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1 Project Objectives and Requirements 
Different airplanes are designed to be optimal for different flight conditions.  The optimal flight condition 

for the airplane is partially determined from the shape of the wing used.  To allow for the airplane to change 
flight conditions during a single flight, control surfaces are incorporated into the wing design.  However, these 
control surfaces often increase the drag on the aircraft and effectively decrease the efficiency of the aircraft.  
Morphing the wing would increase the efficiency of the aircraft for a second flight condition during a single 
mission.   

Morphing wing technology is a relatively recently explored technology for increasing the efficiency of 
multiple flight conditions in the duration of one mission.  The next generation of unmanned aerial vehicles is 
especially interested in exploring morphing wing technology.  For example, the Aerosonde UAV currently uses 
a stiff, rigid wing for cruising at relatively high speeds.  The current limitations of the Aerosonde, however, are 
that it cannot easily or efficiently support lower speeds such as those required for loitering, taking off, or 
landing.  A morphing wing would help the Aerosonde be able to efficiently be controlled at lower speeds for 
taking off, landing, and loitering.  The Aerosonde is only one of many examples of aircrafts that could benefit 
from morphing wing technology. 

The overall objective of the proposed morphing wing project is to conceive, fabricate, integrate, and verify 
a wing demonstrator that is able to morph its shape to increase lift for two distinct flight conditions in a wind 
tunnel test.  The size of the wing will be based on the size of the wing currently used by the Aerosonde UAV.  
The method used to morph the wing is based on feasibility and effectiveness.   

To define the project in more detail, there are seven smaller objectives included in the overall objective.  
The objective of flight phase efficiency is to morph the airfoil shape of the wing demonstrator to change the 
aerodynamic characteristics from cruise to a more efficient loiter flight condition.  This would include 
increasing the lift of the aircraft.  The aerodynamic characteristics objective gives the basic conditions for 
choosing the wing shape.  As an actuation objective, a device will be included to change the design of the wing 
demonstrator.  This is required to control the shape change of the wing.  A ground station will be utilized to 
control the actuation system.  This ensures that the actuation of the wing shape change can be controlled during 
flight.  For material selection, the objective is to utilize materials that would allow for flexibility to morph the 
wing while being structurally and aerodynamically stable.  This defines the basic constraints on the material 
selection for the wing.  The objective for the structure of the wing demonstrator is to withstand the loading on 
the wing for the two flight conditions.  This is required to ensure that the wing does not fail due to lack of 
rigidity of the skin material.  To analyze the improved performance gained from morphing the wing, 
aerodynamic properties of the wing will be measured in a wind tunnel.  For proper data collection and safety 
purposes, the wing demonstrator must be stabilized in a wind tunnel at various flow speeds.  Therefore, the 
mechanical interface objective is to include a device used to mount the wing in a wind tunnel.   

In order to have a successful morphing wing, it has been determined that eight areas of technical expertise 
are needed.  The expertise of mechanical and structural design will be needed to design and test a structurally 
stable wing model.  To determine the actuation system, expertise in the area of actuation is needed.  The project 
will desire an expertise in aerodynamics to determine the best shape of the wing for the best aerodynamic 
performance.  The expertise in flight dynamics is also desired to determine the most efficient flight 
characteristics for the demonstrator.  In order to control the actuation system from a ground station, an expertise 
of control is desired.  Expertise in mechanical and electrical fabrication is desired to compose the parts of the 
wing and the analog and digital electronic subsystems.  Finally, an expertise in simulation and data acquisition 
software is desired to predict expected performance and determine actual performance of the morphing wing. 

2 Development and Assessment of Design Alternatives 
There are four top-level objectives in designing the morphing wing: aerodynamic shape, actuation, 

material selection, and the verification and testing of the model.   

2.1 Aerodynamic Shape Alternatives 
There are seven different ways to increase efficiency of different flight aspects of an aircraft through 

changing the aerodynamic characteristics of the wing.  Changing the span or aspect ratio of the aircraft 
wing increases the lift characteristics of the aircraft  Loitering could also be made more efficient by 
changing the airfoil shape, drooping the wings, increasing the airfoil camber, or twisting wing.  
Performing any of these changes by morphing during a mission would give increased efficiency in loiter 
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stage.  Due to the complexity of some of the above systems and the fact that many of them have been 
explored before and are currently in use, an increase in camber was chosen as the method to make the 
morphing wing more efficient in the loitering stage. 

Flaps are one way of increasing the camber of an aircraft.  Flap systems increase the effective wing 
area, increase the lift at a given angle of attack, and leading edge flaps reduce leading edge stall.  It is 
important to show that the thin airfoil theory can be used to predict the forces, moments, and pressures on 
a very thin, cambered surface.  It can also be used to estimate the effect of flap deflection on an airfoil lift 
and moment.  As shown in the comparison of Figure 2.1, an increase in lift results from flap deflection.   

 

 

Figure 2.1. Compar ison of L ift with Flap Deflection - Thin Air foil Theory [5} 

The main problem with flap systems is the gap effect created.  Therefore, the morphing wing being 
designed will look at eliminating the gap effects by creating a seamless design.  In order to determine how 
to increase the camber of an aircraft in a seamless way, morphing the top surface, bottom surface, and 
both surfaces together were examined for difficulty, effectiveness, and cost.  Table 2.1 shows a trade 
studying analyzing each feature, used to determine which configuration is most beneficial based on 
feasibility and effectiveness. 

Table 2.1. Aerodynamic Shape Trade Study 

Morphing Sur face Difficulty Effectiveness Cost 

Top High Medium Medium 

Bottom Medium Medium Medium 

Top and Bottom High High High 

 
As shown in the trade study, the difficulty of morphing both the top and bottom surfaces, as well as 

morphing just the top surface, is very high due in that the structural stability of the aircraft would likely 
decrease.  The effectiveness of morphing both the top and bottom structures is obviously greater than that 
achieved by morphing the top surface or the bottom surface individually, as the thickness of the airfoil 
would change, however the change in lift seen would not be as great as change in lift seen by morphing 
both the top and bottom surfaces together.  However, it was determined that morphing both surfaces 
would be very costly in that an actuation system would be needed for both surfaces.  Based on a 
compromise between feasibility and effectiveness, it was determined that the most appropriate method 
would be morphing the bottom surface alone. 
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2.2 Actuation System Alternatives 
In order to morph the bottom surface, an actuation system must be chosen.  Three actuation systems 

were explored to morph the wing: electromagnetic, piezoelectric, and shape memory actuators.  These 
systems were each analyzed in terms of risk, performance, and cost. 

Electromagnetic actuators are solenoids used to push on a rod that then allows the actuator to push 
on a material that would in turn cause a deflection of the material.  The risk associated with choosing these 
actuators are that they are relatively large, require a fairly strong and stable material to push against, and 
they require a high power input.  In terms of performance, the electromagnetic actuators produce a 
relatively small stroke.  However, it was determined that the cost of these actuators would be relatively 
moderate. 

Piezoelectric actuators are ceramic actuators that convert electrical energy to mechanical energy and 
vise versa.  The performance of piezoelectric actuators would be greater than that of electromagnetic 
because they have a varied stroke size.  However, the main risk associated with choosing piezoelectric 
actuators is that they require a large amount of power to operate one actuator.  The smallest actuator 
found, weighing 1.0 gram and having dimensions of 0.88 in. x 0.38 in. x 0.021 in., would require a 
minimum of 480 volts peak-to-peak to deflect the material.  Piezoelectric actuators also tend to be very 
high in cost.   

Shape memory alloy actuation was the final system explored for the morphing process.  This 
actuation system is an alloy material that transforms to a trained shape when heated by an electrical 
current and returns to its original shape when cooled below the transformation temperature.  These 
actuators apply a force as their elongation changes during transformation.  The risks associated with using 
this actuation system are minimal.  The main risk in using the shape memory alloys is the inexperience of 
the group members with the use of these materials.  In terms of performance, the alloys can be trained to 
form any desired shape, they require less power to actuate, and they can generate a large force for their 
small size.  The cost of the material is also fairly low at approximately $5 per foot.  Table 2.2 shows the 
actuation system trade study assessment. 

 

Table 2.2. Actuation System Trade Study 

Options Manufacturers Comments Risk Performance Cost 

Electromagnetic 
Left Hand 

Design 
Coorporation 

Can be made small, but not 
small enough                                                  
Extremely small stroke                                              
Large possible power 
requirements                                                 

Low- 
Moderate Moderate Moderate 

Piezo-electric   

Can be made extremely 
small                                     
Varied stroke size                                          
Large voltage rquirements, 
for their size              
extremely high cost 

Moderate Moderate-
high High 

Shape Memory 
Alloys SMA Inc 

Can be trained to form any 
shape                                 
Achieves high temperatures                                        
Requires less power than 
other options                        
Comes in many forms, so 
many possible design uses    
Force generated is large     

Low-
Moderate High Moderate 

 
Analysis of the trade study on these different actuation systems revealed that the most appropriate 

actuation system for the project involves the use of shape memory alloy actuators.  The wires are small in 
size, relatively inexpensive, and can generate a large amount of force for their small size.  Shape Memory 
Alloys (SMA) also provide the capability of customizing the deflections associated with force application 
by offering a variety of shapes and sizes used for actuation purposes. 

SMAs, however, do have their drawbacks.  They require a very large current in order to heat them.  
They also cause problems in designing their attachment to other structures.  The resistance of the wires 
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remains constant due to the fact that as the wire gets shorter in length, its diameter increases.  This means 
the wire has a constant volume throughout the transformation process.  So the wire cannot not be directly 
soldered or epoxied to a surface; since as the wire is cycled through its transformation several times it 
would eventually work itself loose of these attachments.  However this can be easily overcome by the use 
of crimps on the ends of the wire and by lacing the wire onto the rib, which is discussed later in much 
further detail.  They also can be easily over-heated or over-strained.  This causes the repeatability of the 
wires to decrease to hundreds of times instead of being in the thousands.  In the end the problems of 
SMAs were deemed to be very small compared to the problems of the other types of actuators. 

 

2.3 Material Alternatives 
Material alternatives were analyzed for both the rigid wing structure and the flexible skin.  The 

material selections for each of these components are discussed. 

2.3.1 Rigid Structure Material 
Three materials were examined for use as the top surface rigid structure,: aluminum, carbon 

fiber, and a nomex honeycomb structure.  Aluminum is a very strong material, able to withstand 
aerodynamic characteristics of wings.  Carbon fiber is also rigid and exerts extreme strength.  The 
benefit of using carbon fiber would be its light weight.  Nomex honeycomb exerts extreme strength 
and toughness in a single cell; however, machining the material would be extremely difficult.  Since 
aluminum would be easy to machine using the resources allotted to the team and the knowledge that 
it can withstand the aerodynamic characteristics of a wing, the carbon fiber and nomex honeycomb 
options were eliminated. 

