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Abstract: The use of morphing components on aerospace structures can greatly increase the
versatility of an aircraft. This paper presents the design, manufacturing and testing of a new
kind of adaptive airfoil with actuation through Shape Memory Alloys (SMA). The developed
adaptive flap system makes use of a novel actuator that employs SMA wires in an
antagonistic arrangement with a Post-Buckled Precompressed (PBP) mechanism. SMA
actuators are usually used in an antagonistic arrangement or are arranged to move structural
components with linearly varying resistance levels similar to springs. Unfortunately, most
of this strain energy is spent doing work on the passive structure rather than performing the
task at hand, like moving a flight control surface or resisting air loads. A solution is the use
of Post-Buckled Precompressed (PBP) actuators that are arranged so that the active elements
do not waste energy fighting passive structural stiffnesses. One major problem with PBP
actuators is that the low tensile strength of the piezoelectric elements can often result in
tensile failure of the actuator on the convex face. A solution to this problem is the use of
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SMA as actuator material due to their tolerance of tensile stresses. The power consumption
to hold deflections is reduced by approximately 20% with the Post-Buckled Precompressed
mechanism. Conventional SMAs are essentially non-starters for many classes of aircraft due
to the requirement of holding the flight control surfaces in a given position for extremely
long times to trim the vehicle. For the reason that PBP actuators balance out air and structural
loads, the steady-state load on the SMASs is essentially negligible, when properly designed.
Simulations and experiments showed that the SMAPBP actuator shows tip rotations on the
order of 45< which is nearly triple the levels achieved by piezoelectric PBP actuators. The
developed SMAPBP actuator was integrated in a NACAQ0012 airfoil with a flexible skin to
carry out wind tunnel tests.

Keywords: smart airfoil; shape memory alloy; post-buckled precompressed

1. Introduction

For more than 20 years, adaptive materials have been regularly integrated into aerospace vehicles,
structures and surfaces of many sizes. From F-14s to Boeing 787s their ability to change physical
properties or state on demand has made them desirable for many different devices. Starting with simple
bending- and twist-active plates in the late 1980s, some of the first rudimentary flap-type devices were
seen as early as 1990 [1-4]. The first attempts at making adaptive rotors, missile fins, wings and
stabilizers were also publicly exhibited in 1990 with the first patent on such devices issuing in 1995 [5-8].
These devices showed great promise and lead to numerous aeroelastic studies and development of
missile fins which were capable of nontrivial deflection levels, high rates and very compact form
factors [9-18]. Several early studies explored the potential for using adaptive materials on hard-launched
munitions and air to ground weapon systems [19-29]. A number of helicopter rotor studies drawing their
lineage back to the late 1980s and continuing through the 1990s showed fundamental utility of the
piezoelectric materials as rotor blade actuators [6,7,30-32]. These many advances were shown to be
“enabling” for some of the smallest aircraft commissioned by the Department of Defense (DoD). As part
of the DoD CounterDrug Technology Office’s remote sensing program, the DoD’s first Micro Aerial
Vehicle (MAV) program kicked off in 1994 and concluded with hundreds of successful flights by 1997.
High bandwidths (>40 Hz), large deflections (>%10 and extremely low mass (<400 mg) requirements
made for a challenging program [33,34]. This lead to DARPA’s first MAV program which pioneered in
developing both fixed and rotary-wing subscale aircraft.

Private funding continued the lineage of adaptive aircraft and resulted in the first ultra-high
performance, convertible UAVs. Capable of hovering in more places than a helicopter, then dashing out
at missile speeds, through 350 kts in a standard atmosphere with more than an hour of dash capability,
the XQ-138 possessed performance over a decade ago that was not matched by any aircraft of its class
that was sponsored by the US Federal government. As part of this study, several high performance kits
were developed. In an effort to drive component weights lower with higher performance, new techniques
were sought to boost piezoelectric actuator mechanical energy and power densities. One
paradigm-shifting advance in this area was made in 1997 when it was discovered that with proper design,
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piezoelectric elements could possess effective coupling coefficients (and therefore electrical-to-mechanical
conversion efficiencies) greater than that of the basic material [35,36]. Although these basic advances
were applied only to electrical transformers, their implications for flight control actuation was clear, and
resulted in a number of high performance actuators. These Post-Buckled Precompressed (PBP) actuators
possessed nearly four times greater deflection levels than their linear counterparts while maintaining all
of the force and moment generation capability [37—41]. These actuators were integrated into speed Kits
for the XQ-138 aircraft which boosted flight speeds by nearly 30% while reducing flight control weight
fractions by a factor of 4.8 with respect to conventional electromagnetic flight control actuators.

