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Abstract. This article will address the modeling and conttblsurface embedded shape memory
alloys (SMASs) for the camber modification of a higomorphing airfoil. An analytical model will

be derived. The results of this models will be dgsed and compared to the experiments. The
advantages of this modeling approach will be hgitted and alternatives will be briefly revisited.
This discussion will figure into the utility of tee models in the sizing of a full scale prototypa o
SMA actuated active trailing edge of an airfoil.rdthighout this article the prototype specifications
are detailed and the design choices will be disgmisBerformance improvements stemming from
the inherent nature of the SMAs will be analyzedwill be shown in this article that through the
use of forced convection the overall cycle time barreduced.

I ntroduction

The rigid airfoil geometries of today’s aircraftseausually the result of a design compromise
optimizing the shape only for some parts of flightntrol surfaces are used to adapt the shape for
different parts of the mission profile. However,edto the introduction of discontinuities in the
shape these control surfaces usually have poodweamic performance and efficiency. The use of
deformable or morphing structures has the potettiegsolve this issue. Smart-materials hold great
potential in achieving the goal of an entirely defable airfoil structure [1]. The RTRA supported
research program DYNAMORPH and the research platfSMARTWING aim at improving the
performance of micro-air-vehicles in realistic @oviments via electro-active morphing. During the
course of this project a prototype NACA4412 wingswgeveloped with embedded Shape memory
alloys (SMAs) and trailing-edge Macro-fiber compgesactuators enabling both large deformations
(~10% of the chord) at limited frequency (<1Hz) aswhall deformations at high frequencies
(<100Hz) [2]. The characteristics of the SMAs, whigére actuated using current heating, make it
especially suitable to optimize the shape of thegnand to control the flight [3, 4]. The high-
frequent but low amplitude piezoelectric technolegythe other hand is useful to produce trailing-
edge vortex breakdown [5]. Wind-tunnel tests protlesl capacities of the design with respect to
both the high-frequency, low-amplitude and low-fregcy, high-amplitude actuation. However, the
tests also showed the need to further charactdtte &MA based high-amplitude actuation before
moving to a full-scale prototype. To this end agermodel was created resembling one part of the
activated airfoil skin.

Different concepts for SMA based camber control lsarfound in the literature. Elzey et al. [6]
used for example a flexible vertebra structuredesif an airfoil in order to generate both variable
camber and twist actuation. They successfully destnated the bending capacity of their approach
(> 50% of the chord length) however their modeké&at in rigidity for a real-world application.
Similarily, Musloff [7] also achieved significantigphlacements in his thesis for both 2D and 3D



deformations. Manzo and Garcia [8] constructed gdtliylliptical Cambered Span (HECS)
morphing wing capable of achieving around 25% ainspse bending withirs 3 s. The HECS
wing shape was linearly discretized allowing thdlgyu mechanism to act on fixed sections.
Windtunnel experiments were carried out using tleepiing HECS wing and it was shown that the
SMA based mechanism is capable of overcoming sogmf aerodynamic loads. Pankonien and
Friswell [9,10] combined different SMA actuatorsthvia trailing edge Macro Fiber Composite
(MFC) actuatued flexure box to achieve a syneistdrphing overcoming the inherent limitations
of the different individual materials. They comlina SMA actuated hinge with a flexure box
actuated using piezoelectric MFC actuators. Whetbase concepts certainly demonstrated the
capacities of the SMA based camber control thegdeshoices led to a limitation of the overall
rigidity and actuation frequency of the wing. Irder to address these issues our concept integrates
the SMAs directly in the surface of the airfoil slkadding to its rigidity. In addition the integi@ti

of a forced convection control concept holds toeptal to increase the actuators maximum
frequency.

This work is developed as follows: in a first pdre experimental setup is described, then an
analytical model based on the works of Elahini [1d]introduced to estimate the achievable
deflection of the system. The experimental resattesthen shown and compared to the analytical
model. Finally the results are discussed and & sbaclusion is drawn.

