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Abstract: 

This thesis discusses the design, manufacturing and testing of a new kind of adaptive airfoil 

using Shape Memory Alloy (SMA) actuation. An antagonistic arrangement of SMA wires 

was used in a Post-Buckled Precompressed (PBP) kind of actuator that was employed in an 

adaptive flap system. The thesis opens with a short survey on the history of the PBP 

mechanism and a literature research on different flap systems actuated by adaptive materials. 

The conceptual design of the SMAPBP actuator and its evolution to the actuator employed in 

an adaptive aerostructure is discussed in the first chapters. Experiments showed that the 

SMAPBP actuator could obtain tip rotations up to 65°, which nearly quadrupled the levels 

achieved by piezoelectric PBP actuators. In the following, former developed theory for 

piezoelectric PBP actuators was modified to account for the trapezoidal shape of the 

SMAPBP actuator. The developed theory was then compared to experimental results. A FEM 

model was also developed and evaluated to prove the PBP concept for this actuator 

numerically. In the second section of the thesis the author gives a detailed explanation of the 

design concept and the manufacturing of the airfoil. A NACA0012 airfoil with a chord length 

of 150mm and a width of 100mm was used to prove the concept of the adaptive flap system. 

The thesis continues with a description of the test setup, the CFD model assumptions and the 

results of wind tunnel tests. The developed adaptive airfoil proved its capabilities during the 

numerical and experimental tests and showed that the employment and actuation of the 

SMAPBP actuator could more than doubled the lift coefficient of the airfoil. The architecture 

and employment of a closed loop position feedback system to overcome the nonlinear 

behavior of the SMA material and the PBP mechanism is also discussed. The thesis closes 

with an overview over the adaptive airfoil with SMAPBP actuator and gives 

recommendations for future work in this field. 
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1 Introduction 

The definition of the word adapt is given by the Oxford English Dictionary as “verb 1 make 

suitable for a new use or purpose. 2 become adjusted to new conditions.”
[1]

 This states that an 

adaptive material or adaptive structure consists of a ‘system’ that can adjust itself to new 

conditions in order to perform better. Therefore, the development of adaptive systems began 

with the first self-replicating structures 3.8 Billion years ago. The first self-replicating 

structures were the first organisms that replicated and adapt themselves to environmental 

conditions. The first scientific discovery made on the field of adaptive materials from human 

kind was the discovery of the piezoelectric effect in Rochelle salt from Pierre & Jacques Curie 

in 1880.
[2]

 With the ongoing research in the area of piezoelectricity in Germany and France, 

Voigt publishes “Lehrbuch der Kristallphysik”
[3]

 in 1910, defining piezoelectric properties. 

Early in the 20
th

 century, the development of quartz crystals for the use in oscillators and 

radios made the military and commercial world aware of the possibilities within these new 

kinds of materials. With the development of the NiTinol family of shape memory alloys from 

W.J. Buehler and R. Wiley at the Naval Ordinance Laboratory in 1961, a new kind of 

adaptive material with unique properties was discovered.
[4]

 The employment of this new 

material could be envisioned in heat engines, relays, fuses, expansion plugs, space structures 

and many more. Shape memory alloys have the characteristic to remember a given shape. By 

applying heat to the material it can transform back into its original or trained shape as a 

function of temperature.  

The application of adaptive materials in aerospace structures seems to be perfect because of 

their low weight and part count compared to conventional aerospace structures. Due to the 

fact that several different flight regimes occur during a typical aircraft flight, setting a single 

wing configuration to optimize the aerodynamic performance of the wing at any circumstance 

is nearly impossible. A common design strategy today is to identify a couple of dominant 
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flight regimes and design the wing according to these maximum circumstances. Flight control 

surfaces like ailerons, flaps and equilibrators are making the wing somehow adaptive to 

certain flight conditions like take off, cruising and landing. These control surfaces are 

normally designated to a specific part of the wing so that their actuation results in sharp form 

changes and therefore an increased structural weight.
[5]

 The use of smart materials can 

simplify the complexity of the system compared to conservative technologies such as 

electromechanical or hydraulic actuators. Conventional control surface deployment 

mechanisms introduce more drag because of the inevitability of gaps and outstanding edges. 

Adaptive material like piezoelectric materials, shape memory alloys (SMAs) and electro 

active materials were applied into aerospace vehicles for more than 20 years into various 

kinds of structures and surfaces. Regardless of certification problems for commercial aircraft, 

smart materials give unique possibilities in Unmanned Arial Vehicle (UAV) purposes and 

opens new doors in design and performance areas. There are various different adaptive 

materials that can change their mechanical, thermal, optical, chemical, electrical or magnetic 

appearance. This thesis is centered on adaptive materials that can change their mechanical 

characteristics (stiffness, strain or damping for example). Commercially available mechanical 

adaptive materials are piezoceramic (e.g. PZT G-1195), piezo film (e.g. PVDF), 

electrostrictor (e.g. PMN), magnetostrictor (e.g. Terfenol DZ) and shape memory alloy (e.g. 

Nitinol) materials.
[6]

 Piezoceramics and piezo film use the piezoelectric effect. To actuate the 

piezoelectric material, an applied electric field forces monopoles in the piezoelectric material 

into a desired direction and deforms the material therefore. Electostrictors are ceramics that 

expand in the presence of an electric field by a coupling effect between the applied electric 

field and the electric dipole of the material. Magnestostrictors work in a similar manner as 

electrostrictors but they are actuated by a magnetic field instead. The last material in the list of 

adaptive material is Shape Memory Alloys (SMA). Shape memory alloys are used in various 

fields today such as medical devices, actuators, composites and structures. 
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SMA materials are metallic alloys that can undergo martensitic transformations when 

subjected to applied thermo-mechanical loads.
[7]

 The alloys are capable of recovering plastic 

strains when heated up above a certain temperature.
[8-9]

 Other behaviors of SMA that must be 

considered for the proposed wing design are one-way shape memory effect, two way shape 

memory effect and material training.
[10-11]

 SMAs can be activated by external heating 

(ambient temperature) or electrical heating (Joule heating with electrical current). Shape 

memory alloys seem very attractive for actuation purposes because of their large excitation 

forces and displacements. 

  



4 

 

1.1 Previous Work 

1.1.1 Adaptive Materials and Actuators  

The introduction of laminated materials simplified the incorporation of active elements in the 

structural form compared to large monolithic structures that needed to be machined.
[6]

  The 

employment of adaptive materials in composite laminates allows the laminate to change its 

shape (elongation, bending and/or twisting) or stiffness to adjust to a desired form or shape. In 

the mid 1980s Ed Crawley and his colleges at MIT began their research in the field of 

adaptive materials and their application in aerospace structures.
[12]

 With the intention of 

squeezing more performance out of an existing adaptive material the concept of “Post 

Buckled Precompressed” was discovered. The early discoveries from Lesieutre focused 

primary towards increasing the coupling coefficient exhibited by piezoelectric transducers.
[13-

14]
 The coupling coefficient is normally a measurement for the energy conversion of an 

adaptive material or active device. The electromechanical device coupling coefficient for 

example indicates the effectiveness of converting electrical to mechanical energy for a 

piezoelectric device. Experiments showed that by approaching an axial load close to the 

perfect column buckling load, the coupling coefficient was approaching a value of 100%. 

Lesieutre’s approach for a beam subjected to an axial load P is shown in Figure 1. 

 

Figure 1: Coupling Coefficient Behavior of Axially Loaded Bending Beams 
[13-14]
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The paradigm shift proposed by Lesieutre 1997 suggested that piezoelectric elements could 

feature a coupling coefficient higher than the basic material. Lestieutre applied these 

advanced concepts only to electric transformers but their implication for flight control 

actuation was clear. The researcher team from the University of Kansas and the University of 

Delft developed the PBP-principle in a number of high performance actuators.
[15-19]

 The PBP 

actuators developed exhibit nearly 4 times higher deflection levels than without applied Post-

Buckled Precompressed mechanism, while maintaining full blocked force and moment 

capabilities. 

Piezoelectric PBP actuators are highly successful but they inherent some profound limitations. 

With dynamic elastic shifting and proper control, extremely high speeds and robust 

performance can be achieved but their capabilities are still limited.
[15, 20]

 Piezoelectric 

materials are highly prone to tensile failure on convex faces and limited tensile stress levels to 

fracture. Caused by this limitation, piezoelectric PBP actuators can easily generate such high 

deflections that they will tear themselves apart. Because SMA actuators are far more tolerant 

to tensile stresses than piezoceramics, a switch of actuation material was a natural progression 

of technology. By using SMA instead, very high deformation levels can be achieved. 

Normally SMA actuators are fundamentally inefficient electrical-to-mechanical transducer 

mechanism, but employing the SMA actuator in a PBP configuration the efficiency often can 

be boosted by an order of magnitude. The PBP mechanism inherent another very 

advantageous characteristic: the power consumption to hold deflections can by reduced by 

one or two magnitudes. Normally conventional SMA actuators are essentially non-starters for 

being employed in a control surface on many aircraft, because of their high power 

consumption to hold the control surface at a specific position. With properly designed SMA 

actuators the PBP principle can balance air and structural loads and the steady state or trim 

load on the SMAs becomes almost negligible. 
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1.1.2 Adaptive Aerostructures 

With the development of the first modern adaptive aerostructures by the MIT Research Team 

in the mid 1980s, a door was opened to apply these new kinds of materials to aerospace 

structures, a field with unique application areas and opportunities. The employment of 

adaptive structures in aerospace applications started with simple bending- and twist activated 

plates in the late 1980s.
[21-23]

 In 1990, Ron Spanglers and Steve Hall’s piezoelectric actuator 

was the first rudimentary flap-type device presented at a AIAA SDM conference.
[24]

 The 

discovery of the principle of directional attachment of piezoelectric crystals
[25]

 started the 

development of first adaptive rotors, missile fins, wings and actuators in the early 1990s 
[26-27]

 

with a first patent issued in August 1995.
[28]

 The developed structures showed great prospects 

and led to several aero elastic studies. These studies resulted in missile fins that could achieve 

nontrivial deflection levels, high rates and compact form factors.
[29-39]

 Studies on helicopter 

rotors, that can be drawn back to the late 1980’s, employed piezoelectric materials as rotor 

blade actuators and showed the advantages which led to the development of the smallest 

aircrafts commissioned by the DoD (Department of Defense).
[26, 28, 40-42]

 In the following years 

several new discoveries in the field of developing smart aerostuctures were introduced. One 

of the largest programs was the DARPA/AFRL/NASA Smart Wing program.
[43]

 The program 

was divided into two parts; the first part (January 1995 to February 1999) was focused on the 

development of a shape memory alloy based hinge less, smoothly contoured trailing edge 

control surface. Variable wing twist was investigated by using SMA torque twist tubes. The 

critical limitation of the structures developed in Phase I was the low bandwidth inherent with 

SMA actuation. In Phase II (January 1997 to November 2001) the research was focused on 

using different adaptive and conventional actuators to actuate the trailing edge of a Northrop 

Grumman Corporation (NGC) Uninhabited Combat Air Vehicle (UCAV). The actuator 

materials considered were antagonistically actuated SMA, TERFENOL-D linear wave motor, 

piezoelectric inchworm motor and piezoelectric hydraulic pump. 
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In the following section the focus lays on past approaches on integrating adaptive structures 

into flight control systems, especially for flap or morphing trailing edge devices. An 

interesting approach in flight control surface design was undertaken by Roelof Vos and Ron 

Barrett in their paper “Post-Buckled Precompressed (PBP) piezoelectric actuators for UAV 

flight control.”
[44]

 With the discovery of the PBP mechanism by Lesieutre in 1997 new 

techniques were sought to boost piezoelectric actuator mechanical energy and power 

densities.
[13-14]

 With the PBP mechanism, ever-lower component count with ever higher 

performance was achieved. The former developed Post-Buckled Precompressed (PBP) 
[15-16, 

19, 45-50]
 mechanism was applied to an actuator designed with conventionally attached 

piezoelectric (CAP) bender members. The actuators consisted of two identically poled PZT 

5A sheets that were bonded on either side of a hardened Aluminum substrate.  By using the 

curvature of the actuator, a morphing wing was able to being constructed with an elastomeric 

latex skin applying an axial buckling force on the actuators in order to use the PBP 

mechanism.  Experiments showed good correlation between theory and experiment. The PBP 

mechanism nearly doubled the peak-to-peak end rotation to 13.6deg.  The authors showed an 

increase of corner frequency of 10 times and a 60% mass reduction compared to 

electromechanical servos. As mentioned above the piezoelectric materials are limited in their 

capability of sustain tensile loads. In order to achieve higher tip rotation a change of the 

adaptive material was a natural process.  

 

Figure 2: Piezoelectric Actuators for UAV Flight Control
[44]
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Considering the limitations of piezoelectric materials for actuators with high tip deflections, 

the decision was made to investigate in SMA actuation. Numerous studies were undertaken in 

the field of applying shape memory alloys into flap devices, the most unique approaches are 

outlined in the following. In the paper “Development of a smart wing”
[51]

 Parsaoran Hutapea 

and his colleges of Temple University discussed the design of an adaptive trailing edge with 

SMA springs. The flaps were rigidly fixed to a rotating tube that was actuated by SMA 

springs fixed to the leading edge and the rotating tube (Figure 3) with mounted control 

surface.  The SMA spring actuators were actuated by heat introduced by an applied current. 

The researchers from Temple University used a NACA2412 airfoil and obtained a maximum 

angle of flap deflection exceeding 20 deg in both directions.
 [51]

  A plain flap design was used 

in the paper; a shape adaptive airfoil would have increased the aerodynamic efficiency. One 

group of researchers embedded SMA wires into a NACA 0012 helicopter airfoil section
[52]

 

using the same principle as Pasaoran Hutapea. The researchers obtained a tip deflection of 29° 

with their 0.305 m chord length airfoil and a 2.16 per cent prestrained SMA wire. 

 

Figure 3: Airfoil with Rigid Flap Mounted on Rotating Cylinder
 [51]

 

Another approach was undertaken from Jin-Ho and his colleges from the Korea Aerospace 

University in their paper “Shape Adaptive Airfoil Actuated by a Shape Memory Alloy and its 

Aerodynamic Characteristics.”
[53]

 The researchers used a SMA thin film actuator embedded in 
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the skin of the trailing edge to show the improvement of a shape adaptive airfoil compared to 

a plain and a slotted flap. The airfoil used in this paper was a NACA 23012 airfoil with a 

chord length of 500 mm. Experiments showed that lift can be improved by 41% and that drag 

can be decreased by 57% for a shape adaptive airfoil compared to an airfoil with a plain flap. 

The flaps in their experiment were subjected to a deflection of 30 deg. 

 

Figure 4: Airfoil with Active Fairing from the Korean Aerospace University 
[53]

 

A completely different approach of an adaptive flap system was laid out by S. Barbarino in 

his paper “A novel SMA-based Concept for Airfoil Structural Morphing.”
[54]

  The trailing 

edge skeleton of the rib consisted of five parts in order to provide the shape of the airfoil; this 

substructure was then connected by crossed laminates, which were working as structural 

springs. Actuation was introduced by SMA wires counteracting with the springs. Because of 

the eccentricity of the SMA wires with respect to the spring system, a relative angular 

movement could be introduced. Experiments showed tip rotation angles up to 32 deg without 

aerodynamic loads and 30 deg with aerodynamic loads. The researcher proved that the wire-

based SMA actuator preformed best compared to ribbons and rod SMA actuators. 
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Figure 5: Rib Architecture of the Adaptive Trailing Edge with Hinges (green) and SMA wires (red) 
[54]

 

Another interesting approach was undertaken by O.K. Rediniotis and his colleges from Texas 

A&M University in their paper “Development of a Shape-Memory-Alloy Actuated 

Biomimetic Hydrofoil.”
[55]

 The researchers from Texas A&M used a NACA0009 profile with 

a chord length of 762 mm with seven ribs that are connected by hinges and actuated by an off 

center SMA wire. A restoring spring on the other side of the hinge was bringing the SMA 

wire back to its original position after actuation. This design made it achievable to command 

the whole airfoil into various shapes. For a better actuation performance and higher actuation 

frequencies the SMA wires were cooled by water. Experiments showed that frequencies up to 

20 Hz were achievable with this setup. An application of the hydrofoil as an airfoil can be 

easily imagined and was even recommended by the author. Nevertheless the metallic sub and 

skin structure is too heavy for an aerospace application. For an application as an airfoil the 

water cooling proposed from O.K. Rediniotis needed to be changed to a lighter fluid to 

decrease the weight of the entire structure.  
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Figure 6: Schematic of Design Principles of Biomimetic Hydrofoil 
[55]

 

 

Figure 7: Maximum deflection of hydrofoil 
[55]
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1.2 Problem Statement  

The purpose of this thesis is to describe the development of an adaptive actuator and its 

employment as a control surface of an adaptive airfoil. The problem that needs to be solved is 

how to develop this new kind of actuator which brings the advantages of SMA materials and 

the former developed PBP principle together and prove the concept of a SMAPBP (Shape 

Memory Alloy Post-Buckled Precompressed) actuated airfoil. The actuator and airfoil need to 

be evaluated experimentally, analytically and numerically. Adaptive aero structures were 

chosen over conventional flap system designs because of their decrease in part count and 

power consumption and increase of work output. The employment of adaptive materials gives 

the structure the opportunity to adapt to every flight condition by changing the appearance of 

the airfoil and maximizing the aerodynamic performance. The decision to use Shape Memory 

Alloy material was made due to the profound limitations of piezoelectric materials. 