Although highly successful, piezoelectrically energized PBP actuators possess some profound
limitations. The techniques pioneered in References [37,42] showed that through dynamic elastic axis
shifting and proper control, extremely high speeds and robust performance can be achieved; however,
the elements are still limited.

Following the commercial serial production of XQ-138 PBP actuators, a host of other efforts
proliferated. Many of these efforts, like the concept of post-buckled precompressed actuators themselves
drew their roots back to the original work of Lesieutre in the late 1990s [35,36]. This, of course, is critical
to note, as it was discovered back then that the amount of mechanical strain energy and power consumed
could be almost completely nulled by the application of suitable axial force levels. While the team
spearheading the XQ-138 program chose to operate just below buckling levels, other groups operated
just above them, leading to a host of bi-stable devices. Arrieta, Bilgen, Friswell and Hagedorn employed
bi-stable morphing concepts for passive load alleviation [43]. The Friswell team continued to explore
many different arrangements of flight control mechanisms including inextensible airfoils [44]. Energy
harvesting was enabled by using near-buckling and bi-stable structures fitted with piezoelectric
elements [45-51]. One general property that was observed in many of these studies was that with greater
levels of near-buckling deflection amplification levels, hysteresis levels were increased dramatically.
While the XQ-138 team simply sensed position and closed a loop to solve the problem, high end
structural-mechanics models were developed to attack the open-loop variant of the problem. These
general concepts were also extended to including hysteresis models and into devices using single crystal
piezoelectric transducers [52-54]. Because piezoelectric macro-fiber composites could endure relatively
high strain levels, they were employed in a number of flight control surfaces, some of which made it into
flight quite successfully [55-59]. To enable these devices a nontrivial amount of work was done on the
driving electronics (especially reducing them to flightweight levels) [60].

With limited tensile stress levels to fracture, piezoelectrically driven PBP actuators rapidly can
generate so much deflection that they literally tear themselves apart. Accordingly, this paper is centered
on a change of actuator material class which allows the benefits of PBP actuation without the hazard of
self-destruction. By using Shape Memory Alloys (SMA) in a PBP configuration, some profound benefits
are realized. The first is that even at extremely high deflection levels, self-destruction simply does not
occur. The second aids with a fundamental problem possessed by PBP actuators: They are fundamentally
inefficient electrical-to-mechanical transducer mechanisms. With a PBP actuator configuration, much
of this issue is overcome as efficiency levels are boosted often by an order of magnitude. Finally, the
power consumption to hold deflection is reduced by one if not two orders of magnitude. Because aircraft
often require flight control surfaces to be held in a given position for extremely long times to trim the
vehicle, conventional SMAs are essentially non-starters for many classes of aircraft. This is mainly due



Actuators 2015, 4 159

to their speed and dominant irreversible energy loss. Because PBP actuators balance out air and structural
loads, the steady-state load on the SMAs is essentially negligible, when properly designed. These
advantages of SMAPBP actuators will be explored along with basic structural mechanics,
proof-of-concept experiments and correlation.

2. SMAPBP Actuator

The principal design of the actuator was a plate with constant thickness but tapered from root to tip
to account for air loads. The actuator plate itself was a composite plate with spring-steel fiberglass epoxy
layers. A prove of concept study for this kind of SMA actuated PBP actuator was undertaken in
reference [43]. The actuators were designed to function with an applied axial buckling load close to the
perfect column buckling load of the actuator itself. The test specimen consisted of a tapered composite
plate with a spring steel substrate and two 45<glass fiber epoxy composite layers on both sides. The
actuator had an overall length of 135 mm with 90 mm of active structure that could be actuated by the
SMA wire. Due to the fact that air loads result in high root stresses, the plate itself was tapered from
30 mm at the root to 10 mm at the tip. Preliminary investigations showed that the spring steel substrate
available in the lab with a stiffness of 207 GPa and a thickness of 0.127 mm was appropriate to use in
the selected design. To actuate the steel composite plate, SMA filaments were attached to the top and
bottom of the composite plate. An SMA wire with a 0.254-millimeter diameter, with a stiffness of
75 GPa in the austenitic and 28 GPa in the martensitic state, was selected. An SMA actuation wire of
0.254 millimeter diameter Dynalloy Flexinol [60] was used in these experiments. Prior to the assembly
of the actuator, the shape memory alloy wire was prestrained to 2500 |6 train plastic strain. The glass
fiber layers had the only purpose to create a nonconductive layer between the spring steel substrate and
the conductive SMA wire. The 45<orientation was chosen to minimize the impact of the glass fiber layer
on the overall stiffness of the plate. The glass fiber cloth layers had a stiffness of 4.519 GPa and a
thickness of 0.222 mm for each of the four glass fiber layers.
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in laminate ki
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Figure 1. SMAPBP actuator.
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The atomic structure changes from Martensite to Austenite by applying heat to the SMA wire. This
atomic structure change results in a contraction of the SMA wire and the plate starts to bend. Movement
of the SMA wire was suppressed by a clamped steel plate (tip clip) at the tip and a welded steel clip
(contact clip) at the root of the test specimen. One single SMA wire was used for actuation of both sides;
it was threaded through a transfixion at the tip of the SMAPBP specimen and fixed by a clamped steel
plate close to the root of the specimen, the contact clips. The steel substrate served as an electrical
conductor in order to produce a closed electrical circle. This arrangement made it possible to actuate
both sides separately. For actuation of one side electric power was applied between one of the contact
clips and the steel substrate. The steel substrate and the SMA wire were conductively connected by the
tip clip (Figure 1).

