optimal solutions known
as a Pareto frontier (50 generations and population size of 40). An
optimal solution in a multi-objective optimization context is a so-
lution where there exists no other feasible solution that improves
the value of at least one objective function without deteriorating
any other objective. As such, the optimization problem is given by:

min 6(x) and H (x)
X (13)
subject to x/0Wer < x < xUPPer

Utilizing the quasi-static simulation previously developed and
taking into consideration the effects of natural convection, the
multi-objective optimization is implemented for all designs to ob-
tain the Pareto frontier in Fig. 9. In regards to power consumption
per flap deflection, design A (concurrent) has the best profile for
all possible flap deflections. While design B (collinear) consumes a
similar amount of power as design A for small deflections, its effi-
ciency decreases for greater deflections. As for design C (pulley), it
is less efficient than the other two for any flap deflection. As usual
in multi-objective optimization, there is not a unique solution to
the problem and a posteriori decision is necessary to choose the
desired solution. Therefore, the Pareto frontier enables an engineer
to select a flap design based on the amount of power or deflection
necessary. For example, if a power source of five joules is utilized,
a simple mechanism utilizing a pulley can guarantee a —12° rota-
tion, but with an increasing order of complexity, other designs can
be used to obtain —15° and —20° rotations.

4.3. Maximum deflection design comparison

To further demonstrate the capability of obtaining large flap
displacements with the proposed SMA-driven mechanism, a single
objective optimization is implemented for each design to maximize
flap deflection magnitude regardless of energy consumption. As in
the previous optimization, a differential evolution algorithm is uti-
lized. A summary of the single-optimization results is presented in
Table 3. Design A, depicted in Fig. 10, is able to obtain the great-
est flap deflections with the least amount of SMA wire and with
low stiffness springs. Furthermore, the moment arm of the linear
actuator is also reduced to the minimum possible when at austen-
ite; further facilitating greater deflections by reason of the smaller
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Table 3
Comparison between maximum deflection solutions for the three designs.
Outputs Design A Design B Design C
Max. deflection (°) —38.9 —27.7 —-27.4
k (N/m) 56.36 482.95 395.13
SMA length (m) 0.363 0.421 0.600
0.10 T T T T T T
~ 0.05F :
> 2005} - :
_010 L 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
x (m)
(a) Before heating.
0.1 T T T T T T
E 0.0 |
>
-0.1}
_02 L L L L ! L
0.0 0.2 0.4 0.6 0.8 1.0
x (m)

(b) After heating.

Fig. 10. Schematics of optimized design A airfoil for maximum deflection configura-
tion with: (a) no actuation and (b) full actuation. SMA actuator is depicted in red
and passive spring in blue.

restoring torque generated by the linear actuator. This design treat
is noticeable in all optimized solutions for designs A and B.

The optimization results for design C entices that high radius
and SMA length are desirable for obtaining greater deflections. The
former is expected since torque is linearly proportional to the ra-
dius. The latter takes place because longer wires result in greater
wire translations, thus greater pulley rotations. Since SMA wire for
design C is longer than for designs A and B, more heat is neces-
sary to obtain similar flap deflection as stated in Fig. 9. Therefore,
the optimal solution for design C has low energetic efficiency. Nev-
ertheless, a mechanism with optimal performance for design C is
easier to determine as long as a high radius and a long SMA wire
are used.

Utilizing the methodology explained in section 2.4, the influ-
ence of convection over required heat and generated work are
calculated for the maximum deflection configuration for design A.
The total adiabatic heat is 15.2 Joules and the output work is 1.36
Joules that results in a thermal efficiency of 8.9 % percent. The
low efficiency is in accordance to experimental results by Jackson
et al. [20]. Considering that the work generated is independent of
heat flux, the influence of convection coefficient h and actuation
period, i.e. time period where an electric voltage is applied, is con-
sidered and depicted in Fig. 11. A greater convection coefficient
and a longer actuation period lead to increased convection heat
loses; hence, a decrease in efficiency.

4.4. Experimental verification of design A

An experimental apparatus was built to verify the mathemat-
ical model utilized. The built prototype is depicted in Fig. 12a.
The model of half of an airfoil consists of two medium density
fiberboard (MDF) components, where the length of the joint to the
trailing edge is 25% of the chord. A bearing is utilized at the joint
to reduce friction in junction with a set of bolts, washers, and nuts
connecting the MDF components. Furthermore, a spring is attached
by two hooks at each flap component. The utilized spring has a
wire diameter of d = 0.75 mm, spring diameter D = 7.25 mm, zero
stress length L, = 58.80 mm, and total number of coils N; = 67.

9
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h =100
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Fig. 11. Efficiency for different actuation duration and convection coefficients for
design A.
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Fig. 12. Experimental verification of flap deflection model.

According to Budynas et al. [17], the spring stiffness k is estimated
as 127.33 N/m. A trained SMA wire is also attached to the two
components, with one end attached to a hook via a polymer crimp
and the other end attached to an insulated bolt. The bolt is also
utilized to pretension the SMA wire. The wire has a diameter of
0.381 mm and is 4.2 cm long. Finally a micro-controller Arduino
Mega 2560 is utilized to vary voltage and collect data from a gy-
roscope sensor ACS712 that is also attached to the flap. When
comparing the experimental results to the numerically calibrated
model in Fig. 12b there is a strong agreement between results.
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5. Conclusions

The design of SMA actuated adaptive flap is investigated.
A quasi-static fluid-structure model of an flap driven by a mech-
anism consisting of an SMA wire and a bias linear spring is pro-
posed and developed considering three different actuator configu-
rations: concurrent, collinear, and in parallel attached to a pulley.
SMA actuator is a nitinol wire that is thermomechanically char-
acterized utilizing inverse problem and optimization algorithms.
Besides, a proper constitutive model is employed for its thermo-
mechanical description. The final calibrated constitutive model is
obtained via a modified tangent method and it properly repro-
duces experimental data. Taking into consideration the calibrated
SMA properties as well as all of the geometric and physical re-
strictions, a multi-objective optimization is implemented to obtain
a Pareto frontier that minimizes energy consumption while max-
imizing the flap deflection for each design. All designs are able
to achieve significant deflections, but the concurrent configuration
achieves higher flap deflections (up to 38°) with an energy effi-
ciency (work over input heat) of 8.9%. Overall, concurrent actuators
require less energy than other configurations. However, for small
deflections, concurrent and collinear configurations have similar
power costs. A pulley based configuration has worst performance,
but it is the easiest configuration to build for large flap deflections.
As long as the SMA wire and the pulley radius are large, the ob-
tained deflection is significant. An experimental apparatus of the
SMA-driven flap was developed consisting of an SMA wire and a
bias spring in a concurrent configuration. Experimental measure-
ments are in close agreement with numerical results.
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