Piezoelectrics are prone to tensile failure on convex faces which makes them not suitable for 

high deformations and deflections. 

 

Figure 8:  Improvement by Applying PBP-Principle 

 

Conventional adaptive structures (blue area in Figure 8) have only a limited design space, a 

trade off between developed force and developed deformation is inescapable. These kinds of 

structures are typically operated at a midpoint in order to obtain force and deformation 

simultaneously. If maximum force is desired then the deformation will be close to zero, on the 
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other hand if maximum deformation is favored then the developed force will be almost 

nonexistent. By applying the PBP principle to these conventional adaptive structures, the 

design envelope can be increased significantly. The relationship between developed force and 

developed deformation doesn’t have to be linear anymore. For example, the applied buckling 

force of the PBP mechanism can increase the deformation of the structure without increasing 

the applied force to the structure. The perfect actuation curve in Figure 8 would be a straight 

horizontal line. The graph shows that the work output and therefore the efficiency of the 

actuator can be increased by applying the PBP mechanism (red area: design space PBP 

mechanism).  

 

Figure 9: Comparison of state-of-the-art active materials (original from 
[56]

) 

The PBP mechanism applied to conventional SMA actuators should boost the SMAs 

deformation output by two or three orders of magnitude. The improvements due to PBP are 

shown in Figure 8 and Figure 9. The low energy density of conventional SMA materials 

normally makes them now starters in applications where a certain position needs to be held 

for a long time. By applying the PBP mechanism to these SMA actuators the energy 

efficiency could reach a value close to η=1. Because if properly designed, the PBP 

Applied PBP 
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mechanism applied to the actuator can balance out air and structural loads. The steady state 

load on the SMA actuator becomes almost negligible (Figure 10). 

 

Figure 10: Comparison of mass-specific energy densities of state-of-the-art active materials (original 

from
[56]

) 

The behavior of SMA material is highly non-linear and hysteretic. An active position 

feedback loop for the actuator integrated in the airfoil should overcome these limitations and 

should obtain a precise tip displacement.  

  

Applied PBP 
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2 Adaptive Flap System Layout 

In order to develop an adaptive flap system with adaptive shape control of the airfoil, it was 

necessary to integrate the SMAPBP (Shape Memory Alloy Post-buckled Precompressed) 

actuator into a completely new developed airfoil. The airfoil consisted of four different parts, 

the SMAPBP actuator, the leading edge, the trailing edge and the skin. The leading edge part 

had the purpose to give the airfoil the desired aerodynamic outline and stiffness for different 

flight regimes; it consisted of a simple D-spar configuration. The trailing edge was designed 

from a steel stock beam connecting the tips of the actuators in order to obtain a straight line 

for the trailing edge. The SMAPBP actuator itself was the active part of the airfoil and served 

also as a structural connection between the leading and the trailing edge. The SMAPBP 

actuator was actuated by contraction caused by an atomic structure change of a NiTi (nickel 

titanium) shape memory alloy wire when subjected to heat. A latex skin connected the leading 

and trailing edge and gave the airfoil the aerodynamic shape. The skin also had the purpose to 

apply a buckling load on the SMAPBP actuator in order to use the advantages of the PBP 

principle. A NACA0012 profile was used as a basis for the outline of the airfoil shape. The 

first step was to develop the SMAPBP actuator, optimize it and integrate into the airfoil 

substructure. Due to the hysteretic behavior of the SMA material it was also necessary to 

apply an active position feedback control system to the airfoil to accurately piloting a desired 

flap (trailing edge) displacement. 
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3 The SMAPBP Actuator 

In order to implement the concept of an adaptive airfoil, an actuator with adaptive materials 

needed to be developed first. The SMAPBP actuator had the purpose of changing the 

aerodynamic shape of the airfoil and to develop a force big enough to overcome the 

aerodynamic forces acting on the airfoil. In the following chapters, the conceptual design, 

manufacturing, experimental and analytical evaluation of the SMAPBP actuator is conducted. 

The section begins with the basic principles and design ideas behind the actuator and gains 

into actuation theory. Three different actuator design approaches are discussed and evaluated 

until an optimum design for the application in the airfoil was selected.  

3.1 Actuator Modeling and Design  

The principle design of the actuator consisted of plate with constant thickness but tapered 

from root to tip to accommodate air loads. The actuator plate itself was a composite plate with 

variant layers for each of the three different actuator designs. The purpose of the three designs 

was the same; to maximize the tip displacement/rotation and the developed force at the tip. 

The actuator itself also had to withstand the buckling load applied to the actuator from the 

skin. The actuators were designed to function with an applied axial buckling load close to the 

perfect column buckling load of the actuator itself. The perfect column buckling load for the 

actuator is obtained in Chapter 3.1.5.1 and the force applied by the skin is introduced in 

Chapter 4.1. 

3.1.1 Actuator Design I 

In the first actuator design step it was important to prove the basic idea of the PBP concept. 

The first test specimen consisted of a tapered composite plate with a spring steel substrate and 

a 45° glass fiber epoxy composite layer on both sides. The actuator had an overall length of 

150 mm with 120 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. The spring steel substrate had a stiffness of 207 GPa and a thickness 



 

of 0.127 mm. To actuate the steel composite plate, 

and bottom of the composite plate. 

of 75 GPa in the austenitic and 28 

actuation wire of Dynalloy Flexinol

glass fiber epoxy was added to lock down the SMA wire in order to integrate the SMA wire 

into the composite. The glass fiber layers 

layer between the spring steel substrate and the conductive SMA wire

was chosen to minimize the impact of the 

The glass fiber cloth layers had a stiffness 

each of the four glass fiber layers.  

Figure 11: Actuator Design I: Left side is clamped into Test F

Prior to the assembly of the actuator

µstrain plastic strain in tension

applying heat to the SMA wire

SMA wire and the plate starts to bend.

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 

through a transfixion at the tip of the SMAPBP specimen and 
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To actuate the steel composite plate, SMA filaments were attached to the top 

and bottom of the composite plate. An SMA wire with a 0.127 mm diameter, with

in the austenitic and 28 GPa in the martensitic state, was selected. A SMA 

actuation wire of Dynalloy Flexinol
[57]

 was used in these experiments. Another layer of 

was added to lock down the SMA wire in order to integrate the SMA wire 

The glass fiber layers had the only purpose to create a non cond

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. 

h layers had a stiffness of 4.519 GPa and a thickness of 0.0635 

each of the four glass fiber layers.   

ctuator Design I: Left side is clamped into Test Fixture

Prior to the assembly of the actuator, the shape memory alloy wire was prestrained to 

in tension. The atomic structure changes from martensite to au

wire. This atomic structure change results in a contraction of the 

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;

ip of the SMAPBP specimen and fixed by a clamped steel plate

filaments were attached to the top 

diameter, with a stiffness 

, was selected. A SMA 

Another layer of 45° 

was added to lock down the SMA wire in order to integrate the SMA wire 

had the only purpose to create a non conductive 

. The 45° orientation 

layer on the overall stiffness of the plate. 

and a thickness of 0.0635 mm for 

 

ixture 

the shape memory alloy wire was prestrained to 1500 

atomic structure changes from martensite to austenite by 

. This atomic structure change results in a contraction of the 

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 

sides; it was threaded 

fixed by a clamped steel plate 



18 

 

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 loop. This arrangement made it possible to 

actuate both sides independently. 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 32). 

3.1.1.1 Evaluation of Actuator Design I 

To experimentally prove the SMAPBP concept, the actuator was clamped vertically into a test 

apparatus (more detailed explanation of the experimental set-up in Chapter 3.3.1). While 

being actuated, the tip was displaced and the actuator tip rotation angle δ was measured. The 

impact of the PBP principle was measured by increasing the axial buckling force Fa. The axial 

buckling force was increased by adding weights to an elastomeric line at the tip of the 

actuator. 

 

Figure 12: Nomenclature of Principle Experimental Set-Up  

With the principle explained above and in Chapter 3.3.1, the tip rotation angle with and 

without actuation could be obtained and is shown in Figure 13. 
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Figure 13: Experimental Results of Actuator Design I 

Figure 13 shows a clear increase of the tip rotation angle over the applied axial buckling 

force. The tip rotation increased from 20° without any applied buckling force to 28° at 0.5 N 

buckling force. Nevertheless, the impact of the buckling force on the tip rotation of the 

actuator was too big; an axial buckling force of only 0.5 N led to a tip rotation of 15° without 

any actuation. Actuator Concept I proved the amplification of the PBP concept clearly, an 

investigation in a change of material and composite layout was the next step. 

3.1.2 Actuator Design II 

Because of the difficulties in predicting the correct impact of the composite on the 

performance of the actuators analytically, this design concept was focused on the impact of a 

change of composite composition and SMA wire thickness. This actuator was the first type of 

actuator designed to be integrated in the actual airfoil. This consideration made it necessary to 

change the location of the contact clips and the clamping area. In this design step different 

composite configurations and SMA wire thicknesses and their impact on actuation capabilities 

were investigated. Six new actuators were built, three with the springsteel-glass fiber 

composite introduced in design concept I and three with only a glass fiber composite with no 

spring steel substrate. All the actuators of design phase II had the same dimensions. The 
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actuators had an overall length of 135 mm with an actuated length of 90 mm and were tapered 

from 30 mm to 10 mm over 90 mm from the clamping position to the tip. The contact clips 

were moved to the end of the actuator to achieve a clamping area inside the leading edge. This 

design led to an actuated length of 135 mm with 90 mm active laminate outside the leading 

edge (see Figure 46 for leading edge specifications).  

3.1.2.1 Springsteel-Glassfiber Composite 

The composite layup for these three actuators was basically the same as for the actuator from 

design approach I. Three different diameters of SMA wires were used to capture their 

actuation capabilities with the spring steel-glass fiber epoxy composite composition. To 

capture the impact of the thickness of the SMA wire on the actuator, three different diameters 

of SMA wire (0.127 mm, 0.254 mm and 0.381 mm) were used. Again the spring steel 

substrate served as a conductor to actuate the top and bottom side separately. The fiber glass 

used in this design approach was thicker to increase the overall stiffness of the composite 

plate. The process of finding the right stiffness is a trade off between increasing the stiffness 

of the plate in order to take the buckling load from the skin versus the improved actuation 

performance of the SMA wire by using a substructure with less stiffness. 

3.1.2.2 Glass fiber Composite 

Three different stacking sequences were investigated for the glass fiber epoxy composite 

actuator. The first actuator in this group had one layer of 0° fiberglass epoxy, the second 

actuator had two layers and the third had three layers of 0° fiberglass epoxy. All three 

actuators were equipped with a 0.254 mm diameter SMA wire.  

During the experiments the observation was made that with the absence of any conductive 

layer, the wiring of the actuator was difficult. The current needed to be applied directly to the 

tip of the actuator. Different approaches have been investigated but none of them led to a 

satisfactory result. For future design, without a conductive substrate, the best option would be 

to add a contact clip at the tip.  



 

Figure 14: Actuator Design 2: Proposed

3.1.2.3 Evaluation of Actuator Design II

The different actuator compositions were evaluated using techniques described in Chapter

3.3.1. Only the measurements of the tip rotation angles were used to evaluate the performance 

of the actuators for these preliminary

Figure 15: Performance of 

Figure 15 clearly shows that the available work from the actuator decreases by increasing the 

number of layers. The one layer 
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Actuator Design 2: Proposed Actuator for Application in Airfoil

Evaluation of Actuator Design II 

compositions were evaluated using techniques described in Chapter

nly the measurements of the tip rotation angles were used to evaluate the performance 

for these preliminary design concepts.  

: Performance of Glass fiber-Epoxy Actuators from Design II

clearly shows that the available work from the actuator decreases by increasing the 

number of layers. The one layer glass fiber seemed to obtain the highest performance but it 
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Actuator for Application in Airfoil 

compositions were evaluated using techniques described in Chapter 

nly the measurements of the tip rotation angles were used to evaluate the performance 
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clearly shows that the available work from the actuator decreases by increasing the 
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could never withstand the buckling force from the skin of the airfoil. The three ply specimen 

could withstand the buckling load from the skin but the work output was too small. Most of 

the work developed by the SMA wire went into fighting against secondary structure of the 

actuator. 

 

Figure 16: Performance of Springsteel-Glass Fiber Epoxy Actuators from Design II 

It is obvious that SMA wires with bigger diameter needed a higher current to be actuated; 

Figure 16 shows this trend clearly. The current needed to actuate the 0.381 mm diameter was 

almost three times as high as the current needed for the 0.254 mm diameter. The decision was 

made to use the spring steel – glass fiber epoxy composite with 0.254 mm diameter SMA wire 

over the glass fiber approach. This decision was made because the ratio of buckling stiffness 

over bending stiffness for the glass fiber specimens was too high. The spring steel substrate in 

the spring steel-glass giber specimens made the whole composite more ductile, an important 

design criterion for this kind of actuator. The SMA wire’s purpose was to bend the composite 

plate and achieve high tip displacements and tip rotations. The selection of the 0.254 mm 

SMA wire was based on its good ratio between applied power and developed tip rotation.  
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3.1.2.4 First Application in Airfoil 

After the decision was made to use the spring steel-glass fiber epoxy actuator with the 0.254 

mm SMA wire design concept, three actuators were built and integrated into the airfoil. After 

the skin was applied, all actuators were actuated to evaluate their performance and to prove 

the basic airfoil concept.  

  

Figure 17: Delamination Caused by Actuation of SMA Wire Integrated in Composite 

Experiments showed that the SMA wire embedded in the glass fiber laminate of the actuator 

needed to be heated up to high temperatures in order to achieve the desired displacement. The 

epoxy of the glass fiber layers seemed to melt at these temperatures and the laminate started 

to delaminate. It seemed that the SMA wire was trying to burn through the top layer of the 

glass fiber epoxy. Temperatures on the order of 110°C to 130°C were measured with a 

thermocouple attached on top of the glass fiber layer. The impact of this effect was most 

drastically shown when the actuator was integrated in the airfoil and the skin was applied to 

the substructure. While heating up the wire for actuation, the temperature increased in the 

laminate and it strongly degraded the stiffness of the whole laminate and tip rotations of over 

10mm 
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90 deg were easily obtained. After turning off the power supply and therefore the heat source, 

the epoxy hardened again and the actuator got stuck with tip rotation between 70 deg and 80 

deg with no chance of recovery to equilibrium condition. Even actuation of the opposite side 

didn’t bring any improvement or recovery.  

3.1.3 Actuator Design III 

Due to the discoveries obtained in actuator design II, the step away from the SMA wire 

integrated in the composite was a natural enhancement. In this design the SMA wire was 

running on top of the composite outside the leading edge. To prevent the SMA wire from 

interfering with the bond line between actuator and leading edge, the SMA wire was 

integrated into the composite in the leading edge. This design change also had an impact on 

the actuation force distribution in the actuator.  

 

Figure 18: Force Distribution of SMA Wire embedded (green) and not embedded (red) in Composite 

In the former design steps the SMA wire was integrated in the composite and the actuation 

force was modeled as a following force with constant distance to the neutral axis. With the 

exterior wire of actuator design III, the actuation force of the wire was only acting at the tip 

and the root. This design modification was adding a vertical component to the actuation force 

(see Figure 18). 

This design also featured a steel spring substrate with two layers of 45° glass fiber epoxy 

cloth on each side. The SMA wire was embedded between two layers of glass fiber epoxy 

cloth at the clamping area. The whole actuator had an overall length of 135 mm with an active 



 

tapered length of 90 mm. The 90 mm active length gave the airfoil an overall length of 150 

mm with a 60 mm long leading edge (see Chapter 

Figure 19: Actuator Design 3: Actual Actuator for Application in Airfoil

This actuator design showed the best performance 

actuator designs. This design was

develop an active position feedback loop and to 

this actuator will be referred

Precompressed) actuator. 