Due to the observations made in former actuator design steps, it was a natural progression to place
the SMA on top of the composite substrate. To prevent the SMA wire from interfering with the bond
line between actuator and leading edge, the SMA wire was integrated into the composite at the leading
edge. The SMA wire was embedded between two layers of glass fiber epoxy cloth at the clamping area.
The 90 mm active length gave the airfoil with integrated actuator an overall length of 150 mm with a
60 mm long leading edge.

2.1. Experimental Set-Up

The test specimen was clamped into the test apparatus in a vertical position. To simulate the axial
buckling force Fa, an elastic band with weights was attached to the tip of the test specimen. The band
ran along the whole length of the specimen, weights could easily be added under the test
specimen (see Figure 2).

Test Fixture

Weights on
Elastomeric line

Figure 2. SMAPBP actuator clamped in test fixture to measure tip rotation.
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The specimen was loaded in 100 g steps which led to axial force steps of approximately 1 N. A mirror
at the tip of the actuator was used to measure the tip rotation of the specimen. A laser beam from a light
source leveled to the height of the tip was reflected to a displacement measuring device in the distance
(Figure 2). This test setup made it possible to measure the tip rotation angle accurately. By applying an
electric current on either the top or the bottom SMA wire, the SMA wire started to heat up and therefore
contract, the SMAPBP actuator started to bend.

2.2. Results

Figure 3 clearly shows a trend to higher tip rotation angles by increasing the applied axial load. The
figure also shows that the displacement with no applied current increases with increasing axial force,
this may be caused by bending and buckling phenomena from the applied axial load. The slope of the
curves for the different load cases followed also the same pattern. The actuator had nearly no response
in the first part of the slope (0 A <1<0.4 A), followed by a steep rise (0.4 A<1<0.75 A) and a plateau
phase where the tip rotation angle seems to reach a maximum in the order of 55<to 70 °dependent on
the applied buckling load.
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Figure 3. Experimental data: tip rotation angle over applied current.

Figure 3 shows the experimental data for the tip rotation over the applied buckling force Fa for the
non-actuated case and the actuated case. The figure shows that the test specimen already had a tip rotation
of 4.76<at the start of the experiment without any axial load; this displacement may be caused by the
hysteresis of the SMA wire after test actuation prior to the experiment. By subtracting the displacement
caused by the external axial force with the displacement due to actuation of the wire, an improvement
of 33.5% of tip rotation angle could be obtained by using the Post-Buckled Precompressed (PBP)
mechanism in comparison of using the specimen without any externally applied load. An improvement
of up to 50.5% of tip rotation angle could be achieved with higher current levels, but due to the fact that
the control system described later could only provide a maximum actuation current of 1 = 0.6 A, the
0.55 A case seemed to be the right fit for the proposed application in the airfoil. Experiments also showed
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that the SMAPBP actuator can achieve blocked force values of up to 0.45 N. Axial buckling force
measurement as a function of finite rotation angles. Measuring the initiating buckling force at finite
rotation angles presented nontrivial challenges as the ensuing events were dynamic in nature (as opposed
to static). Still, once the initiation force levels were applied and the structure settled in a quiescent shape,
the axial buckling force could be compared to finite tip rotation levels as shown in Figure 3.