Experimental setup

The experimental setup is illustrated in Figurentl $he actual experiment is shown in Figure 2.
The SMA actuators which are embedded on the sudatee aluminum substrate are activated at
different current intensities using a Delta SM 40R-8 Power Supply Unit (PSU). The Pulse-
Width Modulated (PWM) control signal for both th&P® and the solenoid valve controlling the
forced convection is generated using an Arduino #2560 which also collects the strain gauge
and temperature measurements. In order to chamaébrced convection the embedded SMAs are
encapsulated inside of a silicone tube which wéectsd due to its high temperature resistance as
well as its large flexibility. The influence of thalicone tube in the mechanical behavior of the
system is considered to be negligible as the tleskrof the silicone is smaller than the thickndss o
the aluminum beam and the Young modulus of theasik is three orders of magnitude smaller
than that of aluminum.
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Fiaure 1: Experimental setup

Figure 2: Experiment

The overall displacement is measured using a Mtutdinear gage. The measurement
synchronization is done using a control PC runnMatlab. The strain, voltage and current
measurements are acquired at an acquisition fregueh 8 Hz. Due to the limited temporal

dynamics of the SMA actuators this low acquisitiguency was estimated to be sufficient. The
temperature data was re-sampled using a linearogippation algorithm in order to adapt the

measurements to the acquisition frequency of tikidwo.



Analytical model

As previously mentioned, the derived actuator madebased on the phenomenological SMA
model developed by Elahini [11]. Due to the fawattphenomenological models are based on
easily measured engineering quantities they areréavin engineering applications. In these models
the phase-transformation dynamics are describedmeans of internal variables and the
interdependence of these variables is modeled kanegics equations.

The structural behavior can be estimated usingqgtesi-static Euler-Bernoulli beam theory
modeling the contraction and extension of the SMAator as a moment applied at a distancé
the beams neutral layer. In this case the defledfdhe beam can be written as

_ oArL?
2El,
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wheres is the deflection at the linkage between the SMA the aluminium substrate,is the
stress in the SMA, A is the SMA’s cross-sectionaaa r is the distance between the substrate’s
neutral layer and the SMA, L is the length of thibsrate from the fixation to the linkage a&d
andlq are the substrate’s Young Modulus and area moofenertia respectively. This allows us to
define an equivalent spring constagtfor the use in the simulation model.

Par ameter Value Unit
T Radius gma 0.5e-3 [m]
L | Hea . SMA length cold 227.5e-3m]
fransir 4 Martensite 13 DenSity 6500 [kg/m3]
¢ Fraction  (— Heat capacity 320 [J/kg°C]
aalalation Convection coefficient 120 [W/m?°C]
o Resistance 11 [Q]

o) . Initial/ambient Temperature 20 [°C]
. ;\t‘l"fl‘l‘l‘uf — Austenite Young modulussE 75e9 [Pa]
T Martensite Young modulus«E 28e9 [Pa]

Austenite start tempA 30 [°C]
_ Austenite finish temp. A 75 [°C]
! Martensite start temp. M 65 [°C]
E | Constitutive Martensite finish temp. M 25 [°C]

Stress influence coefficientc 10.3 [Mpa/°C]
Stress influence coefficientic 10.3 [Mpa/°C]

equation

Substrate thickness 1.5e-3 [m]

Substrate width 33e-3 [m]

Substrate length@SMA interfacel65e-3 [m]

. ] . Substrate length total 195e-3[m]
F|gure 3: BI OCk d|agram Of the Comb| ned Substrate Young Modulus 69e9 [Pa]
QVIA-structural model Distance SMA to neutral layer | 2.5e-3 [m]

To simulate the prototype’s response due to the SM&Ctuation the previously described
structural model will be combined with the phenowlegical SMA model as defined by Elahini
[11]. The simulation is created using the Matlab/Adink platform. The block diagram of the
combined SMA-structural model is shown in FigureTBe model forms an algebraic loop as the
SMA'’s behavior is dependent on both stress and ¢eatypre of the actuator. Hence, an iterative
solution has to be conducted. The parameters weirdynaken from previous experiments as well
as from the literature [11, 12] and can be sedhertable above. The equations describing the heat
transfer, the phase transformation, the structlymamics as well as the relationship between stress
strain and temperature in the SMA will only be Byigepeated below for a thorough explanation
please refer to Elahini [11].