2.3.2 Flexible Skin Material 
For the bottom surface material, two materials were analyzed:  Shape memory polymers and 

latex.  Shape memory polymers, like shape memory alloys, deform to a trained shape when heated.  
The difference between the two though is that the polymers cannot provide any force during 
transformation like the alloys can.  The risk associated with using the polymers is the extreme heat 
that they can exert.  Latex was determined to withstand the forces applied to the morphing wing as 
discussed later in this report.  It also can withstand the forces applied to the wing.  Therefore, latex is 
the chosen bottom surface material. 

 

2.4 Test Plan Alternatives 
Verification and testing of the morphing wing is a high level objective that needs to be performed.  

There were three different sting mount options explored for the wing: a center mount, a side mount load 
cell, and side mount strain gage option.  All three of these options were assessed for accuracy, difficulty of 
design, work required to build, and cost.  The center mount sting and the side mount strain gage options 
will give the most accuracy in the verification and testing process when compared to the side mount load 
cell option.  However, the center mount sting available at the wind tunnel facility proves to be much more 
feasible in terms of simplicity and availability.  The wing will be flown upside down with the sting 
attached to the top surface.  The Air Force Academy has generously offered to provide the wind tunnel 
facility and sting mount to ensure that the wing would be easily incorporated with their existing system. 

 

3 Design-To Specifications 

3.1 Overview of Requirements 
The overall objective of the Morphing Wing project is to conceive, design, fabricate, integrate and 

verify a wing demonstrator that is able to morph its shape to increase lift for two distinct flight conditions 
in a wind tunnel test.  Specific objectives of the Morphing Wing project can be classified into three 
categories:  actuation system, wing structural characteristics, and aerodynamic characteristics.  The goal of 
the actuation system is to provide the ability to actuate change in the airfoil shape in a controlled manner.  
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The structural characteristics of the wing are defined by the aerodynamic loadings and the capabilities of 
the actuation system.  The structure of the wing must be able to withstand the aerodynamic forces and 
wing loadings.  In order to achieve a seamless morph, there must be a compromise between stiffness and 
flexibility in the selected materials to ensure that the wing shape can be changed by actuation and remain 
structurally capable of withstanding aerodynamic forces.  The aerodynamics properties must ensure that 
the change in shape will result in measurable changes in flight characteristics.  The effect of morphing the 
wing shape will be verified and measured in a wind tunnel test. 

The requirements for the Morphing Wing are thus defined by the objectives of each system 
discussed above.  The design-to specifications of the project are defined in terms of the following items:  
the scaling of the wing model, the actuation system, the material properties, and the scaling of the 
Reynolds number for aerodynamic characteristics.  Each of these will be discussed in this section. 

3.2 Wing Model Sizing Specifications 
The determining design-to factor for the wing model was the scaling of the wing to the appropriate 

Reynolds Number.  The wing had to be scaled to fit in the wind tunnel at the United States Air Force 
Academy, which has a three-foot by three-foot test section.  In order to accomplish this task, it was 
determined that half-span wing will be created.  The size of the model is based on the Aerosonde UAV 
wing, which has a chord length of 9.25 in (.235 m), and a half-span of 4.75 ft (1.45 m).  In order to scale 
the model wing to fit inside the test section, a scaling factor of .53 in was applied to determine the 
dimensions appropriate for the model.  Thus, the dimensions of the model wing were determined to be 2.5 
ft (.76 m) in span by 4.86 inches (.12 m) in chord length.  The size constraints of the model greatly limit 
the design possibilities, as each internal system must be designed to fit within these dimensions. 

The model scaling thus defined the properties of the aerodynamic analysis for the wind tunnel test.  
In order to appropriately test the wing under the same airspeed as the Aerosonde UAV, the Reynolds 
number of the wing must be the same as that of the UAV.  The UAV stall speed is approximately 18 m/s, 
and the Reynolds Number is 2x10-5.  Thus in order to match the Reynolds number, the stall speed of the 
model wing was determined to be 34 m/s, following the equation, 

1     u/VLRN =     (3.1) 

3.3 Actuation System Specifications 
In order to achieve a reasonable difference in structural shape, it was determined that the actuation 

system must generate a maximum deflection of 0.2 inches (5.08mm) in the lower structure of the airfoil.  
The SMA wires, chosen to provide the actuation force, are capable of producing a maximum actuation 
force of 2.02 lb (9N) axially.  As SMA wires typically offer higher forces at the expense of low 
deflections, and vice versa, a compromise must be defined to obtain the best tradeoff between force and 
deflection that meets the requirements of the actuation system.  The structural components of the actuation 
system must also be designed to accommodate the deflection requirements and the force capability of the 
actuators. 

The transformation temperature of the wires dictates the heating requirement and thus the power 
requirement.  A temperature of at least 90 degrees Celsius (363 K) must be achieved in order to activate 
the SMA wires.  The heating requirement also dictates the power requirement.  The current required to 
rapidly heat each wire to its transformation temperature is 1000 mA.  Thus, the power requirement for the 
entire system is based on the resistance of the wires.  The overall actuation system will thus require a 
power source of approximately 39 W. 

3.4 Material Specifications 
The requirements for the materials used for the wing model are defined by the actuation deflection 

and force requirements, and the temperature effects due to heating inside the wing.   
The flexible skin of the wing must be able to withstand the strain caused by actuation forces, and 

remain taught in the un-morphed and morphed configuration.  In order to ensure proper aerodynamic 
properties of the wing, the material must be held smooth over the bottom surface in both configurations.  
This material must also stand up to the temperatures inside our structure.  As each shape memory alloy 
wire is heated at least to a temperature of approximately 363 K, the skin must be able to withstand a 
temperature at least that high, with no permanent deformation.  A margin of safety is required to ensure 
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that in the event of achieving temperatures significantly higher than 363, the material will not deform or 
melt. 

The rigid structure of the wing must be able to withstand the wing loading and apparent aerodynamic 
forces.  As size limitations significantly reduce the allowable size of the structure, the material for the 
structure must be able to carry the load in a small area.  In order to achieve the high definition of the 
structural shape, the material must also be easily machined.  It was also determined that the rigid structure 
should be able to conduct the internal heat of the structure to assist in cooling the system. 

4 System Architecture 
The overall system design for the Morphing Wing consists of effectively raising the lower surface of the 

wing using Shape Memory Alloy actuation.  Raising the lower surface of the wing is necessary to increase the 
camber of the airfoil, thus changing the aerodynamic characteristics.  An increase in camber theoretically will 
increase the lift on a given airfoil.  The upper surface of the wing is rigid, providing structural stability while 
maintaining leading edge aerodynamic properties.  The un-morphed and morphed views of the predicted airfoil 
geometries can be found below in Figure 4.1. 
 

 
Figure 4.1. Morphing Shape Design 

 
The overall system is comprised of 5 structural components:  an upper rigid aluminum structure, 

aluminum structural ribs, a flexible latex skin for the lower surface, Shape Memory Alloy actuator wires, and 
aluminum hinges.  The rigid structure provides structural stability while carrying the wing loading.  The ribs 
provide structural rigidity for the un-morphed wing configuration, and are activated to change shape by the 
force applied by the SMA wires.  The flexible skin is connected to the ribs, providing a lightweight cover for 
the lower surface of the wing.  The flexibility of the material allows it to be stretched as force is applied to 
actuate.  The combination of the structural ribs and flexible skin provide the actuation surface as well as a 
restoring force to assist in the recovery of the SMA wire after actuation.  The hinges connect the rigid upper 
surface structure to the structural ribs.  The overall system is shown in Figure 4.2, indicating each different 
component. 
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Figure 4.2. System Architecture 

4.1 Actuation Mechanism Architecture 
The actuation mechanism is designed so that the SMA wires apply force to the structural ribs during 

their contraction, producing the desired deflection.  The contraction of the wires occurs by heating the 
wires to the transformation temperature of the material.  The actuation mechanism concept is shown in 
Figure 4.3. 

 

 
Figure 4.3. Actuation Mechanism Concept 

In Figure 4.3, the solid red line shows the actuator wires in their original configuration.  The dotted 
line indicates the expected configuration of the wires upon contraction.  The deformation of the rib under 
the actuation force is indicated in green.  The external forces on the rib and the actuators are shown, 
identifying the force applied to the ribs by the wire, and the restoring force provided by the rib. 

4.2 Structural System Architecture 
The structural ribs are distributed span wise along the wing structure and are deformed by the SMA 

wires when the wires apply a force.  The structural ribs are connected to the upper surface by the hinges.  
The trailing edge portion of the structural rib is allowed to slide along a track on the upper surface.  To 
connect the SMA wire to the structural rib, the wire is laced through two drilled holes in the structural rib.  
The design of the structural rib is shown below in Figure 4.4. 
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Figure 4.4. Structural Rib Component 

4.3 Expected Performance 

4.3.1 Expected Aerodynamic Performance 
Aerodynamic analysis was done using Computation Fluid Dynamics (CFD) programming in 

order to predict the performance that satisfies the specified requirements.  A graph of the predicted 
lift coefficient versus angle of attack for the morphed and un-morphed conditions can be found 
below in Figure 4.5 

 

Lift Coefficient vs Angle of Attack
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Figure 4.5. Expected Aerodynamic Per formance – L ift vs. angle of attack 

 
A maximum change in lift coefficient of approximately 0.2 was achieved at an angle of attack 

of about 10 degrees.  At low angles of attack, where the prediction has more validity, the change in 
lift coefficient was found to be approximately 0.1.  This theoretically verifies the ability of the 
morphing wing to achieve the overall objective of increasing lift characteristics. 

 

Dimensions in millimeters 
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4.3.2 Expected Structural Performance 
The expected structural performance of the system was analyzed in terms of the deformation 

of the structural ribs upon actuation.  The ribs will have a maximum deflection of 5 mm (0.2in) when 
the actuation force is applied.  Based on material and geometric properties, a force of 1.35 N (.3 lb) 
is required to achieve this deflection.  With a total of 20 ribs this leads to a total force of 27 N (6 lb) 
required to actuate the bottom structure.  Figure 4.6 shows the expected deformation of the bottom 
surface, where the original shape is shown in gray, and the morphed shape is shown in green. 