3. Airfoil

The airfoil intended to prove the concept of a SMAPBP actuator actuated airfoil was proposed to
have a chord length of 150 mm and a width of 100 mm. As a basis for the modeling of the airfoil, the
NACA profile series was considered. The decision was made to use the NACA 0012 profile because of
the large amount of available research data for this airfoil. The symmetric airfoil was used because this
paper focuses more on the capabilities of the actuator integrated in the airfoil then maximizing the
aerodynamic performance (airfoil profile design). The first 60 mm of the profile were used as a D-spar
composite leading edge with the last 90 mm being the actuated length. This decision led to a 40% leading
edge and 60% actuator distribution in respect to the overall length of the airfoil.

Figure 4 shows the assembly of the airfoil without the skin. The airfoil structure basically consisted
of four main components; the carbon fiber composite leading edge, the actuators, the trailing edge and
the elastic latex skin. The leading edge was based on the shape of a NACA0012 [61] airfoil with a chord
length of 150 mm. In order to obtain a smooth crossover between the leading edge contour and the
straight skin to the trailing edge, a rounded edge was designed at the end of the leading edge. At a
distance of 48 mm from the leading edge, a rounded chamfer was used to smoothen the crossover.

SMAPBP actuator 1 trailing edge

top strain gage

actuator 1 T
e :
-~
top contact clip Ry
actuator 1
H‘“x SMAPBP actuator 2
H““m
T top strain gage
) - actuator 2
carbon composite -
leading edge .y

pottom contact clip
actuator 2

Figure 4. Drawing of assembled airfoil without applied skin.

The SMAPBP actuator was clamped and bonded to the inside of the leading edge at the ends of the
carbon composite layer. This design approach made it possible to use the entire chord length of the airfoil
more effectively because the clamping area of the actuator was integrated into the substructure of the
leading edge and not behind the leading edge. This approach led to a higher actuated length and therefore
larger trailing edge displacements.
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The trailing edge consisted of a simple bended steel sheet. The trailing edge had the only purpose to
connect the two actuators and to obtain a fixture for the applied skin. The trailing edge had an overall
length of 100 mm (similar to the width of the leading edge), a thickness of 0.127 mm and a width
of 5 mm. Figure 5 shows the manufactured airfoil with attached elastic skin.

Figure 5. Manufactured airfoil with elastic skin.

The skin had the purpose to give the airfoil a smooth surface and to apply the necessary buckling load
to the SMAPBP actuator. The skin consisted of a 100 mm long and 40 mm wide latex tube. Based on
tensile tests, an applied axial load of Faskin Of the skin between 6 N and 8 N was measured, which was
just below the Euler buckling loads both computed and experimentally observed.

3.1. Adaptive Shape Change of Airfoil

With simple trigonometric relationships the form change of the airfoil can be modeled
mathematically. Figures 6 and 7 show the entire airfoil with leading edge, actuator and skin for variable
actuator tip rotation angles. The skin covers the whole outline of the airfoil. The following figures show
the shape of the airfoil for actuator tip rotation angles of 6 = 0° and 6 = 30<
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Figure 6. Airfoil cross section at 6 =0<
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Figure 7. Airfoil cross section at 6 = 30<

3.2. Active Position Feedback System

Due to the highly hysteretic and nonlinear behavior of the shape memory alloy actuator, it was
necessary to introduce an active position feedback system to the airfoil. The control system had the
function to control the tip displacement over the applied actuator current. Different concepts for the
feedback system were considered and the decision was made to use strain gages to measure the variation
of strain on the surface of the actuator.

The strain on the surface correlates directly to the curvature of the actuator and therefore to the tip
rotation angle. Figure 8 shows the principle architecture of the active position feedback system proposed
for the airfoil. For the proposed airfoil the strain gage in a Wheatstone bridge is used as sensor while the
actuator is the actual SMAPBP actuator with current amplifier and the controller which is the control
routine is developed in Labview®.

[whora. |

Wh. Brid.

DAQ =

INPUT: | -
e al0 'y

Control o all ‘—|
Routine
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OUTPUT:
e ao0 Amplifier
e aol
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A 4

"-ff'ﬂjjf Amplifier

1 . w('ﬂ?}‘

1.

A 4

Figure 8. Position feedback system architecture.