Heat transfer. The SMAs are activated using Joule heating. Themdifitial equation governing the
SMA’s heat transfer is given in the Equation beldtvcombines Joule heating with natural
convection.

1 2
(I"'R-h,A(T-T.))
Mgya Cp (2)
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In this Equationmsma is the mass per unit length of the SMAR,is the surface area of the wite,
is the current applied;, is the specific heafl is the temperature of the SMA, is the ambient
temperature andhc is the coefficient of heat convection. For thegmse of this simulation the
resistance of the wire is assumed constant.
Phase transformation. The phase transformation in the actuator is gaceroy the martensite
fraction, which has to be known for each instanttime and can be calculated knowing the
temperature, the stress and their derivatives. tbube SMA'’s hysteretic nature the description of
their phase transformation behavior depends ompitidous state of the system. In case the system
was previously in the austenite state and is beragsformed into the martensite state the
transformation is called the forward transformatjsee Equation 3). In the inverse case a so called
reverse transformation is taking place as describgdEquation 4. In both cases the phase
transformation is expressed in the form of the tdaavative of the martensite fractign

. Qa1 . _

C_ TSIn(Am(T_ Mf+Bm0)(AmT+BmO)) (3)

_ S sin(A,(T- A+B,0) (A, T+B,05))

2 (4)
The variablegv and{a represent the martensite fraction at the beginafrtpe A— M and M— A
transformation respectivelyds, Am, Ba and Bn can be calculated via Equation 5 knowing the
material properties given in the table beldw,. Ar are the start and finish temperature of austenite
creation and respectivelilss Ms are the start and finish temperature of martensitation.
Variations on temperature linked to stress areasgnted througbm andcm.
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Congtitutive equation. The relationship between the different variablesegning the actuators
behavior is given as Equation 6, whef€) is the Young moduluss is the strain,fd is the
thermoelastic tensor ag(() the transformation tensor.

6= E(0)e+0T+Q(Q)¢ (6)

It should be kept in mind however that the modsuages a fully detwinned martensite and hence
does not model the detwinning process.

Results

After this very brief introduction to the analyticaodeling procedure this paper will now focus on
the experimental results. A measurement cycle @vsim Figure 4. The measurement cycle is
repeated every 45 s. The SMAs are heated during &t&lifferent current intensities and depending
on whether cooling via forced convection is usedhatr a forced convection cooling cycle of 20 s
follows the heating. These heating and cooling sirage relevant with system dynamics because
cooling is slower than heating. The remaining deacks allow the system stabilization over the
cycles. In order to compare the different resufts mmeasurements are averaged over the active
cycle from the beginning of the heating processhtend of the forced convection cooling. The
results of this averaging process are shown in rBidu for the measurements without forced
convection and in Figure 6 for the measurements Watced convection. Comparing these two
graphs two things stick out: first as expected fimeed significantly improves the cycle time
allowing for faster actuation and second the mesaments at higher current intensities have a
significantly larger standard deviation and a lowsximum achievable deflection. Whereas this



seems counterintuitive it is actually more duehe thermal characteristics of the system than due

to the SMAS characteristics.
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Figure 4: Averaged displacement vs. time withou

time the standard deviation averaged over three
iterations.
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Taking a look at the measurement cycle at 6 A it without forced convection clearly show
that even during the relatively long cycle time 8MA is not completely cooled down hence at the
beginning of the subsequent cycle not the entireergial of the actuators can be realized.
Furthermore, as mentioned in [13] the higher stgrtemperature might even be counter-productive
due to the higher convection at higher temperatures