3.1.4 Antagonistic Arrangement of SMA Wire

The SMA actuation wires in the actuator were

means that the SMA wire that was

actuated (e.g. bottom side) nee

available stroke of the actuator. The 

for top and bottom side with a fixture at the 

structure the SMA wire was prestrained to 5% plastic

Tensile Testing Machine (see actuator fabrication chapter; Chapter

prestrained over ten full loading/unloa

25 

apered length of 90 mm. The 90 mm active length gave the airfoil an overall length of 150 

mm with a 60 mm long leading edge (see Chapter 4.1). 

: Actuator Design 3: Actual Actuator for Application in Airfoil

This actuator design showed the best performance and most repeatable

designs. This design was selected to be applied into the actual airfo

e position feedback loop and to carry out wind tunnel tests

referred as SMAPBP (Shape Memory Alloy Post

Antagonistic Arrangement of SMA Wire 

in the actuator were arranged in an antagonistic arrangement

means that the SMA wire that was actuated (e.g. top side) and the SMA wire that was

actuated (e.g. bottom side) needed to be considered in the calculation of the maximum 

vailable stroke of the actuator. The SMA wire used in the actuator was 

for top and bottom side with a fixture at the tip clip. Before integration the SMA wire in

prestrained to 5% plastic + elastic strain with the Bluehill Instron

Tensile Testing Machine (see actuator fabrication chapter; Chapter 3.2). The SMA wire was 

prestrained over ten full loading/unloading cycles in order to improve its 

apered length of 90 mm. The 90 mm active length gave the airfoil an overall length of 150 

 

: Actuator Design 3: Actual Actuator for Application in Airfoil 

repeatable result of all the 

to the actual airfoil in order to 

wind tunnel tests. In the following, 

as SMAPBP (Shape Memory Alloy Post-Buckled 

arranged in an antagonistic arrangement. This 

p side) and the SMA wire that was not 

to be considered in the calculation of the maximum 

 a single SMA wire 

the SMA wire into the 

with the Bluehill Instron 

The SMA wire was 

es in order to improve its trainability and 



 

performance. The SMA wire was integrated into the substructure 

a plastic strain of 2.5% to 2.8% strain 

solution of the prestrain level of the whole actuator

curves was chosen. The stress

material with similar properties 

Figure 

The top and bottom SMA wire can be assumed to be in an antagonistic arrang

side clamped with a root mount and the other side

be aligned in one line connected by a center effector. This assumption can be made without 

any compunction because the SMA wire in the SMAPBP actuator was basically setup in a 

very similar manner. If for example the top wire is getting actuated 

the SMA wire at the bottom will be subjected to ten

wire’s stiffness will have a direct impact on the maximum elongation of the top wire. 

21 shows the graphic solution for obtaining the maximum available stroke for a given 

prestrain level. With no prestraining of the SMA wire the structure can not generate any work. 

By increasing the prestrain level, the two stress

maximum stroke that can be obtained by the system. The maximum stroke occurs between the 

cross sections of the curve of the austenitic phase of wire 1 and the curve of the ma

phase of wire 2 and the other way around. 

0

200

400

600

800

1000

1200

-4

S
tr

es
s,

  
f

(M
P

a
)

26 

performance. The SMA wire was integrated into the substructure without any pretension, only 

of 2.5% to 2.8% strain was considered for the following calculations.

level of the whole actuator, a graphic solution involving stress

en. The stress-strain curves were obtained from Tinel Alloy K, a SMA 

material with similar properties as the Dynalloy SMA wire used in the SMAPBP actuator.

Figure 20: Stress-Strain Curve for Tinel Alloy K
[57]

 

top and bottom SMA wire can be assumed to be in an antagonistic arrang

side clamped with a root mount and the other side movable. The two wires can be 

be aligned in one line connected by a center effector. This assumption can be made without 

any compunction because the SMA wire in the SMAPBP actuator was basically setup in a 

very similar manner. If for example the top wire is getting actuated and therefore contracts, 

the SMA wire at the bottom will be subjected to tension and elongates therefore

s stiffness will have a direct impact on the maximum elongation of the top wire. 

shows the graphic solution for obtaining the maximum available stroke for a given 

prestrain level. With no prestraining of the SMA wire the structure can not generate any work. 
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Figure 21: Max Stroke for Antagonistic SMA Arrangement 
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Figure 22: Stress-Strain Diagram for SMAPBP Actuator in Antagonistic Arrangement 

Figure 22 shows the stress-strain diagram for the actual actuator with 2.5% elastic prestrain. 

The two curves leading to the right side of the chart are the austenitic and martensitic line of 

SMA wire 1 (top side) and the two curves leading to the left side are the austenitic and 

martensitic lines of SMA wire 2 (bottom side). The graphic solution method described above 

obtained a maximum stroke of 1.9% strain for the SMA wire in antagonistic arrangement. 

This maximum stroke was used in the following to calculate the tip rotation in the analytical 

model and the maximum tip deflection in the FEM model. 
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3.1.5 Analytical Theory 

To capture the nonlinear behavior of the Post-buckled Precompressed (PBP) mechanism a 

high transverse deflection model developed in reference 50
 
with excellent correlation between 

theory and experiment for piezoelectric actuators, was used. The equation needed to be 

modified in order to capture the behavior of the trapezoidal outline of the specimen. The 

basics in development undertaken in reference 50 are explained in the following with the 

necessary modification at the end. 

In order to analyze the shape memory alloy bending member a pin-pin configuration with an 

externally applied force, which is close to perfect column buckling load, is assumed. The 

static load of the SMAPBP bending element is easily captured by using classical laminated 

plate theory (CLPT) models. The actuator was made out of three primary components: a pair 

of shape memory alloy wires bonded with a 45° glass fiber epoxy composite to a structurally 

stiff substructure. As the shape memory alloy wires were commended to alternatively 

contract, the bending member deflected.  

The applied forces and moments may be balanced by stress distributions which are distributed 

through the thickness of the element
[58]

: 

    � � � ���              � � � ����    3.1-1 

The forces introduced by actuation can be expressed as external forces in the classical plate 

theory equation. These forces will generate in plane strains, ε and curvatures κ. 

    	
 �� �� ��κ�� � 	
 �� �� ��0�       3.1-2  

Equation 3.1-2 could easily be solved by assuming a balanced symmetric laminate with an 

introduced strain � of the SMA wire from antagonistic arrangement described above. The 
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curvature of the laminate with the SMA wire embedded in the composite can be calculated 

with the following equation: 

    κ � ���� �        3.1-3 

By considering that the SMA wire lays on top of the composite for actuator design III, a new 

method needed to be developed to obtain the curvature of the specimen. 

 

Figure 23: Nomenclature for Determination of Curvature for SMAPBP Actuator 

By assuming that the curvature has the same value at each position of the actuator, a relation 

between the angle δ and the curvature κ could be obtained. By making the assumption that the 

curvature is constant over the whole length of the specimen an error was introduced. The 

actuator will have less curvature at the root and more curvature at the tip because of its 

trapezoidal shape. Nevertheless this approach should obtain an average curvature of the 

specimen. By using trigonometric and circle function the following equation, that relates 

curvature κ to induced strain ε, was obtained.  
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�� sin �� Lκ" � � #1 % ε'        3.1-4 

Through numerical methods the equation was solved for the curvature κ. By assuming 
an actuated length of L�90 mm and an induced strain of ε�1.9% a curvature of 
κ�0.007115 1/mm was calculated. 
By using the unloaded laminate curvature,κ as a starting point, the problem can now be 

defined in terms of gross curvature with externally applied load Fa: 

 

Figure 24: Nomenclature and Terminology for the SMAPBP Element 

The angular coordinate, δ is maximized at the ends of the elements, δ0 and is zero at the 

midpoint. The normal strain at any point in the SAPBP at a distance y axis through the 

thickness is therefore: 

    ε � DEFEG � HI      3.1-5 

By assuming pure bending in the beam element, then the following holds 

    � � JKL         3.1-6  

With classical laminated plate theory the equation 4 and 5 can be combined  

    
KMNMO � JKPQ         3.1-7 
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The externally applied moment from the axial force, Fa can be described as 

    � � %R�S         3.1-8 

Substituting equation 3.1-8 to 3.1-7 yields to 

    
MNMO � % TUKPQ          3.1-9 

Differentiating equation 3.1-9 with respect to s 

    
MVNMOV � % TUPQ WXYZ      3.1-10 

Multiplying through by the integrating factors 2 MNMO 

    W MNMO MVNMOV � %2 TUPQ WXYZ MNMO       3.1-11 

Integrating equation 3.1-11 yields to 

    �MNMO" � 2 TUPQ \]WZ ^ _     3.1-12 

By considering the addition of an applied moment via shape memory alloy deformation 

generating an imperfection across the beam, then the unknown integrating factor, a, can be 

solved for (_` a � 0, Z � Zc, MNMO � κ) 

    �MNMO" � 2 TUPQ #\]WZ % \]WZc' ^ κ     3.1-13 

With appropriate trigonometric substitutions and considering the negative root because dδ is 

always negative:     

   
MNMO � 2dTUPQ d#WXY Ne % WXY N ' ^ �VPQfTU     3.1-14 
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For solution, a change of variable is as follows:    

    sin �N " � \WXYg        3.1-15 

Where ξ is a variable with the value π/2 for x=0 and 0 for x=L/2. Accordingly when y=0: 

    c � sin �Ne "       3.1-16 

Solving for δ and differentiating yields: 

  Z � 2WXYh� �sin �Ne " WXYg"           �Z �  Gij�keV "lmOn
d�hGijV�keV "OopVn �g  3.1-17 

Combining equations 3.1-14 through 3.1-17 with appropriate limits: 

  dTUPQ � �Wq/ c � q d TUPQ � �  ij�keV "lmOn
dOopVkeV lmOVnrsVtuvwU d�hGijV�keV "OopVn �gq/ c   3.1-18 

Considering the trapezoidal outline of the specimen, the shape function of the width is written 

in equation 3.1-19. Equation 3.1-19.1 had to been solved in the borders 0<s<L and the 

equation 3.1-19.2 had to been solved in the borders 0<ξ<π/2. In the equations 3.1-19 b1 

stands for the width of the root of the specimen and b2 is the width at the tip of the actuator. 

 b#s' � b� % Gy #b� % b '   and b#ξ' � b� % 2sin #ξ'#b� % b '   3.1-19 

Combining the shape function (3.1-19) and the PBP equation (3.1-18), the displacement angle 

can be calculated by the following equation. 

  � · � d |��·}~ dsyc � �  ij��eV "��G�
�GijV�eV ��GV�rsV���v�� d�hGijV��eV "GijV�

dξ�/ c    3.1-20 

Equation 3.1-20 was solved numerically to obtain the tip rotation angle δ0.   
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3.1.5.1 Optimum Buckling Load for Actuator 

To obtain the highest performance of the actuator it was important to design the actuator 

properly to the buckling load given by the elastic skin or properly choose the skin related to 

the actuator design. The approach chosen here was to obtain an axial load from the latex skin 

and properly design the actuator to match the stiffness to be close to the perfect buckling 

stiffness. This approach was chosen because of the limited availability of suitable off the shelf 

latex skins for this airfoil. To capture the effect of the trapezoidal shape of the actuator on the 

buckling load the basic trivial buckling equations cannot be used. A good approximation 

method for the critical buckling load was developed in the technical note “Analytical 

Solutions for Tapered Column Buckling” from W. Garth Smith.
[59]

 For a fixed-free column 

subjected to a tip load with constant thickness and variable width the critical buckling load 

can be obtained by equation 3.1-21. 

   �l� � �`�#4#%� ^ ��' ^ � #� ^ ��''/#96� '    3.1-21 

with    � � �� ^ �� � % ���/�      3.1-22 

The stiffness of the specimen is E, t is the thickness, b1 is the width at the root, b2 is the width 

at the tip and the overall length of the specimen subjected to buckling is L. 

By using the dimensions for Actuator Design III and the stiffness of the laminate obtained by 

the FEM analyses from chapter 3.1.6, the perfect column buckling load was obtained to be 

Pcr=3.96 N. 
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3.1.6 Finite Element Model 

To prove that the PBP concept was working numerically, the SMAPBP specimen was 

modeled in the finite element program PATRAN and its solver NASTRAN. An ISO-mesh 

with Tet10 topology with 6500 elements was created for the SMAPBP actuator. The left end 

of the tapered part of the actuator was constrained with zero displacements and zero rotations, 

this constrain served as the clamping position.  

 

Figure 25: Mesh Generation on SMAPBP Actuator 

The thickness of the actuator was measured to t=1.016 mm with a 0.127 mm thick steel 

substrate, 0.4445 mm thick glass fiber epoxy layers and a 0.254 mm diameter SMA wire. The 

overall stiffness of the actuator lamina was calculated to 29.9 GPa using PATRAN with a 

poisson’s ratio υ=0.293. The actuation load of the actuator was calculated by using the stress 

obtained from Figure 21. The stress obtained from the diagram was σ=170 MPa which led to 

an actuation force Factuation=8.614 N. Due to the fact that the wire was only fixed at the 

clamped area and the tip area, the actuation force was acting on the FEM-node in the middle 

of the tip top side. The actuation response of the SMA wire can be assumed as a force acting 

in the direction of the SMA wire.
[60-62]

 To better observe the behavior of the SMAPBP 

actuator under buckling, the buckling force was increased in 1 N steps from zero buckling 

force to 5 N. The buckling force was acting on the whole tip area. 
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Figure 26: FEM Result for Actuated State and Buckling Force Fa=5 Newton 

Figure 26 shows the PATRAN/NASTRAN result of the SMAPBP actuator fully actuated with 

an applied axial buckling load of Fa=5 N. In the following the results from the various axial 

buckling cases is outlined. 

 

Figure 27: FEM Tip Displacements for various Buckling Load Cases  

Table 1: FEM Tip Displacements for various Buckling Load Cases 

  Fa=0 N Fa=1 N Fa=2 N Fa=3 N Fa=4 N Fa=5 N 

Tip Displacement 0.304mm 0.305mm 0.308mm 0.312mm 0.317mm 0.323mm 
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The results from Figure 27 and Table 1 show that an increase in buckling force results in an 

increase in tip displacement. Figure 27 even shows that the slope increases with higher 

buckling load values. The values obtained by this FEM analyses are two to three magnitudes 

lower than the displacement obtained by experiments, this may be caused by the highly 

nonlinear behavior of the PBP principle. The FEM model of the SMAPBP actuator had the 

only purpose to prove that the PBP concept (that tip displacement can be increased by 

applying an axial buckling force) is working by using Finite Element Models. 
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3.2 Actuator Fabrication 

The actuators of the three different design concepts described above are basically 

manufactured similar to each other with only small differences (e.g. different composite 

materials or the embedment of the SMA wire into the laminate). This chapter focuses on the 

manufacturing of actuator design III, because this was the actuator actually employed in the 

airfoil. The SMAPBP actuator is manufactured in different steps that took several days 

because of the necessary curing time of the glass fiber laminates and the adhesives. It began 

with cutting the 0.127 mm thick spring steel substrate into a trapezoidal shape. The substrate 

was sanded down and cleaned with alcohol as follows: 

 

Figure 28: Sanded and Cleaned Spring Steel Substrate 

In the next step of the process the spring steel substrate was laminated with glass fiber epoxy. 

Each side of the actuator was laminated with two layers of glass fiber epoxy; a laminating 

epoxy from pro-set was selected. The resin (125) and the hardener (229) were mixed by 

weight with a ratio of 100:30 with a curing time to B-stage of 5-10 hours. The first ply 

(starting from the substrate) was arranged in an angle of 0° and the second ply of each side 

50mm 
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angled 45° in respect to the SMA wire.  The second ply began at the end of the leading edge 

(shown as a black line in Figure 29) to obtain the necessary buckling stiffness of the actuator.  

 

Figure 29: Substrate Laminated with Four Plies of Glass Fiber Epoxy 

In the following the whole assembly was put under pressure between to even glass plates and 

cured under room temperature for 24 hours. After curing, the specimen’s glass fiber overhang 

was cut into the trapezoidal shape of the spring steel substrate. In the next manufacturing step 

a SMA wire with a diameter of 0.254 mm was prestrained using the Bluehill Instrom Tensile 

Testing Machine (Figure 30). The wire was prestrained to 5% plastic and elastic strain 

combined over ten cycles in order to achieve a higher output plastic strain.  After ten loading 

cycles to 5% strain and a load of approximately 50 N, a plastic strain of 2.5% - 2.8% strain 

could be obtained. 

50mm 
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Figure 30: Prestraining of SMA Actuation Wire with Tensile Testing Machine 

After prestraining the SMA wire, a fast integration of the SMA wire into the structure was of 

great importance in order to prevent the SMA from loosing its trained strain.   