By displacing the trailing edge, the resistance of the strain gages applied on the actuators changed.
The sensor (strain gage and Wheatstone bridge) senses a change in voltage that was then read into the
analog input channels of the data acquisition system (DAQ). The DAQ system was connected over a
USB port to a personal computer with Labview® application. The control routine simply minimizes the
difference between current and desired position.
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Due to the fact that Labview® only provides a variable voltage output and that a variable current level
was needed to actuate the actuator’s SMA wires, a current amplifier needed to be interposed. With this
simple position feedback loop it was possible to overcome the nonlinear hysteretic behavior of the SMA
wire and made it possible to command the trailing edge of the airfoil to a specific
predetermined displacement.

3.3. Wind Tunnel Tests

Wind tunnel tests were undertaken in the open circuit 31 <46 cm wind tunnel at The University of
Kansas, which possesses a turbulence factor of 1.1. The purpose of the wind tunnel tests was to prove
the performance of the airfoil in a real life application. The wind tunnel tests should prove if the
SMAPBP actuator could be able to displace the trailing edge and increase the lift due to actuation. The
performance of the airfoil was evaluated for different angles of attack and different actuator tip
angle rotations. Figure 9 shows the airfoil in the wind tunnel in an unactuated state before the
commencement of the tests.

Figure 9. Side view of airfoil in wind tunnel.

Measurements were taken for actuator tip rotation angles of 6 = 0°, 6 = 10°, 6 = 20° and 6 = 30°with
angles of attack of o = 0°, o = 2°, o = 6° and o = 10< For each angle of attack the measurements of the
four tip rotation were undertaken. After each angle-of-attack measurement, the wind tunnel was turned
off and a new angle of attack was adjusted.

Figure 10 shows the actuated airfoil; the white wires are for the actuation of the SMAPBP actuator
and the brown wires are from the strain gages applied to the actuators. The SMAPBP actuator performed
well during the wind tunnel tests, the trailing edge was displaced up to 6 = 30 The behavior of the
airfoil in the wind tunnel seemed different than without any applied air flow. A noticeable difference
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was seen in the power consumption of the actuators. The consumption with airflow was significantly
higher than without any airflow. Without any airflow an actuator tip rotation angle of 6 = 30=could be
achieved with 0.6 A actuation current, during the wind tunnel tests a actuation current of up to 1.0 A
needed to be applied to achieve similar displacements. This effect might be caused by convectional
cooling of the SMA actuator wires by the surrounding airflow. Due to the fact that the airfoil did not
have side panels, air flow could enter into the airfoil and cool down the SMA wires.

Figure 10. Side view of Airfoil in Wind Tunnel with a Tip Rotation of 6 = 30<

The wind tunnel experiments obtained also lift and drag coefficients for the different actuator tip
angle rotations and angles of attack.
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Figure 11. Lift coefficient over angle of attack from wind tunnel experiments.



Actuators 2015, 4 167

Figure 11 shows the lift coefficient over various angles of attack and actuator tip displacement angles.
The figure shows that the lift increased with an increasing angle of attack o and increasing actuator tip
rotation angle &. The values for the lift coefficient for an angle of attack of a = 6° and o = 10=had similar
values. For an actuator tip rotation angle of 6 = 20°, the lift coefficient of the o = 10=case was even
smaller than the 0 = 6<

Nevertheless, the wind tunnel tests proved that the airfoil was working under operating conditions.
The experiments showed that the lift can be increased substantially by actuating the SMAPBP actuator.
The wind tunnel experiments also showed that the SMAPBP actuator can overcome the aerodynamic
loads and displace the trailing edge.

4. Conclusions

The Post-Buckled Precompressed (PBP) amplification techniques works well with antagonistically
arranged SMA bender beams of the SMAPBP actuator. A 135 mm long steel-fiberglass-epoxy composite
actuator was actuated by a pair of 0.254 mm diameter Dynalloy Flexinol wires. The SMAPBP actuator
design presented in this paper is capable of achieving high tip displacements and rotations. The specimen
demonstrated deflection levels in excess of 120 peak-to-peak, representing a deflection growth of
50.5% at axial loads of 5 N. Currently, the actuator is optimized for a buckling force of around
3.5 N-4.5 N and an actuated/buckling length of 90 mm. Therefore, the work presented in this paper can
serve as a basic design study for future SMAPBP actuators for other load cases and applications. With
the employment of the SMAPBP actuator in an airfoil, the concept of an adaptive flap system with SMA
actuation and applied PBP mechanism was presented. Experiments showed that the SMAPBP actuator
can achieve high trailing edge displacements and overcome blocked forces originating from airloads.
Wind tunnel experiments showed that the airfoil was working well in flight conditions and that the
SMAPBP actuator was able to overcome the aerodynamic loads introduced by the air flow.
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