 

 
Figure 4.6.  Expected Structural Rib Deformation 

4.3.3 Expected System Performance 
The expected system performance was analyzed in terms of aeroelastic effects, accounting for 

the aerodynamic effects, the material properties of the wing, and the actuation forces.  The 
aeroelastic investigation was performed using a combination of Finite Element Method and 
Computation Fluid Dynamics (CFD) computer analysis.  The structural characteristics of the lower 
surface were modeled by combining the material properties of the skin material and the rib material.  
The material properties used in the analysis are shown below in Table 4.1  

 

Table 4.1. Combined Mater ial Proper ties - Aeroelastic Analysis 

Poisson Ratio 7.00E+10 
Thickness 8.128E-06 m (3.20E-04 inches) 

Total Force 2 N (.450 lb) 
 

This investigation was a proof of concept showing that the actuation system and structural 
components performed adequately under aerodynamic loads.  The final shape from the aero elastic 
analysis is shown in Figure 4.7. 

 

 
Figure 4.7. Expected System Per formance - Aeroelastic Analysis 
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5 Mechanical Design Elements 

5.1 Aerodynamic Analysis 
Computational Fluid Dynamics programming was used to analyze the aerodynamic properties of the 

design as a proof of concept for the morphing wing.  The main purpose of the CFD analysis was to prove 
that by increasing the camber, the lift coefficient, CL, of the wing would increase.  The figures below 
depict the CFD convergence solution for the respective angles of attack which the airfoil was modeled.  
The colors for the airflow do not correlate to any distinct pressure, however, there is a relation between 
colors within the singular pictures.  The red side of the spectrum denotes high pressures, while the violet 
side of the spectrum denotes lower pressures.  It is also important to note that the morphed condition is in 
fact achieving higher lift qualities than the un-morphed condition.  Figure 5.1 and Figure 5.2 below show 
the pressure distributions over the un-morphed and morphed airfoils, respectively, at a 5-degree angle of 
attack. 

 
Figure 5.1. Un-morphed air foil pressure distr ibution - 5 deg 

 

 
Figure 5.2. Morphed air foil pressure distr ibution - 5 deg 

The CFD program took in 200 points for each airfoil and created a best fit mesh for those points.  
For the most part, the points entered into CFD yielded results that were consistent with that of a 
conventional airfoil with the exception of some flow anomalies at the front and rear lower surface.  These 
anomalies were due to the point selection that was imported into CFD for analysis.  These point anomalies 
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that altered the expected morphed and un-morphed conditions in CFD will not be present in the actual 
design.  Figure 5.3 shows the aerodynamic mesh created by CFD for analysis. 

 

 
Figure 5.3. CFD Air foil Mesh – Unmorphed 

 
For the analysis run at the individual angles of attack, lifting force values were calculated using the 

following equation: 
 

L = -Fx*sin(a) + Fy*cos(a)    (5.1) 
 
Fy was the only component used since the Fx term never changed enough to be considered significant 

(minute changes) because of the fact that the sine function for up to 13 degrees is very close to zero.  Next, 
the two-dimensional lift coefficient Cl was then calculated using the equation Cl = L/(qS).  The force and 
Cl values for their respective angles of attack can be seen below in Table 5.1. 
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Table 5.1. Unmorphed and Morphed L ift Coefficient Data 

UNMORPHED 

alpha Force values from output CL = L/(qS) 

0.00 0.40733 0.47140 

2.50 0.51682 0.59812 

5.00 0.66000 0.76382 

7.50 1.02000 1.18045 

8.75 1.23888 1.43376 

10.00 1.28750 1.49003 

13.00 1.22279 1.41514 

   

MORHPED 

alpha Force values from output CL = L/(qS) 

0.00 0.51741 0.59880 

2.50 0.63900 0.73951 

5.00 0.76400 0.88418 

7.50 1.19500 1.38297 

8.75 1.48180 1.71489 

10.00 1.49000 1.72438 

13.00 1.39000 1.60865 
 

This table of information shows that the lift is increased from the unmorphed condition over the 
wing.  A graphical representation of this data can be seen below in Figure 5.4 

 

Lift Coefficient vs Angle of Attack
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Figure 5.4. L ift Coefficient vs. angle of attack 
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5.1.1 Aeroelastic Analysis 
In order to get a basic idea of the force needed to change the camber of the wing, an aeroelastic 

simulation was run.  The aeroelastic analysis was run using a combination of CFD and FEM programs.  In 
order for the aeroelastic analysis to be as accurate as possible, the rib/latex combination was modeled as a 
simple beam.  The FEM program would take into account the force applied to the “beam” as well as the 
aerodynamic forces present on the “beam.”   The values for that beam that were input into CFD are shown 
below in Table 5.2.  A basic assumption was made that exactly one Newton of force pulled up on each 
edge of the mesh.  However, the 1 Newton value was a minimum for the shape memory alloys and they 
are capable of pulling up to 4.86 N.  Another assumption was the exact point where the force was applied 
to the airfoil.  This assumption was made because CFD takes the 200 points input and makes a more 
complex mesh of the inputs.  A basic visual analysis of the system was done and that was how the force 
pulling point was picked. 

Table 5.2. Input Values for  Aeroelastic Analysis 

Poisson Ratio 7.00E+10 
Thickness 8.128E-06 m (3.20E-04 inches) 
Total Force 2 N (.450 lb) 

 
The final shape from the aero elastic analysis is shown in Figure 5.5. 
 

 
Figure 5.5. Aeroelastic Analysis 

 

5.2 Actuation System 

5.2.1 SMA Wire Material Properties 
SMA’s are mostly made of the alloy of nickel and titanium.  SMAs are trained to remember a 

certain shape.  They return to this shape when they are heated, through joule heating, above their 
actuation temperature.  In their martensite stage, which is below their transformation temperature, 
they are weak and easily deformable.  However, upon heating past their transformation temperature 
they move into their austenite phase, where they are strong and very rigid.    It is also in this phase 
that they return to their memorized shape.  This transformation from martensite to austenite can be 
seen in Figure 5.6. 
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Figure 5.6. SMA Mater ial Transformation 

5.2.2 SMA Wire Thermodynamic Analysis 
The ability of the SMA wires to contract is dependent upon Joule heating to produce the 

transformation temperature required.  Similarly, the ability of the SMA wires to return to their 
original configuration is dependant upon the ability of the system to cool the wires.  In order to 
verify the proper heating and cooling of the wires, a thermodynamic analysis was conducted to 
predict the thermodynamic heating and cooling of the wires, and the heat transfer to and from the 
overall wing system.   

Figure 5.7 shows a flow diagram of the thermodynamic and heat transfer processes in the wire 
and the system. 

 

 
Figure 5.7. Heat Transfer  Flow Char t 

In Figure 5.7, the heating processes are shown in red on the left, and the cooling processes are 
shown in blue on the right.  As indicated, the upper heat transfer process represents the heat transfer 
in the wires, and the lower heat transfer process represents the heat transfer in the system.  Following 
the flow chart, the heat source for the wires is provided by Joule heating, the application of current. 
The heat transfer in the wires is also affected by latent heat due to the phase transformation of the 
material.  The latent heat can only be determined experimentally, but is known the slow both the 
heating and cooling processes.  The heat sink for the wires is provided by natural convection to the 
air surrounding the wires.  The heat transferred to the surrounding air inside the wing by the wires 
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thus acts as the structural heat source, wherein heat is conducted to the aluminum structure.  The 
entire system is then cooled by convection to the surrounding air, providing the structural heat sink.  
Each of these processes will be discussed in further detail in this section. 

A thermodynamic model was applied to the heating and cooling of the wires.  This model was 
based on lumped system analysis, assuming that the conduction of heat at the ends of the wires is 
negligible in comparison to the convection of heat to the environment.  This assumption was 
supported by the fact that the cross sectional area of the wire is very small in comparison to the 
surface area of the long wire.  Conservation of energy thus defined the equation used to predict the 
heating and cooling of the wires in time. The heat transfer model defined in Equation 5.2 is based on 
material properties of the NiTi wires, the heating source, and natural convection 

0)( =--+- ¥TThAWTmcv
�   (5.2) 

where T is the surface temperature, T¥  is the ambient temperature, and W represents the heating 
source, defined by Joule heating as follows 

RiW 2=  
The heating solution of the model can thus be defined as follows, 

[ ])exp(1 tD
hA
W

TT --+= ¥    (5.3) 

where the time constant, D, is defined by 

   
vmc

hA
D =     (5.4) 

The heating solution of the wire thermodynamic model was graphed to analyze the temperature 
change of the wire in time upon heating.  Figure 5.8 shows the heating of the wire in time with an 
applied current of 1000 mA to the wire. 
 

 
Figure 5.8. Temperature vs. Time - Wire Heating Solution 

As seen in the figure, the wires heat to the required transformation temperature of 363 K 
within one second, predicting the rapidity to which the wires will actuate. 
Similarly, the cooling solution of the wire thermodynamic model is defined as follows: 

 ( ) )exp(0 tDTTTT --+= ¥¥   (5.5) 

The cooling solution of the wire thermodynamic model was also graphed to analyze the temperature 
change of the wire in time upon cooling.  Figure 5.9 shows the cooling of the wire in time. 
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Figure 5.9. Temperature vs. Time - Wire Cooling Solution 

As shown in the figure, the wires will also rapidly cool off due to natural convection.  In 
approximately 20 seconds, the wires are capable of returning to room temperature after heating.  
However, the wires need only be cooled under the transformation temperature to begin returning to 
the original configuration.  The rate of natural convection of the wires was determined through 
simple aerodynamic analysis to be 

convQ� = 0.17 W. 

The system heat transfer in the wing was predicted by modeling the wing as a thin aluminum 
plate with dimensions similar to that of the wing.  Aluminum was assumed to be a perfect conductor, 
transferring all of the internal heat to the structure.  The structure, cooled by natural convection, was 
determined to transfer heat to the environment at a rate of 

convQ� = 24 W.  It is important to note that 

in the wind tunnel testing environment, where much of the morphing will occur, forced convection 
will increase the rate of heat transfer over the wing. 

5.2.3 SMA Actuator Wire Configuration 
SMA wires can be used several different ways.  They can be used as a straight wire, they can 

be coiled to act as a spring, or they can be bent and used in a ‘V’  formation.  This last choice is what 
was determined as the best for application to the morphing wing.  This was chosen based on several 
criteria, the first being the desired deflection.  The actuator wire configuration is shown in Figure 
5.10. 