Figure 31 shows all the parts necessary to integrate the actuation wire into the specimen. The 

SMA wire was wounded around the steel metal contact clip and then clamped together 

(Figure 18; to the left and right of the specimen). This tight fit gave the SMA wire a good 

friction hold.  
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Figure 31: Attachment of Actuation Wire to Actuator with Contact Clips and Tip Clip 

The contact clip was bonded to the specimen at the root with Hysool and guided along the top 

side of the specimen to the tip. The SMA wire was then threat to a small hole at the tip of the 

specimen for two times and clamped together with a steel tip clip (Figure 30, Figure 32; at top 

of specimen) to fixate the SMA wire. A small piece of style 120 glass fiber layer at the tip 

was removed to establish an electrical connection between the spring steel substrate and the 

SMA wire. The wire was then routed along the bottom side of the specimen and also wounded 

around a steel contact clip and afterwards bonded to the specimen at the root. The Hysool was 

cured under pressure for another 24 hours. 
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Figure 32: Fixation of SMA Wire with Tip Clip 

Manufacturing and testing of the actuators of type I and type II showed that higher 

displacements and more predictable results can be obtained when the SMA wire is not 

integrated in the composite. Nevertheless, the specimen needed to be clamped into the leading 

edge of the specimen. In order to hold down the SMA wire at the clamped area of the 

actuator, another glass fiber epoxy layer was added over this region (Figure 33). The blue tape 

in Figure 33 had the only purpose to ensure that the SMA wire in the free region didn’t get 

bonded to the specimen. 

10mm 



43 

 

 

Figure 33: Actuator with Protective Glass Fiber Epoxy Layer over Clamping Position 

After 24 hours of curing under pressure, the protective glass fiber layer was cut into shape and 

three contact cables were soldered to the actuator. For the attachment of the contact wire of 

the neutral conductor the glass fiber layer needed to be sanded down to the steel substrate.  

 

Figure 34: Finished Actuator with Soldered Cables 
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The finished actuator had three different actuation wires; Neutral Conductor, Positive for 

Front Actuation and Positive for Back Actuation (Figure 34). The last step in verifying the 

working capability was to measure the resistance of the SMA wire between the three cables 

and a test run. The actuators obtained resistance levels in the magnitude of 3 Ω to 4 Ω for 

each side. 
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3.3 Actuator Experimental Setup 

3.3.1 Tip Rotation 

The test specimen was clamped into the test apparatus in a vertical position. To simulate the 

axial buckling force Fa, a rubber band with weights was attached to the tip of the test 

specimen. The rubber band ran along the whole length of the specimen, weights could easily 

be added under the test specimen (see Figure 35).  

 

Figure 35: SMAPBP Actuator Clamped in Test Fixture to Measure Tip Rotation 

The axial force on the specimen could be increased by adding weights to the rubber band. 
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Figure 36: Laser Reflection Method to Measure Tip Rotation Angle 

 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 laser leveled to the height of the tip was reflected to a displacement 

measuring device in the distance (Figure 36). 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 resistance of the SMA 

wire was used to heat up the SMA directly without the need of an external heat source. The 

SMA wire was heated up until the martenitic structure of the actuator wire completely 

transformed to the austenitic structure. The magnitude of the voltage and current needed for 

this transition was on the order of 3 V and 0.7 A. 

3.3.2 Tip Force 

In order to evaluate the performance of the actuator in the actual airfoil, it was of special 

importance to know the force developed at the tip during actuation. The tip force had to be 

high enough to overcome the pressure applied to the trailing edge and the skin by the airflow 
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around the airfoil. The pressure distribution was obtained by a CFD-model developed and 

described in Chapter 4.3.5. 

 

Figure 37: Actuator in Test Fixture to Measure Blocked Tip Force 

To measure the tip force, the test specimen was again clamped vertically in the same test 

apparatus that was used during the tip rotation measurements. The test apparatus itself was 

looked into place by applying heavy weight to its stand. A weight scale was mounted 

vertically on some heavy weights to ensure no slipping; it was ensured that the center of the 

scale and the tip of the test specimen were horizontally aligned. A circular carbon rod was 
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attached horizontally between the test specimen and the weight scale; it was ensured that there 

was only a minimum force applied to the system at the beginning of the experiments. 

3.4 Actuator Experimental Testing and Theoretical Results 

3.4.1 Actuator Tip Rotation Angle 

As a first step it was important to ensure that the actuator had the same performance (tip 

rotation angle) on both sides. Without any applied buckling force the actuator was fixed in the 

test apparatus described in Chapter 3.3.1. Figure 38 shows the performance of the actuator for 

this case. The applied negative current served the only purpose to clarify that the opposite side 

of the actuator is actuated. The polarity of the applied current is in general inconsequential for 

the actuation of the SMA wire. 

 

Figure 38: Actuation of Both Actuator Sides 

The curves from Figure 38 are standardized and corrected to zero tip rotation in order to 

validate the similarity of the two curves more accurately; a zero tip rotation angle of 4.57 deg 

was measured at the beginning. The two curves show similar results and similar maximum 

values, with δ=58.59 deg for front side actuation and δ=-55.72 deg for back side actuation. 

These results gave the fundamentals to apply the actuator in the actual airfoil. Both side 

actuation gives the airfoil the opportunity to be employed as an aileron or elevator (based on 
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the similar tip rotation angles and not based on the reaction time necessary for such kind of 

control surfaces). 

 

Figure 39: Actuated Actuator in Test Fixture at Maximum Current 

With the test set-up described in chapter 3.3.1 the tip rotation angle over applied current for 

various axial buckling load cases was obtained next. All measurements were taken in a small 

time span to ensure the comparability of the result to each other and eliminate any 

environmental influences. 

10mm 
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Figure 40: Experimental Data: Tip Rotation Angle over Applied Current 

Figure 40 clearly shows a trend to higher tip rotation angles by increasing the axial buckling 

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 (0A<I<0.4A), 

followed by a steep rise (0.4A<I<0.75A) and a plateau phase where the tip rotation angle 

seems to reach a maximum in the order of 55 deg to 70 deg dependent on the applied buckling 

load. The measurements of the Fa=5 N curve had to be cut off at I=0.55 A because the air 

conditioning in the lab turned on and corrupt the measurements. The measurements were 

good enough to prove the concept and to obtain trends so the decision was made to use the 

data obtained in this experiment. 
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Figure 41: Experimental data for I=0.55A: Tip Rotation over Buckling Force 

Figure 41 shows the experimental data for the tip rotation over the 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 deg 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 in Chapter 4.2 could only provide a maximum actuation current of I=0.6 A, the 0.55 

A case seemed to be the right fit for the proposed application in the airfoil. 
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Figure 42: Experimental and Theoretical Data: Tip Rotation over Buckling Force 

The test procedure described above and the iteration of equation 3.1-20 led to the results 

shown in Figure 42. The figure shows the experimental and theoretical results over an applied 

axial force, Fa. It is obvious that the experimental and theoretical results are vary greatly, this 

is may be caused by the highly nonlinear and hysteretic behavior of the SMA wire which is 

exacerbated by the Post-Buckled Precompressed arrangement. The slope of the two curves is 

one to two orders of magnitude off.  

3.4.2 Actuator Tip Force 

The test setup described in chapter 3.3.2 obtained the results shown in Figure 43 for an 

actuator from design concept III. All the experiments were undertaken in a short amount of 

time to ensure their comparability, so that variable environmental conditions (room 

temperature, variable air flow from air conditioning …) don’t corrupt the measurements. 
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Figure 43: Blocked Tip Force over Applied Current 

Figure 43 clearly shows that the applied axial buckling load had limited or no impact on the 

developed blocked tip force. The difference in tip force between the unloaded case and the 

case with a buckling load Fa=5 N was only -3.83% at an applied current of 0.85A. The impact 

of a change in axial buckling force on the tip force couldn’t therefore be neglected. 

Nevertheless it was from great importance to know the maximum achievable tip force to 

validate that the actuator can achieve a high enough force to overcome air loads (pressure on 

skin) obtained by the CFD analyses. 

The CFD analyses described in Chapter 4.3.5 obtained the forces acting on the airfoil and the 

actuators at an angle of attack between α=0° and α=10° and for tip rotation angles between 

δ=0° and δ=30°.  The CFD analyses obtained a maximum tip force of Ftip max=0.405 N for 

each actuator. Experiments (Figure 43) showed that the actuator can achieve blocked tip 

forces in excess of 0.45 N.  
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Figure 44: Available Tip Force over Free Tip Rotation Angle 

By combining Figure 40 and Figure 43, a graph with tip force over free tip rotation angle 

could be obtained (Figure 44). Former graphs showed that by increasing the axial buckling 

load Fa the rotation angle significantly increases and the blocked tip force slightly decreases, 

with Figure 44 this becomes more obvious. The graph only shows the free rotation angle 

(without any applied force to the tip) and the blocked stress (without any movement of the tip 

itself). For the application of the actuator in the actual airfoil a closed position feedback loop 

(Chapter 4.2) controls the tip displacement. 
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4 Adaptive Airfoil Specimen 

In the next step, the SMAPBP actuator developed in the previous section was incorporated in 

an airfoil. This section explores the capabilities of the SMAPBP actuator integrated in the 

airfoil and the airfoil shape change accompanied by its actuation. To overcome the nonlinear 

and hysteretic behavior of the SMA material, the application of an active position feedback 

system is also discussed. In the following a CFD model was developed to obtain the lift 

coefficient for the different actuation states of the airfoil. Wind tunnel experiments were used 

to investigate the behavior of the adaptive airfoil in a real life application. 

4.1 Adaptive Airfoil Modeling and Design 

The airfoil intended to prove the concept of a SMAPBP actuator actuated airfoil should 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 NACA0012 profile 

because of the large amount of available research data for this airfoil. The symmetric airfoil 

was used because this thesis focused more on the capabilities of the actuator integrated in the 

airfoil then maximizing the aerodynamic performance (airfoil profile design). The coordinates 

of the NACA0012 airfoil were obtained by equation     4.1-1.
[63]

 

S�� � �U�c. \�� �0.2969d�U�lU� % 0.1260 ��U�lU�� % 0.3537 ��U�lU�� ^ 0.2843 ��U�lU��� % 0.1015 ��U�lU��f�     4.1-1 

A 150mm chord length was chosen for the design of the airfoil, which led to a maximum 

thickness of 18 mm. The maximum thickness occurred at a distance of 45 millimeter from the 

leading edge. It was then decided to use the first 60 mm of the profile as a D-spar composite 

leading edge and the last 90 mm was actuated length. This decision led to a 40% leading edge 

and 60% actuator distribution in respect to the overall length of the airfoil.  
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Figure 45: Drawing of Assembled Airfoil without Applied Skin 

Figure 45 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 airfoil with a chord length of 150 

mm. The decision was made to build a leading edge with an overall length of 60 mm to 

provide at least some contour of the NACA0012 airfoil after the maximum thickness (at 48 

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 48mm from the leading edge a spleen was used to smoothen the crossover. 

 

Figure 46: Cross-section of Leading Edge with Dimensions 
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The SMAPBP actuator was clamped and bonded to the inside of the leading edge at the ends 

of the carbon composite layer (between horizontal lines in Figure 46). 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.  

The trailing edge consisted of a simple steel sheet that was bended 180°. 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. 

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. 

 

Figure 47: Tensile Measurements of Latex Skin 

In order to obtain the load that was applied to the actuator from the skin, tensile measurements 

of the elastic latex skin were undertaken. The tensile load was applied perpendicular to the 

-2

0

2

4

6

8

10

12

14

0 50 100 150 200

T
e

n
si

le
 F

o
rc

e
, 

F
 (

N
)

Elongation, ΔL (mm)

Loading 1

Loading 2

Loading 3



58 

 

length of the latex tube. Figure 47 shows the results of a tensile test of a 100 mm long and 40 

mm wide specimen. The magnitude of the measurements decreases with increasing number of 

loading cycles. Based on the tensile tests an axial load of Faskin between 6 N and 8 N was 

assumed. 

4.1.1 Geometry Change of the Actuated Airfoil 

During actuation the whole appearance of the airfoil changes significantly. The leading edge 

can be seen as a fixed substructure, the trailing edge on the other hand can get displaced by 

the actuated actuator by a certain displacement. The elastic latex skin smoothens the transition 

between leading edge and trailing edge and obtains the airfoil’s surface during actuation. This 

chapter covers the analytical approach necessary to capture the airfoil’s shape change during 

actuation.  

4.1.1.1 Displacement of Trailing Edge 

To precisely capture the behavior of the airfoil during operating, obtaining lateral and vertical 

displacements of the trailing edge was important. To obtain this tip displacement a 

mathematical model was developed. For the model only the actuator was considered. 

 

Figure 48: Nomenclature and Terminology for Tip Displacement of Airfoil 
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Due to the fact that the actuation force was only acting at the root and the tip of the actuator in 

one line and to simplify the process, the curvature (4.1-2) of the actuator was assumed 

constant over the length of the actuator. 

    � � ��        4.1-2 

By considering a constant curvature, the bended actuator can be assumed as a part of a circle. 

This assumption enables the correlation between the angle of the partial circle δ (also tip 

displacement angle), the radius R and the length of the partial circumference, here the length 

of the actuator L. The following relationship could be obtained 
[64]

: 

     Z � �       4.1-3 

The unit of the rotation angle δ was in radians in equation 4.1-3 and 4.1-4. Combining 4.1-2 

and 4.1-3, the curvature of the actuator can be obtained with the known parameters L and δ: 

    ¡ � Nq         4.1-4 

The displacements of the trailing edge can now be easily determined by using trigonometric 

relationships: 

   a� �  WXYZ � qN WXYZ      4.1-5 

   a � � % a� � � % qN WXYZ � �#1 % OopNN '   4.1-6 

   S �  \]WZ � qN \]WZ     4.1-7 

   S� �   % S � qN % qN \]WZ � qN #1 % \]WZ'   4.1-8 

For the CFD Model the displacements x1 (4.1-5) and y1 (4.1-8) are the important parameters. 

Using the actual data of the used SMAPBP actuator in the airfoil the displacements of the 

trailing edge shown in Figure 49 and Table 2 were obtained. 
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Figure 49: Displacement of Trailing Edge 

Table 2: Trailing Edge Displacements due to Actuation 

δ (°) x1 (mm) y1 (mm) x2 (mm) y2 (mm) κ (1/mm) 

0 90 0 0 oo 0 

5 89.886 3.924 0.114 1027.4 0.00097 

10 89.544 7.834 0.456 507.828 0.001939 

15 88.976 11.714 1.025 332.061 0.002909 

20 88.183 15.549 1.817 242.282 0.003879 

25 87.171 19.325 2.829 186.939 0.004848 

30 85.944 23.029 4.056 148.859 0.005818 

By obtaining these displacements a more precise CFD model could be obtained. 

4.1.1.2 Adaptive Geometry of airfoil 

With the trailing edge displacements obtained in the previous chapter, the shape change of the 

entire airfoil was investigated in the following. The following figures show the entire airfoil 

with leading edge, actuator and skin for variable actuator tip rotation angles. The actuator tip 

rotation angles range from δ=0° up to δ=30° in 5° steps. In the following figures the leading 

edge is colored blue, the actuator is colored red and the skin is colored purple. For better 

clearness, the skin is only visible in case it is not adjacent to the substructure, the actuator 

itself or the trailing edge. Nevertheless the skin covers the whole outline of the airfoil. 
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Figure 50: Airfoil Cross Section at δ=0° 

 

Figure 51: Airfoil Cross Section at δ=5° 

 

Figure 52: Airfoil Cross Section at δ=10° 

 

Figure 53: Airfoil Cross Section at δ=15° 

 

Figure 54: Airfoil Cross Section at δ=20° 

-25

25

0 20 40 60 80 100 120 140 160
y

-d
ir

e
ct

io
n

, 
y

 

(m
m

)
x-direction, x (mm)

-25

25

0 20 40 60 80 100 120 140 160

y
-d

ir
e

ct
io

n
, 

y
 

(m
m

)

x-direction, x (mm)

-25

25

0 20 40 60 80 100 120 140 160

y
-d

ir
e

ct
io

n
, 

y
 

(m
m

)

x-direction, x (mm)

-25

25

0 20 40 60 80 100 120 140 160

y
-d

ir
e

ct
io

n
, 

y
 

(m
m

)

x-direction, x (mm)

-25

25

0 20 40 60 80 100 120 140 160

y
-d

ir
e

ct
io

n
, 

y
 

(m
m

)

x-direction, x (mm)



62 

 

 

Figure 55: Airfoil Cross Section at δ=25° 

 

Figure 56: Airfoil Cross Section at δ=30° 
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4.1.2 Airfoil Manufacturing 

The first step in the manufacturing of the airfoil was the manufacturing of the leading edge. 