Hence, as the time dynamics depend largely on ritimli temperature a control systems is
necessary in order to implement this control amcetdr of the trailing edge deflection is necessary
Whereas different publications either use a forageld [14] or a resistance/inductance [15,16]
based approach a strain-gauge position feedbackselasted in this paper due to the relative
simplicity of implementation as well as the largeces during deformation and the low cost of the
sensors. Comparing the averaged measurement \altles averaged measured strain in mV at the
output of the amplifier we can see that this typeimple sensor is indeed capable to accurately
represent the deformation achieved by the prototijmpre 9 depicts the displacement vs. strain
response of the system for different current intesss Alternatively one can also choose to
compare the measured voltage to the actual steang whe displacement data and the geometry of
the clamped free beam, but as the final goal isotdrol the tip displacement a simple calibration
with respect to the tip displacement was seledtéidereas these measurements show a near linear
response between the measured tip displacemerthandeasured voltage it also becomes evident
that a saturation occurs once the displacementassga?0 mm. In order to avoid this kind of
saturation an a priori knowledge of the achievatikplacement is necessary. Hence, the next
section will briefly compare the achieved displaeainduring the measurements with the results
obtained using the combination of the phenomenoddgnodel developed by Elahini [11] and the
structural behavior.
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Figure 8: Displacement vs. strain response of the actuated flat plate

Result comparison. Figure 10 shows the comparison of the analyticabtained results and the
experimental results with forced convection. A gooalrespondence both quantitatively and
gualitatively can be observed between the analysind experimental results. However, whereas
during the heating section the simulation resudlfow the trajectory of the experiment a larger
difference can be observed during the cooling portif the cycle.

In order to account for this behavior a more thgfoinvestigation of the temporal dynamics of
the experimental setup is necessary especiallydagathe heat exchange with or without forced
convection in both a constraint and unconstrainedrenment. In other words the temperature
exchange in the silicone tubes has to be more yeapblyzed. Furthermore for a better
understanding of the SMAs properties the variabbthe SMA properties during repeated cycles
should be taken into account. However, even thotigh simulation results show room for
improvement it is notable that even using this s&m@mulation model as well as the SMAs



properties obtained from previous experiments dedliterature a good correspondence between
simulation and measurement can be obtained.
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Figure 9: Exerimental results vs analytical smulation

Conclusion

This paper presented a simple experimental protofgp the analysis of the behavior or SMA
actuators. The goal was to generate an extenddtdf®non for characterization of surface embedded
SMAs allowing to implement different control appcbas as well as both forced and natural
constraint convection cooling. It was shown thangdorced convection the cycle time can be
significantly reduced by up to 30 %. Furthermonee do temperature variation of the SMA during
the cycle in the natural constraint convection ctmee use of forced convection also allows for
smaller standard deviation and larger average teatyre. Furthermore, a simple low-cost position
feedback was introduced in the experimental platfofhe simplicity of the linear relationship
between displacement and measured strain was djingddi. However, it was shown that care has to
be taken as saturation can occur especially atdargjues of deflection. Finally, in order to gaim
apriori knowledge of the displacement, a combimatd a phenomenological SMA model with a
simplified structural model was introduced and &swshown that however simple this model a good
guantitative and qualitative correspondence dutireggheating cycle can be obtained. However, it
was also shown that due to the added complexithéymally constraining the actuators a more in-
depth analysis of the thermal behavior of the ptatfis necessary.

In summary this paper showed a simple platformef@luating different SMA control strategies
characterized its deflection behavior both usimgdd and natural convection and also developed a
mean to analyze the platform using a simulation eho@his allows in a next step to create and
validate different control approaches enabling piddly larger cycle times.
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