 

 
Figure 5.10. Actuator  Wire Configuration 
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To determine the specific dimensions of the actuator wire configuration the experimentally 
determined strain of 3.3% was used. Figure 5.11 shows the geometric relationship formed for this 
analysis. 

 
Figure 5.11. Actuator  Wire Geometr ic Definition 

 
Given the strain of the wire defined to be .033, a relationship Between Z and Z’  can be 

designated 

ZZ ×=¢ 967.0    (5.6) 

Since the maximum deflection is also known, a relationship between X and X’  can also be 
assigned  

mmXX 08.5=¢-   (5.7) 
Given the amount of space available within the wing, the vertical distance X must be 6.35mm. 

Using Equations 5.6 and 5.7 and Pythagorean’s Theorem, Y can be calculated and was found to be 
23.6 mm.  Mirroring this about X to obtain the desired configuration gives a total length between 
attachment points of 47.1766mm and a total wire length of 48.8565mm. 

This shape of wires allows for shorter wires to create the desired deflection of 5mm.   This is 
extremely important due to the very small space inside the wing to attach the wires.  It also keeps the 
fabrication of the upper surface simpler since there is no need to drill holes in which to attach 
straight wires to, thus giving them room to have a longer wire necessary for this deflection.   

The second design factor was the force required to bend the structural ribs and the bottom 
skin.  This configuration of wires is actually one of the weaker configurations.  However it still 
provides the force needed to actuate the bottom surface.  After the actuator configuration was 
identified, the upward force could be obtained.  The force each that each wire could provide was 
given in the Shape Memory Alloy documentation, as well as being experimentally verified, and is 
9N in the axial direction of the wire.  Using this, and the trigonometry solved for above, a maximum 
force in the original configuration was found to be 4.68N per wire and the minimum force in the 
contracted position was found to be 0.96N per wire.  Since two wires will be attached to each rib and 
there are 20 ribs, the combined pulling force of the 40 wires is 38.4N.  Combining the forces 
required to actuate both the rib structure and the latex skin yields a force of 27.089N to actuate the 
entire bottom structure.  This is less than the available force, allowing the shape memory actuator 
wires to actuate under the combined aerodynamic pressure force and bottom surface deflection force. 

Several tests were performed on the SMAs to prove they were capable of creating this 
actuation force.  These tests included deflection tests, repeatability tests and force testing.   

The deflection test was done to determine what the actual deflection of the wires is.  This led 
to a very interesting result that was not originally predicted.  The amount of deflection the wires 
could create in this ‘V’  configuration depended on how far apart the ends of the wire were.  It turns 
out that the further the ends of the wire are from each other the more deflection the wire is able to 
create.  This is defined by the geometry of the system as previously discussed. 

The repeatability test showed that the wires were capable of repeating the same 
transformation for numerous trials.  The main test was performed by applying a 500g weight to the 
wire in the configuration to be used in the wing. This test was redone over 20 times with the results 
almost completely repeatable, however, the measurement technique used to measure the deflection 
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of the wire was imprecise, and the test must be repeated with more precision in order to determine 
the accuracy and error within which the deflections are repeatable. 

The force test was also performed to see if the wires could in fact lift with the amount of force 
predicted.  This test was done by gradually increasing the weight on the wire.  The wires were set up 
in the same fashion as they will be in the wing.  This test proved the fact that the wires could lift 
almost 5 N.  However in this test the wire was over-strained.  This is known since the wire was 
holding the 5 N force in the up position, where it should only be able to hold about 0.9 N safely.  
This accidental mistake led to another conclusion about the wires:  over-strain is undetectable, as this 
did not affect its repeatability in decreased deflections.  However this test also had the same problem 
as the repeatability test.  The measurement technique used to measure the deflection of the wire was 
imprecise.  It was good enough to allow the team to make general conclusions, but not to allow for 
exact percent error.  This is currently being addressed and will be fixed for the functional testing to 
happen next semester. 

 

5.2.4 Actuation Structural System 
Two shape memory alloy wires will be used on each rib; each will connect to its rib through a 

set of holes on the rib, as shown in Figure 5.12. 
 

 
Figure 5.12. SMA Wire-to-Rib Attachment 

 
Figure 5.12 shows the attachment of the shape memory alloy wire to the rib.  The shape 

memory wires will attach to the top structure by first being crimped to the exact length and then 
epoxy will be used fix it to the top structure.  This will be centered at 44.4mm from the beginning of 
the chord. 

Each rib was sized to be stiff enough to remain rigid to the aerodynamic forces yet flexible 
enough to be deformed from the force of the actuator wire.  Equations 5.8 and 5.9 were used to 
model the rib as a simply supported beam and size it accordingly. 
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ahI =     (5.9) 

M the moment applied to the beam, equal to the applied force multiplied by the distance from 
the end of the beam.  Knowing the deflection distance vmax = 5.08mm and the beam length L = 
106.45mm (determined from space available in rigid structure), the forces required to actuate were 
calculated.  It was found that an aluminum 6061 rib with a width of 1cm and thickness of 0.5mm 
would provide both enough force to withstand the aerodynamic forces as well as enough flexibility 
to deform under the forces provided by the shape memory actuators.  Aluminum was picked because 
it has a Young’s modulus of 70 GPa which allowed the rib to be reasonably sized for the intended 
purpose.  Aluminum is also cheaper than many other materials with similar bending properties.  The 
rib can be seen below in Figure 5.13.   

 



 19 

 
Figure 5.13. Structural Rib Dimensions 

 
 
 
In Figure 5.13, four 1/32in diameter holes can be seen.  These are centered lengthwise at 

35.647mm from the tip of the rib and located at 1/3cm and 2/3cm widthwise. 
With this rib sizing it was determined that 20 ribs each with 29.6mm between would provide 

the necessary rigidity to withstand the aerodynamic forces.  Figure 5.14 is an assembly of the 
bottom rib structure with dimensions in mm.   

 

 
Figure 5.14. Bottom Rib Structure Assembly 

 
 
 

Dimensions in millimeters 
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5.3 Structural System  

5.3.1 Structural Deformation of Rib Structure 
To find the expected rib deflection, Equation 5.10 was used to model the rib as a simply 

supported beam. 

( )22 23
6

LLxx
EIL
Mx

v ++=    (5.10) 

Using this equation, an excel plot of the expected rib deformation was created, and is shown 
in Figure 5.15. 

 

 
Figure 5.15. Structural Beam Deformation Analysis 

 

5.3.2 Hinge Design 
The hinge connects the front edge of each rib to the top structure.  It was designed to fit on the 

ribs and allow it to rotate very much like the rotating edge of a simply supported beam.  Figure 
5.16shows drawings of the hinge with dimensions in inches.   

 

 

Figure 5.16.  Hinge Design 
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5.3.3 Skin Material  
The skin material was chosen based on the requirements discussed about.  A 0.006 in latex 

sheet will be used for the skin of the wing.  The latex is capable of withstanding the stress provided 
by the actuation system, and requires a force of 0.09 N to deflect the maximum 5 mm (0.2 in).  Table 
5.3 shows the material properties of the latex skin material. 

 

Table 5.3. Skin Mater ial Proper ties 

Latex Mater ial Proper ties   

Thickness .006" 
Modulus of Elasticity 1.5 Mpa 
Required Force For Deflection .089 N (.022 lb) 
Average Stress .085kPa 
Average Strain 0.07 
Elongation 600% 
Max Force Withstandable 4.95 N (1.11 lbs) 

 

5.3.4 Rigid Structure Analysis 
The rigid upper structure is made from Aluminum 6061, and is capable of withstanding a 

force of 150 N.  The structure was designed to allow room for the actuation system, wiring, and 
deflection of the ribs at the trailing edge.  The dimensions were based largely on machining 
capabilities.  Figure 5.17 below shows the rigid structure with dimensions in inches. 

 
Figure 5.17. Rigid Structure 
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6 Electr ical Design Elements 

6.1 Electrical System Requirements 
The SMAs used in this project need to be heated above their transformation temperature, 363K (90 

C) in order to create the actuation needed.  This will be done using a fairly simple electrical circuit.   
Each wire, .01”  in diameter, requires approximately 1000mA to heat.  The resistance on the wires is 

.5 Ohms per inch.  This is constant throughout the transformation due to the fact that although the length is 
getting smaller, the radius of the wire is increasing as discussed before.   

There are two ways to power the wires.  Either they can be placed in parallel or in series.  In parallel 
they would require a power source capable of delivering 40 Amps.  This is not very desirable.  In series 
they would only need a power source of 1 Amp.  The current plan is to put the wires in series in order to 
ensure safety by using a lower amperage.  

Each of the wires is about 1.9in in length.  This gives a resistance of .96 Ohms per wire. With 40 
such wires in series leads to a total resistance of 38.47 Ohms.  This leads to a required voltage of 38.47 V.  
Using these values to find the power reveals that this circuit only requires 38.47 W of power.   

6.2 Overheat Circuit Design 
SMA’s are susceptible to over-heating.  Over-heating the wires is just as bad as over-straining them.  

To combat this over-heating, a sort of fuse will be placed in series with the wires in the test wing.  This 
fuse is shown in Figure 6.1. 

 
Figure 6.1. Overheat Switch (Fuse) 

The fuse show in Figure 6.1 will be made of a thicker SMA wire, .012”  diameter wire, over a push 
button switch.  As the larger diameter wire takes longer to heat, if it is heated to its transformation 
temperature by passing current through the system, the thinner wires have been left to heat above their 
transformation temperature.  Once the fuse wire has reached its transformation temperature, it will 
contract and push down on the switch, breaking the current to the wing.  An LED indicator circuit will be 
activated by directing the current through the switch to a second circuit.  Upon cooling below its 
transformation temperature, the fuse wire will relax, allowing the current to flow back into the SMA wire 
system in the wing.  The electrical schematic is shown below in Figure 6.2. 
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Figure 6.2. Electr ical Circuit Schematic 

The switch will be a double pole-double throw-switch.  When the button is depressed it will turn off 
the circuit passing current to the wires and will turn on a separate circuit with its own smaller power 
source to light up a LED.  This LED will indicate that the wires have over-heated.  When the larger SMA 
cools below its transformation temperature it will release the switch, allowing current to once again pass 
to the wires.  The system block diagram is shown in Figure 6.3.  

 

 
Figure 6.3. Electr ical Control System Block Diagram 

 
It is important to note that the wires will never fall below their transformation temperature, as the 

thicker wire will cool below its transformation temperature very quickly, because it will be just above it 
when the circuit is stopped.  As determined using the thermodynamic analysis described above, the SMA 
test wing wires will heat to a temperature of 385K in the time it takes the fuse wire to heat to its 
transformation temperature.  This temperature was determine to fall within the range of safe temperatures 
where the wires are not permanently damaged by the increase in heat.  