As described above the leading edge had the purpose to take a vast bulk of the air loads and to 

hold the actuators in place. Furthermore it had to accommodate all the wires and cables of the 

actuator and the position feedback system. The most important role of the leading edge was to 

give the entire airfoil its characteristic aerodynamic shape. In order to manufacture the leading 

edge of the airfoil it was necessary to build a male tool first that had the shape and the 

dimensions of the finished end part. The male tool was manufactured out of pink foam and cut 

into the shape outlined in Figure 46. The pink foam tool was then taped with Kevlar tape to 

ensure an easy release of the finished part after curing. In the next step two layers of carbon 

fiber composite in wet layup were laid over the male part and cured for 24 hours at room 

temperature with the laminating epoxy (125 resin, 229 hardener; mixture ratio 100:30 by 

weight) from pro-set™.  

 

Figure 57: From Left to Right: Pink Foam Tool, Female Tool and Leading Edge 

50mm Foam Tool 

Leading Egde Part 
Female Tool 
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Figure 57 shows the pink foam tool (left) that was used as a tool for the actual tool (middle). 

The actual tool consisted of three different parts; the upper and the lower composite part of 

the leading edge and an aluminum plate to obtain the clamping area for the actuators inside 

the finished part.  

 

Figure 58: Leading Edge Part in Tool 

For the layup of the leading edge part, a one layer thick carbon fiber cloth ply with wet layup 

was chosen. To ease the process of releasing the part from the tool, it was decided to layup the 

carbon cloth between two plastic release sheets and seal them with blue tape. This carbon 

fiber cloth epoxy release sheet was then wrapped tightly into the tool. Vacuum was applied to 

the inside and the outside of the part plus tool and checked for leaks. The part was then cured 

for 24 hours under vacuum and room temperature.  Figure 58 shows the three parts of the tool 

with a cured leading edge part still in the tool. After removing the part from the tool and 

removing the plastic release foil from the composite structure, the leading edge was cut into a 

width of 100 mm. 

50mm 

Tool: Top Part 

Leading Edge Part 

Tool: Center Piece 
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The second big contributors to the airfoil were the actual actuators. The manufacturing of the 

actuators was described in detail in Chapter 4.1.2, so there is no need to describe it again. Two 

actuators were used in this 100 mm wide airfoil. The actuators were aligned to the sides of the 

leading edge which led to a distance of 40 mm between the actuators. The actuators were 

bonded inside the leading edge with Hysool, put under pressure and cured for 24 hours under 

room temperature. In the following strain gages of the active position feedback system were 

bonded to both actuators, this process is explained in detail in Chapter 4.2.1.1. 

 

Figure 59: Applied Strain Gages with Connection Wires 

In the next step the trailing edge was attached to the tip of the actuators. The trailing edge was 

just a folded piece of stainless steel of 100 mm length and 5 mm width with a stiffness high 

enough to withstand any bending in order to provide a straight trailing edge at all time. The 

attachment of the trailing edge was through friction fit to ensure easy maintainability and 

control of each of the actuators.   

10mm 

SMAPBP Actuator 

Strain Gage 

Leading Edge 
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Figure 60: Stretching of the Skin 

Figure 60 shows the stretching of the elastic latex skin. The skin was stretched to a length of 

180 mm three times before it was applied to the airfoil to obtain a consistent buckling force 

over the entire lifetime of the skin and airfoil. The airfoil was inserted into the stretching 

apparatus and by decreasing the pretension of the stretching apparatus the skin laid against the 

leading and trailing edge and completed the airfoil. 

50mm Stretching Apparatus 

Elastic Skin 
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Figure 61: Airfoil with Applied Elastic Skin 

 

Figure 62: Side View of Airfoil with Applied Elastic Skin 

Figure 62 and Figure 65 are showing the assembled airfoil, only the wires for the strain gages 

are missing in these two images. Figure 65 gives a good side view of the cross section of the 

airfoil with no actuation. It can be seen that the leading edge gives the airfoil the basic shape 

and that the tip of the actuators serves as a trailing edge. The applied latex skin gives the 

airfoil the familiar aerodynamic shape. 
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4.2 Active Position Feedback System Architecture 

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 fell on using 

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 63 shows the principle architecture of the active position feedback system 

proposed for the airfoil. The figure shows the principle of an intelligent structure. An 

intelligent structures basically consist of three main parts; a sensor, an actuator and a 

controller. For the proposed airfoil the sensor is the strain gage plus Wheatstone bridge (blue 

arrows), the actuator is the actual SMAPBP actuator with current amplifier (red arrows) and 

the controller which is the control routine developed in Labview®. 

 

Figure 63: Position Feedback System Architecture 

By displacing the trailing edge, the resistance of the strain gages applied to the actuators 

changed and therefore its voltage level. The sensor (strain gage plus Wheatstone bridge) 

senses a change in voltage that was then red into the analog input channels of the data 
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acquisition system (DAQ (National Instruments NI USB-6251)). For the two actuators two 

channels were needed (analog input channel aI0 and aI1). The DAQ system was connected 

over a USB port to a personal computer with Labview® application. Labview® was used to 

write the actual control routine to obtain a specific trailing edge displacement. The control 

routine in Labview® is described later in this chapter (Chapter 4.2.2). The control system in 

Labview® will provide the DAQ with three voltage output channels; one channel has a 

constant value of 5 V and serves as the external power supply necessary for the Wheatstone 

bridge. The other two channels are the outlets to the two actuators; the outlets are controlled 

by the control routine.  

 

Figure 64: Picture of Experimental Setup for Position Feedback System 

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 

PC with Labview 

DAQ 

Ampifier 

Wheatstone Bridge 

External Power Supply 

Airfoil 
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hysteretic behavior of the SMA wire and made it possible to command the trailing edge of the 

airfoil to a specific predetermined displacement. In the following each of the different 

subsystem of the whole active feedback system will be described more in detail. The three 

main parts of the control system are the strain gage applied to the actuator and it’s Wheatstone 

bridge, the control routine in Labview® and the amplifier system which actuates the 

actuators. 

4.2.1 Sensor - Strain Gage 

The first part of the active position feedback system was the strain gage that served as the 

sensor in this system. Due to the fact that Labview® couldn’t provide a voltage at the input 

channels of the DAQ, a Wheatstone bridge with external excitation voltage needed to be 

applied to the strain gages. 

4.2.1.1 Application on Airfoil 

The strain gages were attached close to the root of the actuator, just off actuator centerline. 

The small offset to the centerline was necessary to neglect the effect of the heating of the 

SMA wire during actuation. Figure 65 shows the application of the top strain gage on one of 

the actuators. Laminating epoxy from Pro-Set with 125 resin and 229 hardener was used to 

attach the strain gages on top and bottom side of the actuator. A technical note from 

VISHAY™ recommends using the same epoxy that was used in the layup of the substructure 

composite to lock down the strain gage.
[65]
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Figure 65: Strain Gage Application on Actuator 

Two strain gages were attached on each actuator, one on the top surface, one on the bottom 

surface to account for thermal expansion.
[66]

  

 

Figure 66: Strain Gage Application on Airfoil 
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4.2.1.2 Wheatstone Bridge 

As mentioned above, the Labview® input channels of the DAQ were not providing any 

voltage to excite a strain gage, therefore a Wheatstone bridge with an external excitation 

power source needed to be applied. A half-bridge Wheatstone bridge configuration was 

chosen to obtain the strain of the two strain gages. The strain gages applied to the actuator are 

from OMEGA, with a serial number SGD-7/350-DY13 and a resistance of 350 Ω and gage 

factor of 2.02. Figure 86 shows the Wheatstone bridge used to obtain the strain/voltage 

change for one actuator. To obtain a feedback system for the whole wing section with two 

actuators, two Wheatstone bridges needed to be built. 

 

Figure 67: Wheatstone Bridge to Obtain Surface Strain for one Actuator 

The voltage across the Wheatstone bridge could be calculated using the following equation 

[66]
: 

    ¢O � £¤£V��r£¤£V"V �% ∆¦¤¦¤ ^ ∆¦V¦V % ∆¦§¦§ ^ ∆¦v¦v " ¢op     4.2-1 

For the Wheatstone bridge shown in Figure 67 the equation 4.2-1 can be simplified by 

assuming that the resistors will not change their resistance and therefore ∆R3 and ∆R4 are 

equal to zero. Furthermore it can be said that the resistance of the two strain gages R1 and R2 

are equally 350 Ω. Therefore equation 4.2-1 can be simplified to: 
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    ¢O � �f �% ∆¦¤¦¤ ^ ∆¦V¦V " ¢op         4.2-2 

By considering that the relationship between change in resistance and change of strain are 

directly related to each other by a constant, the gage factor SG: 

    
∆¦¦ � ¨©�        4.2-3 

In case that the actuator was displaced downwards the strain at the top surface was positive 

and the strain at the lower surface of the actuator was negative. By combining equation 4.2-2 

and 4.2-3 the following relationship can be obtained: 

    ¢O � �f #%2¨©�'¢op         4.2-4 

    ε � %  ª~«¬ª®        4.2-5 

The measured output of the Wheatstone bridge was a change of voltage level proportional to 

the strain at the strain gage. The input voltage for the Wheatstone bridge was provided by a 

Labview output channel to Uin=5 V. Due to the fact that the strain at the strain gage is 

proportional to the curvature of the actuator which is also proportional to the tip displacement 

angle, the measured voltage change of the Wheatstone bridge is directly proportional to tip 

rotation angle due to actuator actuation. 
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Figure 68: Airfoil with Wheatstone Bride Circuit Board 

4.2.2 Controller - Control Routine in Labview® 

The control routine implemented in Labview® was the core of the entire position feedback 

system. The program served the purpose to compare the actual value to the desired value of 

the tip rotation angle. The control routine received an input voltage from the strain gages on 

the actuators and it provided an output voltage to the current amplifier which actuated the 

actuators.  

Wheastone Bridge 

Adaptive Airfoil 
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Figure 69: Labview Block Diagram for Control Program 

The block diagram for the entire control routine is shown in Figure 72. The Input DAQ 

received a voltage signal from the Wheatstone bridge with the strain gages applied on the 

actuators. The voltage signals (two voltage signals; one for each actuator) were red in a 

sample rate of 100 Hertz. A voltage range between -5 V and +5 V was expected because of 

the set excitation voltage of the Wheatstone bridge of 5 V (Simulate Signal, lower right corner 

Figure 72). In the following the signals were smoothened by a Filter with rectangular moving 

average smoothing with 100 half-width moving average. The voltage signals were then 

converted into a strain signal and transformed into tip rotation angle by using the calibration 

parameters/curves described by the calibration obtained in Chapter 4.2.2.1. These 

transformations provided the actual value of the tip rotation angle that was needed for the 

control loop routine. 
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Figure 70: Block Diagram of Control Loop in Control Routine 

Labview® provided only simple programming tools. A simple case structure was selected 

with a summation loop to solve the control problem. For the case that the actual value and the 

desired value are exactly the same the summand was multiplied by zero. If the values were 

not the same the summand was multiplied by one and the summation loop went on. In case 

that the actual value was bigger than the desired value the summand was set to -0.1, in case it 

was bigger it was set to +0.1. The summation loop therefore obtained a factor that was 

multiplied by a voltage obtained by the DC Simulate Signal2. The voltage obtained by the DC 

Simulate Signal2 was set to a constant value of 1 V. By this multiplication an output current 

for the DAQ output was obtained for the current amplifier. 

The strains from the strain gages, the actual actuator tip rotation angles, the desired tip 

rotation and the output voltage level were written in a file for documentation purposes.  

Actual Value Act I 

Actual Value Act II 

Desired Value 

Voltage to DAQ 
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Figure 71: Front Panel of Labview® Control Routine  

Figure 71 shows a screenshot of the Labview® front panel of the control routine application. 

On the top are the two graphs for the actual tip rotation angle measured by the strain gages 

(left: actuator 1, right: actuator 2), the lower part are the two graphs for the output voltage 

(left: actuator 1, right: actuator 2). The desired tip rotation angle could be typed into the field 

in the upper left corner. A numeric indicator for each of the values from the graphs was 

provided between the tip rotation graphs and the output voltage graphs to read the values 

more precisely. 

4.2.2.1 Feedback System Calibration 

The strain gages applied to the actuators are providing the control software with a variable 

voltage Us proportional to the actuator tip displacement of the actuator. The strain of the strain 

gages was calculated by using the equation developed above: 

    ε � %  ª~«¬ª®        4.2-6 

In order to develop a relationship between the measured strain at the actuator and the actual 

tip rotation angle, the feedback system needed to be calibrated.  
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Figure 72: Labview Block Diagram for Feedback Loop Calibration 

Figure 72 shows the principle architecture of the calibration routine from Labview®. The 

DAQ to the left red the voltage input values from the Wheatstone bridge. The two voltage 

signals were smoothened by a low pass filter. The voltage signal was then transformed into a 

strain signal with the equation developed above. The two strain signals together with the 

measured values of current and actuator tip rotation angle (displacement) were then written 

into a file and analyzed in order to obtain the calibration curves. 

The strain of the strain gage and the tip rotation angle were measured simultaneously and plot 

against each other in a diagram. Each actuator needed a calibration curve of its own because 

of possible discrepancies in the actuator manufacturing or strain gage application. The 

calibration curves can be seen in Figure 73 for SMAPBP actuator 1 and in Figure 74 for 

SMAPBP actuator 2. 

Input DAQ 

Filters 

Values for 

Current + Displ. 

Write to 

File 

Strain Calc. 
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Figure 73: Calibration Curve Actuator 1 

 

Figure 74: Calibration Curve Actuator 2 

A linear approximation curve was laid over the measured points in order to obtain a 

calibration curve. The tables in Appendix A show that the approximation curve obtains close 

values to the actual measured actuator tip rotation angles. The following two equations were 

obtained by the linear approximation curves and were employed in the control routine. 

Actuator 1:     δ¯�° �±ε²³²´�µ � %132536°±ε²³²´�µ ^ 824.85°   4.2-7 

Actuator 2:     δ¯�°  ±ε²³²´ µ � %134041°±ε²³²´ µ ^ 821.55°   4.2-8 
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With these two calibration equations it was achievable to develop a control routine for the 

active position feedback system.   

4.2.3 Actuator - Current Amplifier & SMAPBP Actuator 

Due to the fact that Lab view and the Data Acquisition System (DAQ) were only providing a 

variable voltage output with a maximum output voltage of 10V and a constant current, it was 

necessary to build a current amplifier (Figure 75). Former experiments showed that the SMA 

wire of the actuator will be actuated by a change in current level and not by a change in 

voltage level. The decision for the use of the MJE3055T
[67]

 transistor was made because of its 

emitter-base voltage of 5V and its current gain that ranges from 20 to 100. 

 

Figure 75: Current Amplifier with Actuator at Emitter 

The amplifier circuit from Figure 75 needed to be expanded to actuate both sides of the 

actuator. Because of this reason it was necessary to have two of these amplification circuits 

for each actuator. For the whole airfoil with two SMAPBP actuators a number of four 

amplifiers was necessary. 
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Figure 76: Performance of Amplifier Circuit 

Figure 76 shows the performance of the amplifier circuit with an applied input voltage 

between base and emitter of the transistor and an output current between collector and emitter. 

The current amplifier described above showed a linear behavior between Uin=1 V and Uin=3.5 

V. The threshold voltage of the diode at the base of the exciter may be the cause of the zero 

output current between 0 V and 1 V input voltage. There was no need for the input voltage 

and output current to be linear for but it made the controllability and adjustment easier and 

more stable. 

During operation the transistor in the amplifier circuit reached temperatures in access of 

120°C. To prevent the transistor from destruction, the decision was made to attach the 

transistors to a 100 mm wide and 60 mm long thick metallic plate. The metallic plate served 

as a heat conductor to conduct the heat away from the transistors and increase the cooling 

surface by up to 10 magnitudes. By increasing the cooling surface and allowing an air flow 

over and under the plate, the temperature of the transistors could be decreased to 45°C. 
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Figure 77: Transistor Amplifier with Cooling Plate 

  

30mm 
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4.3 CFD Model 

4.3.1 Operating Condition Assumptions 

In order to obtain a CFD model and wind tunnel test some basic operating conditions needed 

to be set. An application of this airfoil with a chord length of 150 millimeters can be 

envisioned in small UAVs, such as the Raven RQ-11 developed by AeroVironment in 2002. 