7 Software Design Elements 
The morphing wing project did not require the design of software systems.  Commercial software only is 

used for testing purposes, and we be explain in the Verification and Test Plan section (Chapter 9) of this report. 
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8 Integration Plan 
The project integration plan is necessary to ensure proper integration of each subsystem, and the safety of 

the final assembly.  The integration plan consists of a drawing tree, an assembly flowchart, a functional test plan 
for each component and subassembly, and the identification of critical path elements.  Each component of the 
integration plan is discussed in the following section. 

8.1 Drawing Tree 
The drawing tree was created to organize and record the necessary drawings, and indicate their 

integration into an assembly.  The drawing tree identifies five top level assemblies, that of the test wing, 
two control-shape wings, the wind tunnel test sting mount, and the structural test experimental setup.  The 
test wing assembly is broken into lower-level assemblies representing the project subsystems, actuation, 
structures, and the flexible skin.  Each assembly represents the full-span design of the wing, consisting of 
the appropriate number of individual drawings.  The drawing tree numbering system allows for the 
tracking of drawing progress and identification of the appropriate assembly to which the drawing belongs.  
The drawing tree is found in Appendix F. 

8.2 Assembly 
An important component to the integration of the subsystems is a detailed assembly plan, identifying 

the order in which the parts are assembled for the final product.  The actuation system and the structural 
components of the morphing surface must first be assembled to ensure proper spacing and distribution 
within the wing.  The actuation system is then attached to the rigid structure leading edge, and the 
electrical wiring is assembled within the structure.  The actuation system is then attached to the trailing 
edge of the rigid structure to close the wing.  The assembly flowchart is shown in Figure 8.1. 

 

.  

Figure 8.1.  Assembly Flowchar t 

8.3 Functional Component and Subassembly Test Plan 
In order to ensure the safety and functionality of the final assembly, individual components and 

subassemblies will be tested, and their functions verified.  The functionality tests will be performed for the 
actuation system, the structural systems, and the aerodynamic characteristics.  The individual tests are 
further discussed in this section. 
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8.3.1 Actuation System Testing 
The actuation system must be tested for repeatability and temperature effects.  Thus, the 

actuation component tests include the following:  applied force repeatability, lift cycle and failure, 
thermodynamics and heat transfer, electronics and control system, and full system repeatability. 

The actuator wires will be tested to assure repeatability and consistency of the application of 
force by the wires.  The actuators will be held in the configuration defined in the project, and the 
applied forces will be measured using load cells.  The test will be repeated multiple times to 
determine the ability of the wires to provide a consistent amount of force through many repetitions. 

In order to determine the life cycle of the wires, a constant force will be applied to the wire 
configuration, and the deflections will be measured using calipers for accuracy.  The consistency of 
the actuation deflections will thus be determined.  The same actuator and force configuration will be 
used to determine the failure of the wires.  The actuator wires will be controlled to contract and relax 
multiple times until the wire has apparently failed; the number of cycles will be counted to identify 
the life cycle and failure point of the actuator wires in the design configuration. 

As the transfer of heat is critical to the functionality of the wires and the safety of the system, 
a thermodynamic test will be conducted to ensure that the system functions as predicted.  A closed 
system similar to that of the wing will be modeled, and the temperature inside the structure will be 
measured with thermocouples as the wires heat and cool.  The temperature inside the wing will also 
be measured with time as the system is actuated for a period of time similar to that required in the 
full test plan.  The thermodynamic test will be conducted along with the control system to measure 
the ability of the electronics to control the temperature. 

The electronic system will be tested to determine its ability to control the actuation of the 
wires.  A constant current will be applied to an SMA wire, and the contraction time of the wire will 
be measured.  The current will then be shut off to allow for measurement of the cooling time of the 
wire.  The control system will also be conducted by activating the LED indicator circuit within the 
overheat circuit.  This test will be conducted in conjunction with the thermodynamic test.  The 
temperature inside the structure will be recorded with time, and the frequency of LED indications 
will be measured to determine the accuracy of the control system in preventing the system from 
overheating.  The thermodynamic and control system tests are critical to ensuring that the system 
does not achieve temperatures too high for system components to withstand. 

Upon verification of each of the individual components, the full actuation system will be 
assembled for further testing.  The repeatability test will be performed to ensure that the actuators 
will provide the force required to actuate the structure to the desired deflection.  The deflection of 
each rib will be measured and compared with the others to determine the consistency and precision 
to which the actuation occurs.  The life cycle and failure of the actuation system will be tested to 
determine the ability of the system to repeat actuation cycles multiple times.  The thermodynamic 
and control system test will be repeated on the full-scale actuation system to verify the safety and 
controllability using multiple wires.  The electronics system test will be tested to verify the ability of 
the system to provide the same amount of current to each wire, thus allowing the wires to actuate at 
the same time. 

8.3.2  Structural System Testing 
The structural system must also be tested to ensure that the system is capable of withstanding 

the applied forces.  The morphing surface structure tests will include the following:  shape 
deformation, life cycle and failure, and material stress and strain.  In addition, the rigid structure will 
be tested to verify its ability to withstand aerodynamic loading. 

The deformed shape of the rib under an applied force is critical to the verification of the 
morphing system and aerodynamic properties.  Thus, the shape of the rib must be determined 
experimentally to ensure it achieves the proper deformation.  A constant load will be applied to the 
rib, simulating the actuation force, and the deformed shape of the rib will be traced and compared to 
the predicted shape.  This test will be repeated to determine the consistency of the shape 
deformation. 

The life cycle of the structural rib under actuation forces will also be tested to determine the 
amount of actuation cycles the material can withstand.  The actuation force on the rib will be 
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simulated and repeated multiple times to determine the point at which the material begins to weaken, 
defining the life cycle of the structure. 

The flexible skin material will be tested to ensure its ability to withstand the actuation forces.  
The skin will be attached to the rib structure and allowed to deform under the simulated actuation 
force multiple times.  The effects on the skin will be observed to ensure that no permanent material 
deformities arise as a result of the consistent cyclic application of force.  If necessary, the strain on 
the material will be measured with strain gauges. 

The rigid structure must be tested to verify its rigidity and ability to withstand the expected 
aerodynamic forces.  The aerodynamic force will be simulated by applying constant forces at 
different locations along the span of structure, and the ability of the rigid structure to withstand the 
force will thus be observed. 

8.3.3 Aerodynamic Testing 
Preliminary aerodynamic testing will be conducted to verify the ability of the design to meet 

the objectives defined for the project, specifically, the ability of the wing to achieve higher lift in the 
morphed configuration.  Aerodynamic testing will include analytical simulations performed using 
CFD programming, and experimental testing of the two different wing configurations.  The lifting 
characteristics of each wing configuration will be predicted using CFD and compared to data 
collected experimentally.  Experimental aerodynamic testing will be conducted in the CU Aerospace 
Engineering small wind tunnel.  The wind tunnel test models will span the full test section of the 
tunnel to provide two-dimensional airfoil data.  The small scale wind tunnel will provide 
experimental data on the drag produced by each wing configuration and the stall angles of attack, 
neither of which could be predicted using CFD. 

9 Ver ification and Test Plan 

9.1 Aerodynamic Verification Test Plan 
The purpose of the aerodynamic test plan is to verify that the overall project objective has been met, 

that is, to increase the lift of the wing by morphing its shape.  The aerodynamic properties of the wing will 
be measured in a subsonic wind tunnel.  For verification purposes, the test wing aerodynamic properties 
will be compared those of the theoretical wing shapes.  Thus, three different wing models (four different 
tests) will undergo the aerodynamic testing: un--morphed theoretical shape wing, morphed theoretical 
shape wing, and test wing in both morphed and un-morphed configurations.  For each test the 
aerodynamic forces and moments will be measured. 

Each model will be mounted upside down on the center-mount sting available at the wind tunnel 
facility. Each test will include the variation of velocity from 34 m/s to 57 m/s in increments of 4 m/s.  At 
each velocity, an angle of attack sweep will be performed.  The sweep will range from an angle negative 
of the zero-lift angle of attack, to an angle positive of the stall angle.  The values of these angles will be 
determined by experimental testing prior to the aerodynamic test date.  Figure 9.1 shows the aerodynamic 
test matrix defining the variables of the test. 
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Figure 9.1. Aerodynamic Test Matr ix 

 
The data acquisition system in place at the wind tunnel facility uses a six-component force balance 

to sense the electric signals produced on the sting mount.  The voltages are applied to a calibration curve 
in order to determine the aerodynamic forces, and thus derive the aerodynamic coefficients.  Figure 9.2 
shows the six-component force balance system in the wind tunnel. 

 

 
Figure 9.2. Wind Tunnel Force Balance 

 
Upon collection of data for each model, the forces and moments will be analyzed to verify that the 

objectives of the project have been met.  For each test conducted, the following plots will be made: lift 
coefficient versus angle of attach, drag coefficient versus angle of attack, moment coefficient versus angle 
of attack, drag polars (CD vs CL), and maximum lift coefficient versus velocity.  In order to analyze the 
data, the morphed and un-morphed plots will be overlaid to identify the changes in lift, drag, and pitching 
moment.  The analysis for the test wing will then be compared to that of the controlled-shape wings. 

Courtesy of the USAFA 
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Theoretical analysis predicted the result of the lift coefficient and pitching moment coefficient 
versus angle of attack plots, shown below in Figure 9.3and Figure 9.4, respectively. 

Lift Coefficient vs Angle of Attack
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Figure 9.3.  Theoretical CL vs. Angle of Attack 

 
Figure 9.4. Theoretical Cm vs. Angle of Attack 

As seen in the figures, theoretically, an increase in lift coefficient of approximately 0.1 is achieved in 
morphing the wing.  This equates to a percentage increase of approximately 20%.  As seen in the 
theoretical analysis in Figure 9.4, the pitching moment of the morphed and un-morphed wing shapes are 
the same at an angle of attack of approximately 2 degrees.  This indicates an appropriate angle at which 
the wing would be morphed in flight to prevent pitching moment disturbances. 

9.2 Structural Verification Test Plan 
The overall goal of the structural test is to verify the accuracy of the actuation system in achieving 

the structural shape desired.  The shape of the test wing in the morphed configuration will be compared to 
a model of the theoretical morphed shape.  The ability of the wing to return to its un-morphed shape will 
be tested and compared to the theoretical un-morphed wing.  The expected reasonable amount of error is 
on the order of 1/100 in.  Originally the structural testing was planned to be in the wind tunnel under 
aerodynamic forces.  However, the lack of space in the test section limits the structural testing to a static 
test outside the wind tunnel.  This change should not affect the tests ability to verify the actuation system. 