The Raven RQ-11 is a remote or GPS controlled Miniature Unmanned Aerial Vehicle 

(MUAV) used by the U.S. Army, the US Marines, and the US Air Force. The Raven RQ-11 is 

also used by militaries from Australia, Czech Republic, Denmark, Spain, Iraq, Italy, Lebanon, 

Netherlands and the United Kingdom.
[68]

 Because of this broad band of usage of the Raven 

RQ-11 MUAV and its similar dimensions to the proposed airfoil, the Raven RQ-11 cruising 

speed and operation altitude were used for the CFD model and the wind tunnel tests. The 

Raven RQ-11 has a wing span of 1.4m, a weight of 1.9kg and an operating speed between 32 

km/h (8.89 m/s) – 81 km/hr (22.5 m/s).
[69]

 To account for any uncertainties during flight the 

free stream velocity to the airfoil was assumed to be vfreestream=25m/s. The Raven RQ-11 

operates at an altitude from 30 m to 152 m. Because of this low operation altitude and to 

simplify the analyses, an operation altitude at sea level standard condition was assumed. With 

an operating temperature of Tt=20°C (293.15K) the absolute pressure was assumed be 

Pt=101,325 Pa for sea level conditions that leads to a air density of ρair=1.2041 kg/m
3
.
[70]

  

4.3.1.1 Computational Mythology 

The computer used for these calculations was located in the design lab (Room 3101) in 

Learned Hall at the University of Kansas, Lawrence. The Computer had an Intel® Pentium® 

4 CPU with 3.40 GHz and 2.00 GB RAM. GAMBIT® 2.2.30 was used for mesh generation 

and FLUENT® 6.2.16 was used for the flow calculation and the development of the contours. 
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4.3.2 Geometry and Mesh Generation 

4.3.2.1 CFD Geometry of Actuated Airfoil 

By using the dimensions of the airfoil obtained in Chapter 4.1.1 the geometry of the adaptive 

airfoil during actuation could be created in GAMBIT (see Figure 78). 

 

Figure 78: CFD Airfoil Geometry of Airfoil Shape Change due to Actuation 
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Figure 78 shows the geometry for the airfoil created in GAMBIT for different actuator tip 

rotation angles.  

4.3.2.2 Mesh Generation 

A farfield boundary around the airfoil needed to be generated for the mesh generation. A rule 

of thumb is to create the farfield boundaries in a distance of ten to twenty times the length of 

the airfoil in order to simulate the flow around the airfoil more precisely.
[71]

 The author 

decided to use 3000 mm (20 times the length of the airfoil) in the horizontal direction (behind 

the airfoil) and 2000 mm (13.3 times the length of the airfoil) in vertical direction. The vertex 

at the tip of the trailing edge was used as the center point of the half circle of the farfield 

boundary in front of the airfoil. 

 

Figure 79: CFD Mesh Farfield 
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Table 3: Mesh Generation for Farfield Boundaries 

Line Direction   

Interval 

Count 

AB, GC, ED Left to Right First Length: 0.5 60 

GA, CB Upwards Successive Ratio: 1.15 45 

GE, CD Downwards Successive Ratio: 1.15 45 

AF From A to F First Length: 0.5 75 

EF From E to F First Length: 0.5 75 

 

The change in interval count for the mesh generation on the surface line of the airfoil was 

caused by the changing geometry of the airfoil. Figure 80 and Figure 81 shows that the 

vertices I and J are the points were the skin separates from the leading edge substructure. Due 

to the actuation, these points were starting to move and the length of the lines with the mesh 

seed starting to vary greatly. According to the limitations of the control system described in 

Chapter 4.2.2 the maximum deflection of the actuator was δ=30⁰, caused by the limited 

current amplification factor of the amplifier circuit (Chapter 4.2.3). 

 

Figure 80: CFD Mesh for Airfoil with no Actuation 

 

 

 



87 

 

Table 4: Mesh Generation around Airfoil 

Interval Count 

Line Direction   δ = 0⁰ δ = 5⁰ δ = 10⁰ δ = 15⁰ δ = 20⁰ δ = 25⁰ δ = 30⁰ 

GI  - Successive Ratio: 1 35 35 35 30 30 30 30 

GJ  - Successive Ratio: 1 35 35 35 40 45 45 45 

HI H to I First Length: 0.5 40 40 40 45 45 45 45 

HJ H to J First Length: 0.5 40 40 40 35 35 35 35 

 

Figure 81 shows the mesh around the airfoil for the fully actuated case of 30°. It can be seen 

that the vertex at the trailing edge is the middle point of the two farfield squares and the half 

circle. 

 

Figure 81: CFD Mesh for Airfoil with 30 deg Actuator Tip Displacement 

The mesh described above had an overall number of 12150 cells with 24555 faces and 12405 

nodes for each of the seven different sub cases (δ=0⁰, δ=5⁰, …, δ=30⁰). 

4.3.3 Fluent Setup 

The speed of sound under SSL (standard sea level) conditions is 340 meter/second which led 

to a free stream Mach number of 0.0735. The Mach number was low enough that the 

assumption of existence of incompressible flow was legitimate. An implicit segregated solver 

for inviscid, steady flow was selected for the analyses. The operating pressure was set to 

101,325 Pa, the operating temperature was set to 293.15 Kelvin (20⁰C) and the density of air 

was set to 1.2041 kg/m
3
 (see Chapter 4.3.1: Operating Condition Assumptions).  
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Figure 82: Airfoil with Angle of Attack in Air Flow 

The assumption was made that the airflow arrives at the airfoil under the angle of attack in 

order to simplify the process of analyzing the airfoil at different angles of attack (Figure 82). 

Therefore the velocity needed to be divided into components (Table 5: Velocity Components). 

To obtain the correct drag and lift coefficient the factor components needed to be purported 

(Table 5: Factors). 

Table 5: Velocity and Angular Components 

 

α=0° α=2° α=4° α=6° α=9° α=10° 

Velocity Component 

x 25.00 m/s 24.98 m/s 24.94 m/s 24.86 m/s 24.76 m/s 24.62 m/s 

y 0.00 m/s 0.87 m/s 1.74 m/s 2.61 m/s 3.48 m/s 4.34 m/s 

Factor Component  

x 1.0000 0.9994 0.9976 0.9945 0.9903 0.9848 

y 0.0000 0.0349 0.0698 0.1045 0.1392 0.1736 

 

The CFD model in Fluent was separated in four different regions, Farfield 1 (Figure 79: AF 

and EF), Farfield 2 (Figure 79: AB and DE), Farfield 3 (Figure 79: BC and CD) and the 

Airfoil (Figure 79: GI, IH, HJ and JG). Farfield 1 and Farfield 2 were set to Velocity-Inlet 

with the velocity components outlined in Table 5. Farfield 3 was set to Pressure-Outlet with a 

gauge pressure of 0 Pa. The Airfoil boundary was set to Wall to ensure no flow passes 

through the airfoil. 



89 

 

The solution parameters were set to simple pressure-velocity coupling with the PRESTO! – 

pressure discretization for the Second Order Upwind Scheme. The residuals for continuity, x-

velocity and y-velocity were set to a 1e-06 convergence criterion. After initializing and 

iterating FLUENT obtained the results described in the following chapters. 

4.3.4 Lift- and Drag Coefficients 

The lift and drag coefficients were obtained for six different angles of attack, α=0°, α=2°, 

α=4°, α=6°, α=8° and α=10°.  

 

Figure 83: Lift Coefficient CL over Actuator Tip Rotation Angle δ 

 

Figure 84: Lift Coefficient CL over Angle of Attack α 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 5 10 15 20 25 30

Li
ft

 C
o

e
ff

ic
ie

n
t,

 C
L

(-
)

Actuator Tip Rotation Angle, δ (deg)

α=0°

α=2°

α=4°

α=6°

α=8°

α=10°

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

0 2 4 6 8 10

Li
ft

 C
o

e
ff

ic
ie

n
t,

 C
L

()

Angle of Attack, α (deg)

δ=0°

δ=5°

δ=10°

δ=15°

δ=20°

δ=25°

δ=30°



90 

 

Figure 83 clearly shows an improvement in lift coefficient due to actuation for no angle of 

attack, the lift coefficient increased from zero with no actuation to over 0.2 with 30° actuator 

tip rotation angle. These results could be increased even more by increasing the angle of 

attack. Figure 83 also shows the nearly linear slope of the curves in regards to the actuator tip 

rotation angle; this means that the lift coefficient can be easily controlled by the actuator 

itself. This meant that the lift coefficient is directly proportional to the actuator tip 

displacement angle. 

 

Figure 85: Drag Coefficient CD over Actuator Tip Rotation Angle δ 

 

Figure 86: Drag Coefficient CD over Angle of Attack α 
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Figure 85 shows the drag coefficient due to pressure force. The drag coefficient is a 

summation of the drag coefficient due to pressure force Cd pressure and the pressure coefficient 

due to viscous force Cd skin friction . In this model the drag coefficient due to viscous force was 

set to zero because of the inviscid model. In reality Cd skin friction has the biggest contribution to 

drag but will be ignored in this case because of the specification of an inviscid model. 

4.3.4.1 Lift Forces on Airfoil 

For the analyses of the maximum force on the flap it was important to obtain the lift on the 

airfoil. The FLUENT® analyses described above gave back a lift force for an airfoil width of 

one meter. But because the airfoil used in the experiments had two actuators and a length of 

100 millimeters, the actual lift force was only 10% of the lift force obtained by FLUENT®.  

Table 6: Lift Force over Actuator Tip Rotation Angle 

 

δ=0° δ=5° δ=10° δ=20° δ=30° δ=40° δ=50° 

α=0° 0.00 N 1.39 N 2.77 N 4.12 N 5.42 N 6.67 N 7.86 N 

α=2° 1.34 N 2.72 N 4.10 N 5.43 N 6.72 N 7.95 N 9.11 N 

α=4° 2.67 N 4.05 N 5.42 N 6.73 N 8.00 N 9.21 N 10.34 N 

α=6° 3.99 N 5.36 N 6.71 N 8.01 N 9.26 N 10.44 N 11.53 N 

α=8° 5.30 N 6.66 N 7.99 N 9.27 N 10.48 N 11.63 N 12.67 N 

α=10° 6.60 N 7.93 N 9.24 N 10.49 N 11.67 N 12.77 N 13.74 N 

 

Because the lift force was the lift coefficient multiplied by the constant values of air density, 

air speed and area of airfoil, the lift force had a similar linear slope then the lift coefficient 

from Figure 83 and Figure 84. Table 6 shows zero lift for a non actuated airfoil, this made 

sense because a symmetric airfoil (NACA 0012) was used. The maximum lift that was 

produced by the 150 mm long and 100 mm wide airfoil was 13.75 Newton.  

4.3.5 Pressure Distribution on Airfoil 

The forces obtained by FLUENT in Chapter 4.3.4.1 were the forces acting on the entire wing, 

it was therefore necessary to obtain the fraction of the force applied only on the flap part of 

the wing. The drag forces were so small that they were neglected in the following 

calculations. The leading edge part had a length of 60 mm (40% of airfoil length) and the flap 
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part had a length of 90 mm (60% of airfoil length). The use of the pressure distribution over 

the airfoil obtained by CFD obtained a more accurate solution than taking the fraction of the 

length of the airfoil.
[51]

  

 

Figure 87: Pressure Coefficient Distribution over Airfoil at δ=30° for α=0°, α=2° & α=4° 

 

Figure 88: Pressure Coefficient Distribution over Airfoil at δ=30° for α=6°, α=8° & α=10° 

The only reason why the six different pressure distributions were separated into two different 

charts was to make the change between the different angles of attack more obvious, otherwise 

the transitions became blurry. Figure 87 shows the pressure coefficient distribution over the 

-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

0 50 100 150

P
re

ss
u

re
 C

o
e

ff
ie

ci
e

n
t,

 C
P

()

Length of Airfoil, L (mm)

α=0°

α=2°

α=4°

-16

-14

-12

-10

-8

-6

-4

-2

0

2

0 50 100 150

P
re

ss
u

re
 C

o
e

ff
ic

ie
n

t,
 C

P
 (

)

Length of Airfoil, L (mm)

α=6°

α=8°

α=10°



93 

 

entire airfoil for three different angles of attack (α=0°, α=2° and α=4°) for an actuator tip 

rotation angle of δ=30°. Figure 88 shows the pressure distribution for the angles of attack of 

α=6°, α=8° and α=10° for an actuator tip rotation angle of δ=30°. The pressure coefficients of 

the other sub cases (δ=0°, δ=5°, δ=10°, δ=15°, δ=20° and δ=25° for α=0°, α=2°, α=4° α=6°, 

α=8° and α=10°) can be found in Appendix B. The pressure coefficients distribution is 

negative over the top of the airfoil and positive over the bottom of the airfoil. As expected, the 

pressure peaks occurred at the leading edge. The dent in the pressure distribution over the top 

of the airfoil (approximately at a distance of ~60 mm) was caused by the slope change of the 

skin while leaving the contour of the leading edge and becoming a straight line to the trailing 

edge (see Figure 78). 

By integrating the area under the pressure coefficient curve (Figure 87 and Figure 88) the 

fraction of the pressure coefficient distribution over the flap section in relation to the pressure 

coefficient distribution over the whole airfoil was calculated. Table 7 shows the pressure 

distribution ratio for the flap area. With a length of the leading edge of 60 mm and an 

actuator/flap length of 90 mm, the following percentiles were obtained.  

Table 7: Pressure Distribution Ratio on Flap Area for various Angles of Attack α and Actuator Tip 

Rotation Angles δ 

 

δ=0° δ=5° δ=10° δ=20° δ=30° δ=40° δ=50° 

α=0° 25.38% 15.59% 16.45% 14.69% 14.20% 13.20% 13.38% 

α=2° 23.41% 14.65% 14.89% 13.11% 12.79% 11.97% 12.19% 

α=4° 21.69% 13.65% 13.38% 11.90% 11.90% 10.86% 11.18% 

α=6° 19.93% 12.49% 12.24% 10.91% 10.71% 9.94% 10.28% 

α=8° 18.60% 11.53% 11.26% 10.06% 9.84% 9.17% 9.46% 

α=10° 17.42% 10.69% 10.49% 9.28% 9.08% 8.45% 8.72% 

 

By multiplying the lift force obtained above (Table 6) with the pressure distribution ratio from 

Table 7 the lift force on the entire flap area was obtained. Figure 89 shows a plot of the force 

on the flap region for various angles of attack and actuator tip rotation angles. The author 

wants to emphasize again that all the forces in this chapter are for an airfoil with 100mm span. 
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Figure 89: Force on Flap Region over Angle of Attack  

Figure 89 shows that the force on the flap area converged to a maximum of FFlap=1.2 N. It was 

interesting that almost all the curves have similar slopes, except for the airfoil geometry with 

no actuation (δ=0°). It was obvious that the curve for the airfoil with no actuation must have 

no lift force at an angle of attack of α=0°, because of its symmetric outline. Nevertheless this 

curve has a consistent slope throughout varies angles of attack which leads to a maximum 

force of FFlap=1.15 N at an angle of attack of α=0°. By looking at the pressure distribution for 

δ=0° case from Figure 97 and Figure 98 in Appendix B it becomes obvious that the ratio of 

pressure distribution between flap area and leading edge area was higher than for any other 

case, therefore the percentage of the force acting on the flap increased. By multiplying these 

percentages of the pressure distribution ratio with the lift force from Table 6 (for δ=0° case: 

0N<L<6.6N) the slope in Figure 89 was obtained. 

The forces obtained in this chapter are the forces acting on the whole length of the actuator 

(whole flap area). This means that a part of this force will be dissipated by the leading edge 

and the other part needed to be exceeded by the actuation tip force of the actuator. With a 

conservative approach for the force separation, 30% of the flap force was carried by the 

leading edge and 70% needed to be overcome by the actuator. This assumption led to a 
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maximum force at the trailing edge FTrailingEdge=0.805 N. Recalling that the proposed and built 

airfoil had two actuators built in, it could be said that the force at the trailing edge of 

FTrailingEdge would be partitioned to the two actuators, which led to a maximum force of 0.4025 

N that each of the actuators needed to overcome.  

  



96 

 

4.4 Wind Tunnel Tests 

On the 30
th

 of April wind tunnel tests were undertaken in the small subsonic wind tunnel at 

The University of Kansas. The purpose of the wind tunnel test 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 90: Side View of Airfoil in Wind Tunnel 

A thick steel bar served as a spar of the airfoil. The steel bar gave the leading edge enough 

stiffness to mount the airfoil on the side of the actual wind tunnel mount. Measurements were 

taken for actuator tip rotation angles of δ=0°, δ=10°, δ=20° and δ=30° with angles of attack of 

α=0°, α=2°, α=6° and α=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. 