This test employs the use of PhotoModeler software system, which will be used to accurately 
measure the shape of the theoretical and test wings.  Digital photographs of each wing shape will be taken 
and imported into PhotoModeler.  Targets will be placed on the wings that can be identified in the 
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photographs, and thus referenced for PhotoModeler data acquisition.  With the indication of a reference 
length, PhotoModeler creates three-dimensional data of the points, identifying structural characteristics of 
the wing.  

The software requires that multiple photographs be taken to ensure the greatest reference location 
accuracy.  Thus, photographs will be taken from five different camera locations at a maximum distance 0f 
0.2 m from the model.  Figure 9.5 shows the setup for the structural test. 

 

.2 m.2 m.2 m.2 m

 
Figure 9.5. Structural Test Plan Setup 

 

The PhotoModeler software allows a three dimensional object to be measured to within one three 
thousandth of and inch.  In order to achieve this level of accuracy all the targets must be in four pictures.  
These targets need to be at least eight pixels in diameter, and must be placed accurately on the specimen.  
For this project a minimum target pixel diameter of ten pixels was used to ensure that the center of the 
targets could be accurately located in the PhotoModeler software.  Equation X below shows how the target 
size is determined to ensure that a minimum pixel diameter of ten pixels is achieved, 

( )
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��
�

�

=
arg

10*
   (9.1) 

where H is the horizontal size, and L is the characteristic length. 
A four-megabyte camera was selected because it offered the resolution needed, with a horizontal 

size of 3,200 pixels.  The characteristic length of the wing is the chord length, 4.86 in.  From Equation X a 
target size of 0.015 inches was calculated. 

Once the pictures have been taken they are loaded into the PhotoModeler software and the targets 
are identified in each of the images.  After the targets have been identified and the characteristic length has 
been set the software can determine the change in shape. 
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10 Risk Assessment 
As in any project, the morphing wing has risks involved with its design and fabrication.  In order to ensure 

the minimum objectives to complete the project are met, project off-ramps for most of the risks were created.  
There are three categories of the project to which risk was assessed: the aerodynamics of the system, the 
structure and actuation of the wing, and the testing of the wing. 

There are two main risks involved with the aerodynamic characteristics of the wing.  Due to the small size 
of the wing, it is possible that the change in camber will not be great enough to notice a significant change in 
the coefficient of lift between the morphed and unmorphed states.  If the change in the coefficient of lift is too 
small to detect, a scaled up, smaller cross-section version of the wing will be built and tested in the wind tunnel.  
The other risk involved with the aerodynamic aspects of the wing is the possibility of an unstable pitching 
moment.  This could cause significant problems with the aerodynamic stability of the wing in the wind tunnel.  
If this occurs, the change in camber will be decreased. 

The structural stability and actuation system are crucial to the success of the morphing wing.  There is a 
risk of the inability of the structure to withstand the aerodynamic forces that it will incur in the wind tunnel.  If 
this occurs, a stiffer material will need to be put in place of the materials in use.  The main risk associated with 
the actuation system is the inexperience in the group members with the material.  The group does have contacts 
with two individuals more experienced in the shape memory materials that are willing to help.  The other risk 
associated with the actuation system is the possibility of not getting enough force to get the correct deflection.  
If this occurs, a mechanical actuation system will need to be put into place. 

There are two risks associated with testing the wing.  The first is the possibility of the wind tunnel to be 
unavailable to the project at the time that it is needed.  If this happens, there are two other wind tunnels that 
meet the size and velocity requirements for our wing.  The group will then contact those facilities and make 
arrangements to use one of their wind tunnels.  The other risk associated with testing the possibility of the 
provided sting mount not being able to be integrated onto the wing.  If this occurs, another mounting system 
will be designed that will be integrated onto the wing and into the wind tunnel. 
 

11 Project Management 

11.1 Management Plan and Scheduling 
A project management plan was created to organize the team into systematic subsections for the 

assignment of tasks.  Thus, and organizational chart was created to show the breakdown of the project into 
subsystems, and the flow of information within the team.  Included in the organization chart are the 
project advisors, project manager, chief financial officer, instrumentation and mechanical drawing 
engineers, webmaster, and each of the project subsystem engineers.  The project organization chart is 
shown in Figure 11.1. 
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Figure 11.1. Organizational Char t 

 
Project tasks were thus assigned according to this organization chart.  For each subsystem, a group 

lead was assigned, responsible for ensuring that the tasks assigned to their system were completed.  
Individual subsystem tasks for the design phase of the project were recorded in an organizational 
responsibilities chart, indicating the subsystem lead, and the engineers responsible for the individual tasks 
associated within the subsystems.  The organizational responsibilities chart is shown in Table 11.1. 

 

Table 11.1. Organizational Responsibilities 

Organizational Responsibilities 

      
Task Description Lead 
Aerodynamics   Blake Benedict 
  CFD BB/BO 
  Solidworks JP 
Actuation   Jeremy Selstrom 
  Force Analysis JS/GP 
  Deflection Analysis JS/AB 
  Actuation Model JS/AB 
  Thermodynamics GP 
  Control/Electronics JS/GP 
  Solidworks JP 
Structures   Adam Baron 
  Actuation Integration AB/JS 
  Rib Design AB 
  Bottom Surface Material Properties AB/NB 
  Hinge Design AB 
  Sliding Mecahanism Design AB 
  Rigid Structure Design JP/NB 
  Rigid Structure Analysis NB 
  Aeroelasticity Analysis BB/AB 
  Solidworks JP/AB 
Materials   Nicole Branchaw 
  Rib Material AB 
  Rigid Structure Material NB 
  Skin Material NB 
Test Plan   Joshua Pearsall 
  Aerodynamic Test Plan JP/GP 
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  Structural Test Plan JP/GP 
Integration   Giordin Perlman 
  Aero/Structural Integration GP 
  Actuation /Structural Integration JS/AB 
  Integration Plan GP 
Project Management   Giordin Perlman 
Budget/Cost Analysis   Nicole Branchaw 

 
In order to organize the work for the entire year-long duration of the project, a work breakdown 

structure (WBS) was created, outlining the organization of tasks into the following categories: Project 
Management, System Engineering, Design, Fabrication, Verification and Integration, Testing, and 
Reporting.  Each category is further broken down by subsystem, task, and subtask.  The WBS is numbered 
to track the task number, and thus the progress of each individual task.  The top-level WBS for the project 
is shown in Figure 11.2.  The expanded WBS is included in Appendix A, showing the higher level details 
of the work  breakdown, individual task assignments, and the WBS numbering system. 

 

 
Figure 11.2. Work Breakdown Structure 

 
A detailed schedule for the project was created to ensure timely completion of tasks.  The schedule 

of tasks is based on the WBS numbering system.  Microsoft Project was used to generate the schedule, 
and allowed for the identification of deadlines, co-dependant tasks, and task time durations.  In the design 
phase of the project, top-level scheduling was dictated primarily by the deliverables and their respective 
deadlines.  Deadlines were then identified for the finalization of engineering decisions and required 
supporting analyses.  The top-level schedule for the design phase is shown in Figure 11.3. 
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Figure 11.3. Cr itical Design Schedule 

Upon completion of the critical design, an appropriate schedule could be created for the second 
phase of the project.  The schedule for the fabrication and integration of the project was designed to be 
tracked and followed more strictly than was the critical design schedule, as critical decisions were already 
made, and critical components were already identified.  In the fabrication and integration phase of the 
project, top-level scheduling is dictated by the testing deadline and the necessity to verify the safety of the 
design.  In order to ensure the testing date is met, the component and subsystem testing and integration 
processes have specific deadlines.  Accordingly, to ensure the proper amount of component verification 
and integration, specific fabrication deadlines were also set.  The schedule for the fabrication and 
integration is shown in Figure 11.4. 

 

 
Figure 11.4. Fabr ication and Integration Schedule 
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11.2 Cost Analysis and Specialized Resources 
Due to limited funding for the project, the project cost was tracked throughout the design phase to 

ensure that the design was properly supported in the project budget.  An initial budget of $4000 was 
provided by the Department of Aerospace Engineering, donated by Lockheed Martin Corporation.  Initial 
cost analysis estimates indicated a need for outside funding, thus a grant of the University of Colorado 
Engineering Excellence Fund was pursued, providing and addition $500 for the project.  Upon completion 
of the design and identification of the required materials, a detailed cost estimate analysis was performed, 
resulting in an estimate cost significantly lower than the preliminary estimate.  The cost analysis and 
estimates are shown in Table 11.2. 

 

Table 11.2. Cost Estimate Analysis 

System Supply Estimated Cost Purchased 

Test Wing Aluminum - Rigid $80.00   

  Aluminum - Ribs $40.00   

  Dynalloy Kit $90.00 X 

  SMA Wires $70.00   

  Latex Skin $70.00   

  Hinges $100.00   

  Electronics $50.00   

  Misc. Supplies $60.00   

        

Models Aluminum $160.00   

  SMA Demo $60.00 X 

        

Test Plan Software  $900.00   

  Sting Mount  $0.00 X 

  Mount Attachments $30.00   

  Targets $50.00   

  Misc. Supplies $40.00   

        

Total   $1,800.00   

        

Budget   $4,500.00   

 
Shown in Table 11.2 is a breakdown of the estimated cost by model and system requirement, and the 

items already purchased.  As seen in the estimate, the total estimated cost of $1800 is well below the 
budget allotted to the project, allowing leverage in the purchase of excess material. 