 

100mm 
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4.4.1 Behavior of Airfoil in Wind Tunnel 

The SMAPBP actuator performed quite well during the wind tunnel tests, the trailing edge 

was displaced up to δ=30°. The behavior of the airfoil in the wind tunnel seemed a little bit 

different than without any applied air flow. The first big difference was that the power 

consumption of the actuators was significantly higher than without any airflow. Without any 

airflow an actuator tip rotation angle of δ=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 was probably caused by convectional cooling of the SMA 

actuator wires by the surrounding airflow. Due to the fact that the airfoil didn’t have side 

panels air flow could enter into the airfoil and cool down the SMA wires (see Figure 91). 

  

Figure 91: Side view of Airfoil in Wind Tunnel with a Tip Rotation of δ=30° 

During the wind tunnel tests it was observed that the skin membrane between the end of the 

leading edge and the trailing edge vibrates with a very low amplitude but high frequency. The 

impact of this high frequency vibration on the performance of the airfoil was assumed to be 

rather insignificant, therefore it was neglected. 

50mm 
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Figure 92: Front view of Actuated Airfoil with δ=30° 

 The measurements for lift and drag were recorded twice for each measurement.  

4.4.2 Lift and Drag Coefficients 

The lift and drag coefficients were calculated from the lift and drag forces obtained by the 

wind tunnel experiments. 

     ·¸ � ¸�¹º»¹¼        4.4-1 

With the lift force (L) obtained by the wind tunnel tests, ρ is the density of air (assumed to be 

1.2041 kg/m
2
) and v is the velocity of the airflow. In this case the velocity was set to 25 m/s 

due to the assumptions made for the CFD analyses in Chapter 4.3.1. The airfoil had a chord 

length of 150 mm (0.15 m) and a width of 100 mm (0.1 m) which led to an area A of 0.015m
2
.  

50mm 



99 

 

 

Figure 93: Lift Coefficient over Angle of Attack from Wind Tunnel Experiments 

 

Figure 94: Lift Coefficient over Actuator Tip Rotation Angle from Wind Tunnel Experiments 

Figure 93 and Figure 94 show the lift coefficient over various angles of attack and actuator tip 

displacement angles. The two figures show that the lift increased with an increasing angle of 

attack α and increasing actuator tip rotation angle δ. It can be seen that the slope in Figure 94 

is almost linear. The values for the lift coefficient for an angle of attack of α=6° and α=10° 

had similar values. For an actuator tip rotation angle of δ=20°, the lift coefficient of the α=10° 

case was even smaller than the α=6°. These observations made no sense and it may be caused 

by a recording error of some kind. By looking at Figure 93 it seems that the curves have a 
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slightly curved slope that would suggest that the airfoil is being subjected to stall. By looking 

at the CFD results for the lift coefficient from Chapter 4.3.4 it is obvious that the airfoil 

should not be subjected to stall with these flight conditions.  

The drag coefficient is calculated in a similar manner than the lift coefficient: 

     ½P � P¤V¾¿VÀ      4.4-2 

Where D is the drag force obtained by the wind tunnel tests. 

 

Figure 95: Drag Coefficient over Angle of Attack from Wind Tunnel Experiments 
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Figure 96: Drag Coefficient over Actuator Tip Rotation Angle from Wind Tunnel Experiments 

Figure 95 and Figure 96 show the drag coefficient for various angles of attack and actuator tip 
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5 Conclusions, Recommendations and Future Work  

5.1 Conclusions 

5.1.1 SMAPBP Actuator 

The experiments showed that the developed SMAPBP actuator was capable of achieving high 

tip displacements and rotations. It can be concluded that Post-Buckled Precompressed (PBP) 

amplification techniques work quite well with antagonistically arranged SMA bender beams. 

A 135 mm long steel-fiberglass-epoxy composite actuator was actuated by a pair of 0.254 mm 

diameter Dynalloy Flexinol wires. The specimen demonstrated deflection levels in excess of 

120° peak-to-peak, representing a deflection growth of 33.5% at axial loads of 5 N. 

Experiments showed that the actuator can be actuated in both direction with similar results 

and magnitude on the tip angle rotation and tip force values. Trapezoidal buckling beam 

theory with consideration of local stiffness’s coming from laminated plate theory locally 

showed a good first approximation for the theoretical results. Nevertheless, the slope of the 

theoretical and experimental results differed by an order of two in magnitude. This may be 

caused by the highly hysteretic behavior of the SMA material with and its amplification due 

to the applied PBP mechanism. The SMA actuator wires were prestrained to approximately 

2.5% and demonstrated increasingly hysteretic behavior as axial loads were increased. 

Because of the highly hysteretic behavior, it was clear that SMAPBP actuators should only be 

used as precision controllers in conjunction with position feedback loops. Although the 

antagonistic prestrain levels were indeed quite low, this lent to good high cycle performance 

as the actuator showed no signs of actuation fatigue over several thousand actuation cycles. 

The work introduced by the SMAPBP actuators succeeded the required pulling force to 

overcome the air loads at the trailing edge of the wing. The measurements of the maximum tip 

force were only taken for the blocked force case where the wire was aligned at the surface of 

the actuator. Considering the fact that for higher tip rotation angles the SMA wire would be 

further away from the neutral axis of the actuator, it can be stated that the vertical tip force 
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part will increase significantly. The force introduced by the SMA wire due to actuation will 

add an additional bending load to the buckling load from actuation. At this stage the actuator 

is optimized for a buckling force of around 3.5 N – 4.5 N and an actuated/buckling length of 

90 mm. The work that was done in this thesis can serve as a basic design study for future 

SMAPBP actuators for other load cases and applications. 

5.1.2 Airfoil  

With the employment of the SMAPBP actuator in the airfoil, the concept of an adaptive flap 

system with SMA actuation and applied PBP mechanism, was proven too. The decision was 

made to use the NACA0012 profile with a chord length of 150 mm as a baseline for the 

development for the adaptive airfoil. The experiments showed that the SMAPBP actuator 

integrated into the airfoil worked quite well with the applied buckling force from an elastic 

latex skin. The experiments showed that the SMAPBP actuator can achieve high trailing edge 

displacements. The airfoil was proposed of being employed in a Micro Unmanned Aerial 

Vehicle (MUAV), the decision was made to use the popular RQ-11 developed by 

AeroVironment because of its similar airfoil dimensions. Based on the data sheet provided by 

AeroVironment the maximum cruising speed of the MUAV was set to 25 m/s for the CFD-

analyses. The CFD analyses obtained the lift coefficients for the non actuated and actuated 

airfoil for different angles of attack (0°<α<10°). An increase in lift coefficient of CL=0 at the 

non actuated state (α=0°) to CL=0.209 for a tip rotation angle of δ=30° was obtained. For an 

angle of attack of α=10° an improvement from CL=0.175 (δ=0°) to CL=0.365 (δ=30°) could 

be obtained. By using the pressure coefficient distribution, the maximum force on the flap 

region was calculated. The values from the CFD analyses were then compared to the results 

of the experimental tip force tests to ensure that the flap system was capable of achieving the 

necessary force to overcome the aerodynamic loads. Wind tunnel experiments showed that the 

airfoil was working quite well under real live conditions and that the SMAPBP actuator was 

able to overcome the aerodynamic loads introduced by the air flow. An increase in lift 
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coefficient from CL=0.07 for the non actuated case with no angle of attack to CL=0.299 for an 

angle of attack of α=10° (δ=0°) could be obtained. For the α=10° case, the lift coefficient was 

increased from CL=0.299 with no actuation to CL=0.597 for an actuator tip rotation angle of 

δ=30°. The lift coefficients obtained from the CFD analyses were similar to the lift 

coefficients from the wind tunnel experiments for small actuator tip rotation angles. By 

increasing the actuator tip rotation angle the discrepancy between the CFD result and the wind 

tunnel result was increasing too. For an angle of attack of α=10° and a tip rotation angle of 

δ=30° the difference between the CFD analyses and the wind tunnel tests in lift coefficient 

was ∆CL=0.232. This could have multiple reasons; it may be caused by the modeling of the 

shape of the airfoil in GAMBIT (e.g. modeling of crossover of the elastic latex from leading 

edge to trailing edge). Another explanation could be that the airflow in the wind tunnel test 

went into the airfoil thru the sides and developed additional lift to the inside area of the latex 

skin (last 90 mm of airfoil). By comparing the maximum drag coefficient of the CFD analyses 

(CD=0.00321) to the maximum drag coefficient of the wind tunnel tests (CD=0.181) the 

immense impact of the introduced drag due to viscous force (skin friction) became obvious. 

An inviscid model was selected because of the very low Mach number (Ma=0.0735) due to 

the air flow velocity assumption of 25m/s. The inviscid model accounts only for the drag 

induced by pressure force and not by viscous force which has the biggest contribution to drag. 

The other reason for the large difference between the drag coefficients may be the drag 

introduced by the test fixture and the measuring cables in the wind tunnel.  

The developed control system in this thesis was quite simple but it showed good 

controllability of the entire airfoil and it proved the concept that the non-linear hysteretic 

behavior could be overcome with a simple active position feedback system. In this case the 

active position feedback system was implemented with strain gages applied to the airfoil that 

measured the strain that is proportional to the actuator tip rotation angle. With a simple 
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control loop in Labview®, the actuation current could be changed over an amplifier with a 

maximum output current of 0.6 A, which led to a maximum trailing edge rotation of 

approximately δ=30°. A precision of 2° was obtained by the control algorithm caused by 

oscillation of the input signal with a respond time from around one to two seconds in case the 

output voltage was between 2.5 V and 4.5 V. For the case that the voltage was lower then 2.5 

V, the reaction took up to 5 seconds to achieve the desired tip displacement. Nevertheless, the 

control system showed good controllability of the airfoil by using Labview® as a 

programming software. 

5.2 Recommendations and Future Work 

The theoretical approach showed some discrepancies with respect to the experimental results. 

A more exact analytical model needs to be obtained for this kind of SMA actuated actuator. 

The analytical theory used in this thesis was originally developed for piezoelectric non-

tapered actuators. There are several differences that needed to be considered between the 

piezoelectric actuator and the SMAPBP actuator from this thesis. The first big difference was 

the tapered shape of the SMAPBP specimen. In this thesis a shape function for a trapezoidal 

shape was used to modify the known PBP equation. Other differences that were not 

considered are impacting the result too, for example that the piezoelectric approach had the 

piezoelectric material as a sheet over the whole substructure of the actuator and the SMA wire 

instead was only a wire with a given diameter in the running along the symmetry line of the 

actuator. Another factor could be that the SMA wire was not integrated in the laminate 

because of the burn-through issue described in Chapter 3.1.2.4. Future work should be 

focused on the development of a new kind of theory that considers all these factors that are 

different in the SMAPBP actuator compared to its piezoelectric model. As mentioned above, 

the SMAPBP actuator developed in this work was optimized for a buckling load of 3.5 N – 

4.5 N and an actuated/buckling length of 90 mm. For other applications new actuators need to 

be considered which are designed specifically for the desired load case. Nevertheless, this 
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work and its developed design and manufacturing techniques could serve as a good basis for 

future SMAPBP actuator developments. 

The second part of the thesis was focused on the development of the adaptive airfoil. The 

research done in this work was using the symmetric NACA0012 airfoil, because the focus of 

this thesis was more on the performance of the SMAPBP actuator integrated into the airfoil 

than to optimize the airfoils aerodynamic performance. Future work should be focused on the 

improvement of the shape of the airfoil. FLUENT showed that the pressure distribution had a 

significant dent at the crossing from the leading edge contour to the straight surface from 

leading edge to trailing edge. A more optimized end of the leading edge would enhance the 

overall performance of the entire airfoil. The research done in this thesis can be seen as a 

starting point for more improved airfoil shape. A better aerodynamic performance and higher 

lift coefficients will bring the change from the basic symmetric NACA 0012 shape to a more 

aerodynamic non-symmetric NACA profile.  

The results obtained by the CFD analyses and the wind tunnel tests were similar to each other 

for the lift coefficients but differed greatly for the drag coefficients. The accuracy of the CFD 

model can be increased significantly by developing a three dimensional CFD model that 

accounts for drag introduced by viscous force. The accuracy of the wind tunnel tests in 

contrast can be increased by attaching side panels to the airfoil. The side panels prevent the 

airflow from entering the airfoil through the sides and decreases the impact of the test fixture 

on the measurements. 

Future research should also being focused on the improvement of the control system. The 

control system developed in this master thesis served the only purpose to show the possibility 

of overcoming the nonlinear, hysteretic behavior of the SMAPBP with an applied active 

position feedback system. For an actual application in a UAV the mass of the control system 

with amplifier state needs to be decreased by one or two magnitudes, a switch to an other 
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more powerful control/amplifier system would be recommended. The linear control algorithm 

was overshooting by an average of 2°, for precision trailing edge displacement it would be 

necessary to change the kind of algorithm. A change of the software to a more control friendly 

software would also be recommended. Labview with its limited programming tools was good 

enough to prove the basic idea of the concept and its do ability.  
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Appendix A – Tables 

Actuator Design I, Tip Rotation Angle over Applied Axial Force (Chapter 3.1.2.3): 

Table 8: Tip Rotation Angle for Applied Axial Buckling Force 

  No Act. Actuation 

Fa (N)  δ (deg) δ (deg)  

0.00 N 2.41° 21.97° 

0.10 N 5.23° 27.36° 

0.20 N 7.75° 30.31° 

0.30 N 12.45° 36.14° 

0.40 N 12.91° 38.34° 

0.50 N 13.94° 41.01° 

 

Actuator Design II, Tip Rotation Angle over Applied Current (Chapter 3.1.2.3): 

Table 9: Tip Rotation Angle Values for Glass Fiber Actuators with Various Number of Glass Fiber Layers 

1 GF Layer 2 GF Layers 3 GF Layers  

I (A) δ (deg) I (A) δ (deg) I (A) δ (deg) 

0.00 A 0.00° 0.00 A 0.00° 0.00 A 0.00° 

0.05 A 0.00° 0.05 A 0.00° 0.05 A 0.00° 

0.10 A 0.00° 0.10 A 0.00° 0.10 A 0.00° 

0.15 A 0.00° 0.15 A 0.00° 0.15 A 0.00° 

0.20 A 0.00° 0.20 A 0.00° 0.20 A 0.00° 

0.25 A 0.00° 0.25 A 0.00° 0.25 A 0.00° 

0.30 A 0.00° 0.30 A 0.00° 0.30 A 0.00° 

0.35 A 0.19° 0.35 A  0.00° 0.35 A 0.00° 

0.40 A 0.57° 0.40 A 0.19° 0.40 A 0.19° 

0.45 A 1.15° 0.45 A 0.38° 0.45 A 0.38° 

0.50 A 1.91° 0.50 A 0.38° 0.50 A 0.57° 

0.55 A 2.68° 0.55 A 0.58° 0.55 A 0.77° 

0.60 A 4.01° 0.60 A 0.96° 0.60 A 1.15° 

0.65 A 5.73° 0.65 A 1.15° 0.65 A 1.34° 

0.70 A 7.84° 0.70 A 1.54° 0.70 A 1.72° 

0.75 A 10.36° 0.75 A 2.51° 0.75 A 2.49° 

0.80 A 13.48° 0.80 A 4.26° 0.80 A 3.06° 

0.85 A 19.74° 0.85 A 6.42° 0.85 A  3.63° 

0.90 A 31.92° 0.90 A 10.64° 0.90 A 4.40° 

    0.95 A 29.43° 0.95 A 4.97° 
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Table 10: Tip Rotation Angle Values for Spring Steel Actuators with Variable SMA Wire Diameter 

dSMA=0.127 mm dSMA=0.254 mm dSMA=0.381 mm 

I (A) δ (deg) I (A) δ (deg) I (A) δ (deg) 

0.00 A 0.00° 0.00 A 0.00° 0.00 A 0.00° 

0.05 A 0.00° 0.05 A 0.00° 0.10 A 0.00° 

0.10 A 0.00° 0.10 A 0.00° 0.20 A 0.00° 

0.15 A 0.19° 0.15 A 0.00° 0.30 A 0.00° 

0.20 A  0.38° 0.20 A 0.19° 0.40 A 0.00° 

0.25 A 0.38° 0.25 A 0.37° 0.50 A 0.00° 

0.30 A 0.57° 0.30 A 0.56° 0.60 A 0.19° 

0.35 A 1.72° 0.35 A 0.75° 0.70 A 0.38° 

0.40 A 3.81° 0.40 A 1.12° 0.80 A 0.57° 

0.45 A 6.65° 0.45 A 1.49° 0.90 A 0.76° 

0.50 A 10.39° 0.50 A 2.04° 1.00 A 1.33° 

0.55 A 14.93° 0.55 A 2.97° 1.10 A 1.71° 

0.60 A 18.78° 0.60 A 4.06° 1.20 A 2.67° 

    0.65 A 6.59° 1.30 A 4.58° 

    0.70 A 9.92° 1.40 A 7.25° 

    0.75 A 16.99° 1.50 A 10.09° 

    0.80 A 25.21° 1.60 A 17.84° 

    0.85 A 35.19° 1.70 A 27.69° 

 

Actuator Design III, Tip Rotation Angle over Applied Current (Chapter 3.4.1): 

Table 11: Tip Rotation Angle for Both Sided Actuation 

  Front Back 

I (A) δ (deg) δ (deg) 

0.00 A 0.00° 0.00° 

0.05 A 0.19° -0.19° 

0.10 A 0.19° -0.38° 

0.15 A 0.19° -0.38° 

0.20 A 0.57° -0.75° 

0.25 A 0.76° -1.13° 

0.30 A 1.14° -1.69° 

0.35 A 1.89° -2.99° 

0.40 A 3.40° -5.20° 

0.45 A 7.29° -9.33° 

0.50 A 14.20° -16.10° 

0.55 A 24.82° -26.58° 

0.60 A 33.02° -34.40° 

0.65 A 41.18° -40.54° 

0.70 A 46.54° -44.57° 

0.75 A 51.08° -49.05° 

0.80 A 55.11° -52.84° 

0.85 A 58.59° -55.73° 
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Table 12: Tip Rotation Angle over Applied Axial Force and Applied Current 

  Fa = 0 N Fa = 1 N Fa = 2 N Fa = 3 N Fa = 4 N Fa = 5 N 

I (A) δ (deg)  δ (deg)  δ (deg)  δ (deg)  δ (deg)  δ (deg)  

0.00 A 4.76° 5.14° 6.09° 6.09° 7.41° 8.90° 

0.05 A 4.76° 5.14° 6.09° 6.09° 7.41° 8.90° 

0.10 A 4.76° 5.14° 6.28° 6.09° 7.59° 8.90° 

0.15 A 4.76° 5.33° 6.47° 6.09° 7.59° 9.09° 

0.20 A 4.95° 5.52° 6.65° 6.28° 7.78° 9.28° 

0.25 A 5.33° 5.90° 7.22° 6.65° 7.97° 9.83° 

0.30 A 5.90° 6.47° 7.59° 7.22° 8.53° 10.39° 

0.35 A 7.03° 7.59° 8.90° 7.97° 9.28° 12.04° 

0.40 A 9.28° 9.46° 12.04° 10.02° 10.94° 17.40° 

0.45 A 14.04° 13.86° 21.80° 19.29° 22.62° 30.26° 

0.50 A 21.80° 23.43° 28.81° 31.24° 35.63° 43.03° 

0.55 A 31.94° 34.22° 39.24° 40.36° 44.52° 49.80° 

0.60 A 40.36° 41.46° 46.40° 47.55° 50.51°   

0.65 A 46.40° 47.73° 51.34° 51.71° 55.28°   

0.70 A 50.19° 51.27° 54.14° 55.10° 59.04°   

0.75 A 52.99° 54.14° 56.89° 58.78° 62.24°   

0.80 A 55.22° 56.31° 59.29° 61.39° 64.89°   

0.85 A 57.45° 58.52° 61.82° 63.24°     

 

Table 13: Blocked Tip Force over Applied Axial Force and Applied Current 

  Fa = 0 N Fa = 1 N Fa = 2 N Fa = 3 N Fa = 4 N Fa = 5 N 

I (A) Ftip (N) Ftip (N) Ftip (N)) Ftip (N) Ftip (N) Ftip (N) 

0.00 A 0.000 N 0.000 N 0.000 N 0.000 N 0.000 N 0.000 N 

0.05 A 0.000 N 0.000 N 0.000 N 0.000 N 0.000 N 0.000 N 

0.10 A 0.001 N 0.002 N 0.002 N 0.002 N 0.002 N 0.001 N 

0.15 A 0.004 N 0.005 N 0.006 N 0.005 N 0.005 N 0.004 N 

0.20 A 0.009 N 0.011 N 0.012 N 0.009 N 0.010 N 0.009 N 

0.25 A 0.015 N 0.019 N 0.019 N 0.015 N 0.016 N 0.015 N 

0.30 A 0.025 N 0.027 N 0.030 N 0.024 N 0.025 N 0.026 N 

0.35 A 0.037 N 0.041 N 0.044 N 0.037 N 0.037 N 0.037 N 

0.40 A 0.054 N 0.058 N 0.065 N 0.053 N 0.056 N 0.054 N 

0.45 A 0.085 N 0.088 N 0.091 N 0.080 N  0.080 N 0.080 N 

0.50 A 0.122 N 0.124 N 0.129 N 0.119 N 0.120 N 0.120 N 

0.55 A 0.165 N 0.169 N 0.177 N 0.162 N 0.166 N 0.159 N 

0.60 A 0.215 N  0.214 N 0.215 N 0.207 N 0.207 N 0.200 N 

0.65 A 0.253 N  0.256 N 0.260 N 0.251 N 0.250 N 0.243 N 

0.70 A 0.296 N 0.297 N 0.297 N 0.291 N 0.291 N 0.280 N 

0.75 A 0.339 N 0.337 N 0.338 N 0.331 N 0.330 N 0.320 N 

0.80 A 0.380 N 0.381 N 0.377 N 0.373 N 0.371 N 0.363 N 

0.85 A 0.417 N 0.416 N 0.422 N 0.410 N 0.414 N 0.401 N 
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Current Amplifier Performance (Chapter 4.2.3) 

Table 14: Current Amplifier Performance 

Uin (V) Iout (A) 

0.00 V 0.00 A 

0.25 V 0.00 A 

0.50 V 0.00 A 

0.75 V 0.00 A 

1.00 V 0.00 A 

1.25 V 0.03 A 

1.50 V 0.07 A 

1.75 V 0.13 A 

2.00 V 0.18 A 

2.25 V 0.24 A 

2.50 V 0.31 A 

2.75 V 0.37 A 

3.00 V 0.43 A 

3.25 V 0.51 A 

3.50 V 0.59 A 

3.75 V 0.60 A 

4.00 V 0.60 A 

4.25 V 0.60 A 

4.50 V 0.60 A 

4.75 V 0.60 A 

5.00 V 0.60 A 
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Calibration Curves for position Feedback System (Chapter 4.2.2.1): 

Actuator 1: 

Table 15: Calibration Values for Front Actuation Actuator 1 

Front Actuation 

I (A) εgage () δexp (deg) δapprox (deg) 

0.00 A 6.219E-03 0.00° 0.63° 

0.05 A 6.221E-03 0.00° 0.35° 

0.10 A 6.216E-03 0.00° 1.03° 

0.15 A 6.216E-03 0.19° 0.97° 

0.20 A 6.220E-03 0.19° 0.41° 

0.25 A 6.221E-03 0.19° 0.31° 

0.30 A 6.219E-03 0.37° 0.62° 

0.35 A 6.209E-03 0.37° 1.88° 

0.40 A 6.202E-03 0.56° 2.93° 

0.45 A 6.208E-03 0.74° 2.09° 

0.50 A 6.194E-03 1.48° 3.87° 

0.55 A 6.174E-03 3.30° 6.55° 

0.60 A 5.968E-03 33.17° 33.88° 

0.65 A 5.929E-03 39.01° 39.11° 

0.70 A 5.917E-03 43.82° 40.60° 

0.75 A 5.880E-03 48.24° 45.55° 

 

Table 16: Calibration Values for Back Actuation Actuator 1 

Back Actuation  

I (A) εgage () δexp (deg) δapprox (deg) 

0.05 A 6.222E-03 0.00° 0.28° 

0.10 A 6.230E-03 -0.19° -0.89° 

0.15 A 6.222E-03 -0.38° 0.18° 

0.20 A 6.243E-03 -0.75° -2.62° 

0.25 A 6.234E-03 -1.32° -1.36° 

0.30 A 6.246E-03 -1.88° -2.96° 

0.35 A 6.264E-03 -3.92° -5.33° 

0.40 A 6.287E-03 -8.28° -8.46° 

0.45 A 6.371E-03 -18.36° -19.51° 

0.50 A 6.500E-03 -33.60° -36.62° 

0.55 A 6.553E-03 -41.33° -43.61° 

0.60 A 6.595E-03 -48.44° -49.22° 

0.65 A 6.617E-03 -52.18° -52.14° 

0.70 A 6.635E-03 -54.87° -54.47° 

0.75 A 6.641E-03 -56.89° -55.35° 
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Actuator 2: 

Table 17: Calibration Values for Front Actuation Actuator 2 

Front Actuation  

I (A) εgage () δexp (deg) δapprox (deg) 

0.00 A 6.131E-03 0.00° -0.22° 

0.05 A 6.129E-03 0.00° -0.05° 

0.10 A 6.125E-03 0.19° 0.52° 

0.15 A 6.133E-03 0.37° -0.58° 

0.20 A 6.126E-03 0.56° 0.42° 

0.25 A 6.128E-03 0.94° 0.14° 

0.30 A 6.126E-03 1.50° 0.39° 

0.35 A 6.103E-03 2.79° 3.54° 

0.40 A 6.093E-03 4.63° 4.85° 

0.45 A 6.053E-03 8.75° 10.22° 

0.50 A 6.017E-03 13.88° 14.98° 

0.55 A 5.950E-03 20.77° 24.06° 

0.60 A 5.943E-03 26.75° 24.98° 

0.65 A 5.900E-03 31.64° 30.67° 

0.70 A 5.871E-03 35.43° 34.54° 

0.75 A 5.841E-03 38.80° 38.55° 
 

Table 18: Calibration Values for Back Actuation Actuator 2 

Back Actuation 

I (A) εgage () δexp (deg) δapprox (deg) 

0.00 A 6.131E-03 0.00° -0.22° 

0.05 A 6.133E-03 0.00° -0.51° 

0.10 A 6.135E-03 -0.29° -0.79° 

0.15 A 6.130E-03 0.08° -0.12° 

0.20 A 6.140E-03 -1.95° -1.46° 

0.25 A 6.138E-03 -2.32° -1.19° 

0.30 A 6.142E-03 -6.58° -1.73° 

0.35 A 6.163E-03 -4.23° -4.54° 

0.40 A 6.180E-03 -6.51° -6.82° 

0.45 A 6.200E-03 -8.14° -9.50° 

0.50 A 6.242E-03 -14.02° -15.13° 

0.55 A 6.350E-03 -29.66° -29.61° 

0.60 A 6.364E-03 -33.73° -31.49° 

0.65 A 6.410E-03 -36.32° -37.65° 

0.70 A 6.440E-03 -42.74° -41.67° 

0.75 A 6.470E-03 -45.99° -45.70° 
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Lift Coefficients CL (Chapter 4.3.4): 

Table 19: Lift Coefficients for different Actuator Tip Rotation Angles 

  α = 0° α = 2° α = 4° α = 6° α = 8° α = 10° 

δ=0° 0.000 0.036 0.071 0.106 0.141 0.175 

δ=5° 0.037 0.072 0.108 0.143 0.177 0.211 

δ=10° 0.074 0.109 0.144 0.178 0.212 0.246 

δ=15° 0.109 0.144 0.179 0.213 0.246 0.279 

δ=20° 0.144 0.179 0.213 0.246 0.279 0.310 

δ=25° 0.177 0.211 0.245 0.277 0.309 0.339 

δ=30° 0.209 0.242 0.275 0.306 0.337 0.365 

 

 

Drag Coefficients CD (Chapter 4.3.4): 

Table 20: Drag Coefficients for different Actuator Tip Rotation Angles 

α = 0° α = 2° α = 4° α = 6° α = 8° α = 10° 

δ=0° 4.11E-05 6.68E-05 1.48E-04 2.76E-04 4.76E-04 7.25E-04 

δ=5° 6.47E-05 1.39E-04 2.71E-04 4.46E-04 6.98E-04 9.90E-04 

δ=10° 1.34E-04 2.57E-04 4.36E-04 6.61E-04 9.66E-04 1.31E-03 

δ=15° 2.78E-04 4.50E-04 6.84E-04 9.61E-04 1.32E-03 1.71E-03 

δ=20° 4.36E-04 6.55E-04 9.44E-04 1.27E-03 1.68E-03 2.13E-03 

δ=25° 6.77E-04 9.50E-04 1.29E-03 1.66E-03 2.13E-03 2.62E-03 

δ=30° 1.00E-03 1.33E-03 1.73E-03 2.15E-03 2.67E-03 3.21E-03 

 

Forces on Flap (Chapter 4.3.5): 

Table 21: Force on Flap Region for Various Angles of Attack α and Actuator Tip Rotation Angles δ 

  δ=0° δ=5° δ=10° δ=20° δ=30° δ=40° δ=50° 

α=0° 0.00 N 0.22 N 0.46 N 0.61 N 0.77 N 0.88 N 1.05 N 

α=2° 0.31 N 0.40 N 0.61 N 0.71 N 0.86 N 0.95 N 1.11 N 

α=4° 0.58 N 0.55 N 0.72 N 0.80 N 0.95 N 1.00 N 1.16 N 

α=6° 0.80 N 0.67 N 0.82 N 0.87 N 0.99 N 1.04 N 1.18 N 

α=8° 0.99 N 0.77 N 0.90 N 0.93 N 1.03 N 1.07 N 1.20 N 

α=10° 1.15 N 0.85 N 0.97 N 0.97 N 1.06 N 1.08 N 1.20 N 
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Wind Tunnel Test – Lift Coefficient (Chapter 4.4.2): 

Table 22: Lift Coefficients Obtained by Wind Tunnel Tests 

  α=0° α=2° α=6° α=10° 

δ=0° 0.070 0.185 0.276 0.299 

δ=10° 0.160 0.306 0.399 0.391 

δ=20° 0.242 0.369 0.478 0.427 

δ=30° 0.259 0.453 0.564 0.597 

 

Wind Tunnel Test – Drag Coefficient (Chapter 4.4.2): 

Table 23: Drag Coefficients Obtained by Wind Tunnel Tests 

  α=0° α=2° α=6° α=10° 

δ=0° 0.118 0.139 0.157 0.143 

δ=10° 0.131 0.147 0.173 0.155 

δ=20° 0.142 0.158 0.144 0.167 

δ=30° 0.147 0.168 0.173 0.181 
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Appendix B – Figures 

Pressure Coefficient Distribution (Chapter 4.3.5): 

Actuator Tip Rotation Angle δ=0°: 

 

Figure 97: Pressure Coefficient Distribution over Airfoil at δ=0° for α=0°, α=2° & α=4° 

 

 

Figure 98: Pressure Coefficient Distribution over Airfoil at δ=0° for α=6°, α=8° & α=10° 
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Actuator Tip Rotation Angle δ=5°: 

 

Figure 99: Pressure Coefficient Distribution over Airfoil at δ=5° for α=0°, α=2° & α=4° 

 

 

 

Figure 100: Pressure Coefficient Distribution over Airfoil at δ=5° for α=6°, α=8° & α=10° 
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Actuator Tip Rotation Angle δ=10°: 

 

Figure 101: Pressure Coefficient Distribution over Airfoil at δ=10° for α=0°, α=2° & α=4° 

 

 

 

Figure 102: Pressure Coefficient Distribution over Airfoil at δ=10° for α=6°, α=8° & α=10° 
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Actuator Tip Rotation Angle δ=15°: 

 

Figure 103: Pressure Coefficient Distribution over Airfoil at δ=15° for α=0°, α=2° & α=4° 

 

 

 

Figure 104: Pressure Coefficient Distribution over Airfoil at δ=15° for α=6°, α=8° & α=10° 
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Actuator Tip Rotation Angle δ=20°: 

 

Figure 105: Pressure Coefficient Distribution over Airfoil at δ=20° for α=0°, α=2° & α=4° 

 

 

 

Figure 106: Pressure Coefficient Distribution over Airfoil at δ=20° for α=6°, α=8° & α=10° 
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Actuator Tip Rotation Angle δ=25°: 

 

Figure 107: Pressure Coefficient Distribution over Airfoil at δ=25° for α=0°, α=2° & α=4° 

 

 

 

Figure 108: Pressure Coefficient Distribution over Airfoil at δ=25° for α=6°, α=8° & α=10° 
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Actuator Tip Rotation Angle δ=30°: 

 

Figure 109: Pressure Coefficient Distribution over Airfoil at δ=30° for α=0°, α=2° & α=4° 

 

 

 

Figure 110: Pressure Coefficient Distribution over Airfoil at δ=30° for α=6°, α=8° & α=10° 
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