In addition to the monetary budget, the project requires the use of specialized resources and 
facilities.  During the design phase, resources were sought out for technical expertise in the use of shape 
memory alloys, expertise in computation fluid dynamic (CFD) programming, and test plan facilities.  
Dynalloy, Inc provided a shape memory alloy kit complete with technical data and material properties for 
experimental use.  Dynalloy has also offered expertise in the use of SMA for design purposes, and 
feedback on the morphing wing design.  In addition, Dr. Kenneth Gall, a professor in the Mechanical 
Engineering Department at the University of Colorado, has provided expertise in SMAs and support for 
the morphing wing project.  The aerodynamic analysis for the project relied upon the use of CFD 
programming.  Dr. Kurt Maute and PhD candidate, Manuel Barcelos, provided expertise in CFD analysis 
for the project.  The project testing and verification plan required information on use of the wind tunnel 
and the PhotoModeler software system.  Lieutenant Colonel Scott Wells provided information about the 
wind tunnel testing facility at the Air Force Academy.  Matthew Vellone, University of Colorado graduate 
student, provided information about the PhotoModeler software. 
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Specialized facilities are also required for testing and analysis of the morphing wing project.  CFD 
analysis requires access to high speed computing facilities, provided by the University of Colorado 
Aerospace Structures and Aerodynamics Laboratories.  As the test plan is crucial to the verification of the 
success of the morphing wing project, the wind tunnel facility and the structural determination software 
play a vital role.  Thus, the Air Force Academy subsonic wind tunnel will be used for the aerodynamic 
testing process, and PhotoModeler software will be used for the structural verification.  The PhotoModeler 
software may be available for use in the University of Colorado Structural Design and Control Laboratory 
(SDCL), however the cost of the software is included in the cost analysis in the event that the software in 
unavailable in the SDCL. 
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Appendix A (Analysis Details) 

 
Morphed Point Program 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% This program reads in an a text file containing the morphed    %% 
%% airfoil design.  It then ploy fits the points and breaks the           %% 
%% poly fit curve into 200 evenly spaced point.                               %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all; 
close all; 
clc; 
%% reads in the airfoil text file %% 
load morph.txt; 
x1 = morph(:,1); 
y1 = morph(:,2); 
x2 = morph(:,3); 
y2 = morph(:,4); 
%% plots the airfoil that was read in %% 
plot(x1,y1,'.r') 
hold on; 
plot(x2,y2,'.r') 
%%polyfit airfoil %% 
p1 = polyfit(x1,y1,25); 
p2 = polyfit(x2,y2,25); 
%% creates points in the location of the text points %% 
f1 = polyval(p1,x1); 
f2 = polyval(p2,x2); 
%% evenly spaces the points around the airfoil %% 
xx = 0:.0490909090909090:4.86; 
g1 = polyval(p1,xx); 
g2 = polyval(p2,xx); 
xx = xx'; 
g1 = g1'; 
g2 = g2'; 
%% creates new figure and plots the two solutions together %% 
figure 
plot(xx,g1) 
plot(x1,f1,xx,g1,'.r') 
hold on; 
plot(x2,f2,xx,g2,'.r') 
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Un-morphed Point Program 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% This program reads in an a text file containing the un-morphed  %% 
%% airfoil design.  It then ploy fits the points and breaks the             %% 
%% poly fit curve into 200 evenly spaced point.                                 %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all; 
close all; 
clc; 
%% reads in the airfoil text file %% 
load unmorph.txt; 
x1 = unmorph(:,1); 
y1 = unmorph(:,2); 
x2 = unmorph(:,3); 
y2 = unmorph(:,4); 
%% plots the airfoil that was read in %% 
plot(x1,y1,'.r') 
hold on; 
plot(x2,y2,'.r') 
%% polyfit airfoil %% 
p1 = polyfit(x1,y1,20); 
p2 = polyfit(x2,y2,20); 
%% creates points in the location of the text points %% 
f1 = polyval(p1,x1); 
f2 = polyval(p2,x2); 
%% evenly spaces the points around the airfoil %% 
xx = 0:.0490909090909090:4.86; 
g1 = polyval(p1,xx); 
g2 = polyval(p2,xx); 
xx = xx'; 
g1 = g1'; 
g2 = g2';' 
%% creates new figure and plots the two solutions together %% 
figure 
plot(x1,f1,xx,g1,'.r') 
hold on; 
plot(x2,f2,xx,g2,'.r') 
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Thermodynamics Program model 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%This program models the heating and cooling effects on the shape memory%% 
%%actuator wires         %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
close all  
clear all  
clc 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
rho = 6450; %kg/m^3 - material density of NiTi 
h = 69.5; %W/m^2K) -  
C = 700; %J/kgK - specific heat capacity 
L = 0.04801; %m = 1.89in - wire length 
d = 0.000254; %m = .01in diameter of wire 
 
R = .5*1.89; %Ohms - resistance 
i = 1; %Amp  - current 
A = pi*d*L + pi* (d/2)^2; %defines surface area of wire 
V = pi*L*(d/2)^2; %defines volume of wire 
T0 = 90 + 273;  %transformation temp of wire 
%%%%%%%%5T0 = 385; 
D = (h*A)/(V*rho*C); %time constant calculation 
Q = (i^2)*R/V; %heat source 
Tinf = 300 ; 
for t = 0:.01:2 
T_heat = Tinf + (Q*V)/ (h*A)* [(1-exp(-D* t))]; 
T_cool = Tinf + (T0 - Tinf)*exp(-D* t); 
hold on 
figure(1) 
plot(t,T_heat) 
xlabel('Time (sec)') 
ylabel('Temperature (K)') 
title('Wire Temperature During Heating') 
figure(2) 
plot(t,T_cool) 
xlabel('Time (sec)') 
ylabel('Temperature (K)') 
title('Wire Temperature During Cooling') 
end 
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Appendix B (Product Data) 
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Appendix C (Exper imental Data) 

 
Lift File �  = 0 morphed 

Time 
Iteration Time 

Sub 
Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 
-6.57E-

32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.51E+00 1.30E+00 -1.07E-14 -6.54E-03 7.53E-03 1.84E+00 

2 1.47E-06 1 1 1.22E+00 1.33E+00 -8.88E-15 -6.67E-03 6.09E-03 1.87E+00 

3 1.02E-05 1 1 2.15E-01 7.61E-01 2.83E-15 -3.81E-03 1.07E-03 1.02E+00 

4 4.50E-05 1 1 4.12E-02 4.51E-01 2.89E-15 -2.26E-03 1.98E-04 5.89E-01 

5 6.11E-04 1 1 4.55E-02 4.94E-01 2.85E-15 -2.47E-03 2.20E-04 6.45E-01 

6 1.43E-03 1 1 4.61E-02 5.08E-01 2.83E-15 -2.54E-03 2.23E-04 6.63E-01 

7 2.27E-03 1 1 4.63E-02 5.14E-01 2.82E-15 -2.57E-03 2.23E-04 6.70E-01 

8 3.10E-03 1 1 4.63E-02 5.16E-01 2.82E-15 -2.58E-03 2.24E-04 6.72E-01 

9 3.94E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.58E-03 2.24E-04 6.74E-01 

10 4.78E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.74E-01 

11 5.61E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

12 6.45E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

13 7.29E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

14 8.12E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

15 8.96E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

16 9.79E-03 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

17 1.06E-02 1 1 4.64E-02 5.17E-01 2.81E-15 -2.59E-03 2.24E-04 6.75E-01 

 
Lift File �  = 2.5 morphed 

Time 
Iteration Time 

Sub 
Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 -6.57E-32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.56E+00 2.70E+00 -9.97E-15 -1.36E-02 7.80E-03 3.67E+00 

2 1.47E-06 1 1 1.28E+00 2.75E+00 -7.83E-15 -1.38E-02 6.38E-03 3.72E+00 

3 9.90E-06 1 1 2.22E-01 1.33E+00 3.16E-15 -6.69E-03 1.10E-03 1.76E+00 

4 4.39E-05 1 1 3.27E-02 5.66E-01 2.38E-15 -2.83E-03 1.56E-04 7.34E-01 

5 5.28E-04 1 1 3.60E-02 6.22E-01 2.29E-15 -3.11E-03 1.72E-04 8.07E-01 

6 1.28E-03 1 1 3.60E-02 6.33E-01 2.26E-15 -3.17E-03 1.72E-04 8.21E-01 

7 2.03E-03 1 1 3.60E-02 6.36E-01 2.25E-15 -3.18E-03 1.72E-04 8.24E-01 

8 2.79E-03 1 1 3.60E-02 6.38E-01 2.25E-15 -3.19E-03 1.72E-04 8.26E-01 

9 3.54E-03 1 1 3.60E-02 6.38E-01 2.24E-15 -3.19E-03 1.72E-04 8.27E-01 

10 4.30E-03 1 1 3.60E-02 6.38E-01 2.24E-15 -3.19E-03 1.72E-04 8.27E-01 

11 5.05E-03 1 1 3.60E-02 6.39E-01 2.24E-15 -3.20E-03 1.72E-04 8.27E-01 

12 5.81E-03 1 1 3.60E-02 6.39E-01 2.24E-15 -3.20E-03 1.72E-04 8.28E-01 

13 6.56E-03 1 1 3.60E-02 6.39E-01 2.24E-15 -3.20E-03 1.72E-04 8.28E-01 

14 7.31E-03 1 1 3.60E-02 6.39E-01 2.24E-15 -3.20E-03 1.72E-04 8.28E-01 

15 8.07E-03 1 1 3.60E-02 6.39E-01 2.24E-15 -3.20E-03 1.72E-04 8.28E-01 

16 8.82E-03 1 1 3.60E-02 6.39E-01 2.24E-15 -3.20E-03 1.72E-04 8.28E-01 
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Lift File �  = 5 morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 
-6.57E-

32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.62E+00 4.11E+00 -9.22E-15 -2.06E-02 8.06E-03 5.49E+00 

2 1.46E-06 1 1 1.33E+00 4.17E+00 -6.77E-15 -2.09E-02 6.65E-03 5.55E+00 

3 9.64E-06 1 1 2.39E-01 1.92E+00 3.55E-15 -9.64E-03 1.19E-03 2.52E+00 

4 4.32E-05 1 1 2.12E-02 6.76E-01 1.92E-15 -3.38E-03 9.85E-05 8.72E-01 

5 4.48E-04 1 1 2.25E-02 7.46E-01 1.76E-15 -3.73E-03 1.05E-04 9.63E-01 

6 1.12E-03 1 1 2.20E-02 7.58E-01 1.73E-15 -3.80E-03 1.02E-04 9.78E-01 

7 1.79E-03 1 1 2.18E-02 7.62E-01 1.72E-15 -3.81E-03 1.02E-04 9.83E-01 

8 2.46E-03 1 1 2.17E-02 7.63E-01 1.71E-15 -3.82E-03 1.01E-04 9.84E-01 

9 3.13E-03 1 1 2.17E-02 7.64E-01 1.71E-15 -3.82E-03 1.01E-04 9.85E-01 

10 3.80E-03 1 1 2.17E-02 7.64E-01 1.71E-15 -3.82E-03 1.01E-04 9.85E-01 

11 4.47E-03 1 1 2.17E-02 7.64E-01 1.71E-15 -3.82E-03 1.01E-04 9.85E-01 

12 5.14E-03 1 1 2.17E-02 7.64E-01 1.71E-15 -3.82E-03 1.01E-04 9.85E-01 

13 5.81E-03 1 1 2.17E-02 7.64E-01 1.71E-15 -3.82E-03 1.01E-04 9.85E-01 

 
Lift File �  = 7.5 morphed 

Time 
Iteration Time 

Sub 
Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 -6.57E-32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.66E+00 5.51E+00 -8.45E-15 -2.76E-02 8.30E-03 7.30E+00 

2 1.46E-06 1 1 1.38E+00 5.58E+00 -5.70E-15 -2.80E-02 6.91E-03 7.38E+00 

3 9.46E-06 1 1 2.53E-01 2.52E+00 3.96E-15 -1.26E-02 1.26E-03 3.28E+00 

4 4.33E-05 1 1 6.92E-03 7.87E-01 1.50E-15 -3.94E-03 2.76E-05 1.01E+00 

5 3.95E-04 1 1 4.47E-03 8.81E-01 1.25E-15 -4.41E-03 1.55E-05 1.13E+00 

6 9.93E-04 1 1 2.39E-03 9.04E-01 1.18E-15 -4.52E-03 5.19E-06 1.16E+00 

7 1.60E-03 1 1 1.66E-03 9.12E-01 1.15E-15 -4.56E-03 1.61E-06 1.17E+00 

8 2.21E-03 1 1 1.23E-03 9.16E-01 1.14E-15 -4.59E-03 -5.62E-07 1.18E+00 

9 2.82E-03 1 1 9.94E-04 9.19E-01 1.13E-15 -4.60E-03 -1.71E-06 1.18E+00 

10 3.42E-03 1 1 8.52E-04 9.20E-01 1.13E-15 -4.61E-03 -2.42E-06 1.18E+00 

11 4.03E-03 1 1 7.71E-04 9.21E-01 1.12E-15 -4.61E-03 -2.82E-06 1.18E+00 

12 4.64E-03 1 1 7.23E-04 9.21E-01 1.12E-15 -4.61E-03 -3.06E-06 1.18E+00 

13 5.25E-03 1 1 6.95E-04 9.22E-01 1.12E-15 -4.61E-03 -3.20E-06 1.19E+00 

14 5.86E-03 1 1 6.78E-04 9.22E-01 1.12E-15 -4.61E-03 -3.28E-06 1.19E+00 

15 6.47E-03 1 1 6.68E-04 9.22E-01 1.12E-15 -4.61E-03 -3.33E-06 1.19E+00 

16 7.07E-03 1 1 6.53E-04 9.22E-01 1.12E-15 -4.62E-03 -3.40E-06 1.19E+00 
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Lift File �  = 8.75 morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 -6.57E-32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.69E+00 6.20E+00 -8.06E-15 -3.11E-02 8.41E-03 8.20E+00 

2 1.46E-06 1 1 1.41E+00 6.28E+00 -5.16E-15 -3.15E-02 7.03E-03 8.29E+00 

3 9.40E-06 1 1 2.60E-01 2.82E+00 4.18E-15 -1.41E-02 1.29E-03 3.67E+00 

4 4.36E-05 1 1 -1.05E-03 8.44E-01 1.31E-15 -4.22E-03 -1.21E-05 1.08E+00 

5 3.79E-04 1 1 -6.36E-03 9.50E-01 1.00E-15 -4.76E-03 -3.83E-05 1.22E+00 

6 9.54E-04 1 1 -9.55E-03 9.79E-01 9.16E-16 -4.90E-03 -5.41E-05 1.26E+00 

7 1.54E-03 1 1 -1.12E-02 9.93E-01 8.74E-16 -4.97E-03 -6.25E-05 1.28E+00 

8 2.13E-03 1 1 -1.25E-02 1.00E+00 8.43E-16 -5.02E-03 -6.89E-05 1.29E+00 

9 2.72E-03 1 1 -1.36E-02 1.01E+00 8.19E-16 -5.06E-03 -7.43E-05 1.30E+00 

10 3.31E-03 1 1 -1.46E-02 1.02E+00 7.97E-16 -5.09E-03 -7.93E-05 1.31E+00 

11 3.90E-03 1 1 -1.57E-02 1.02E+00 7.74E-16 -5.13E-03 -8.45E-05 1.31E+00 

12 4.49E-03 1 1 -1.68E-02 1.03E+00 7.51E-16 -5.16E-03 -9.02E-05 1.32E+00 

13 5.08E-03 1 1 -1.82E-02 1.04E+00 7.23E-16 -5.20E-03 -9.70E-05 1.33E+00 

14 5.67E-03 1 1 -2.01E-02 1.05E+00 6.87E-16 -5.26E-03 -1.06E-04 1.35E+00 

15 6.26E-03 1 1 -2.30E-02 1.07E+00 6.32E-16 -5.34E-03 -1.21E-04 1.37E+00 

16 6.85E-03 1 1 -2.88E-02 1.10E+00 5.31E-16 -5.50E-03 -1.50E-04 1.41E+00 

17 7.44E-03 1 1 -4.44E-02 1.17E+00 2.94E-16 -5.87E-03 -2.27E-04 1.50E+00 

18 8.02E-03 1 1 -8.58E-02 1.32E+00 -1.04E-16 -6.63E-03 -4.31E-04 1.69E+00 

19 8.26E-03 1 1 -1.28E-01 1.41E+00 -3.54E-16 -7.07E-03 -6.41E-04 1.81E+00 

20 8.48E-03 1 1 -1.36E-01 1.47E+00 -1.31E-16 -7.37E-03 -6.77E-04 1.88E+00 

21 9.66E-03 1 1 -1.36E-01 1.48E+00 -1.18E-16 -7.41E-03 -6.79E-04 1.89E+00 

22 1.10E-02 1 1 -1.36E-01 1.48E+00 -1.16E-16 -7.41E-03 -6.79E-04 1.89E+00 

23 1.23E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 

24 1.37E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 

25 1.50E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 

26 1.64E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 

27 1.77E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 

28 1.90E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 

29 2.04E-02 1 1 -1.36E-01 1.48E+00 -1.15E-16 -7.41E-03 -6.79E-04 1.89E+00 
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Lift File �  = 10 morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 -6.57E-32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.71E+00 6.89E+00 -7.67E-15 -3.46E-02 8.52E-03 9.09E+00 

2 1.46E-06 1 1 1.43E+00 6.98E+00 -4.62E-15 -3.50E-02 7.14E-03 9.20E+00 

3 9.35E-06 1 1 2.65E-01 3.11E+00 4.40E-15 -1.56E-02 1.32E-03 4.05E+00 

4 4.39E-05 1 1 -9.91E-03 8.99E-01 1.13E-15 -4.50E-03 -5.61E-05 1.15E+00 

5 3.67E-04 1 1 -1.83E-02 1.02E+00 7.80E-16 -5.09E-03 -9.74E-05 1.30E+00 

6 9.27E-04 1 1 -2.32E-02 1.05E+00 6.77E-16 -5.27E-03 -1.22E-04 1.35E+00 

7 1.50E-03 1 1 -2.68E-02 1.07E+00 6.11E-16 -5.37E-03 -1.40E-04 1.38E+00 

8 2.08E-03 1 1 -3.05E-02 1.09E+00 5.47E-16 -5.47E-03 -1.58E-04 1.40E+00 

9 2.65E-03 1 1 -3.52E-02 1.12E+00 4.71E-16 -5.59E-03 -1.81E-04 1.43E+00 

10 3.23E-03 1 1 -4.18E-02 1.15E+00 3.73E-16 -5.75E-03 -2.14E-04 1.47E+00 

11 3.81E-03 1 1 -5.52E-02 1.21E+00 2.04E-16 -6.03E-03 -2.80E-04 1.54E+00 

12 4.32E-03 1 1 -1.05E-01 1.39E+00 -2.21E-16 -6.97E-03 -5.27E-04 1.78E+00 

13 4.43E-03 1 1 -1.48E-01 1.45E+00 -4.69E-16 -7.24E-03 -7.38E-04 1.85E+00 

14 4.82E-03 1 1 -1.49E-01 1.49E+00 -2.67E-16 -7.44E-03 -7.45E-04 1.90E+00 

15 5.57E-03 1 1 -1.53E-01 1.49E+00 -3.50E-16 -7.48E-03 -7.66E-04 1.91E+00 

16 6.38E-03 1 1 -1.54E-01 1.49E+00 -3.61E-16 -7.47E-03 -7.68E-04 1.91E+00 

 
L ift File �  = 13 morphed 
0 0.00E+00 0 0 -6.57E-32 2.10E-30 -7.44E-29 6.49E-32 1.00E-28 0.00E+00 

1 2.92E-07 1 1 1.74E+00 8.45E+00 -6.64E-15 -4.24E-02 8.69E-03 1.11E+01 

2 1.46E-06 1 1 1.48E+00 8.62E+00 -3.26E-15 -4.32E-02 7.39E-03 1.13E+01 

3 9.35E-06 1 1 2.74E-01 3.78E+00 4.89E-15 -1.89E-02 1.36E-03 4.91E+00 

4 4.53E-05 1 1 -3.38E-02 1.03E+00 7.43E-16 -5.17E-03 -1.75E-04 1.32E+00 

5 3.51E-04 1 1 -4.99E-02 1.16E+00 3.66E-16 -5.80E-03 -2.54E-04 1.48E+00 

6 8.81E-04 1 1 -6.06E-02 1.21E+00 2.43E-16 -6.04E-03 -3.08E-04 1.55E+00 

7 1.44E-03 1 1 -7.06E-02 1.25E+00 1.42E-16 -6.25E-03 -3.57E-04 1.60E+00 

8 2.00E-03 1 1 -8.04E-02 1.28E+00 5.81E-17 -6.42E-03 -4.06E-04 1.64E+00 

9 2.56E-03 1 1 -9.03E-02 1.32E+00 -1.22E-17 -6.58E-03 -4.55E-04 1.68E+00 

10 3.13E-03 1 1 -1.04E-01 1.36E+00 -9.24E-17 -6.79E-03 -5.24E-04 1.74E+00 

11 3.70E-03 1 1 -1.13E-01 1.38E+00 -1.29E-16 -6.90E-03 -5.66E-04 1.76E+00 

12 4.28E-03 1 1 -1.15E-01 1.38E+00 -1.38E-16 -6.93E-03 -5.78E-04 1.77E+00 

13 4.86E-03 1 1 -1.16E-01 1.39E+00 -1.40E-16 -6.93E-03 -5.81E-04 1.77E+00 

14 5.44E-03 1 1 -1.16E-01 1.39E+00 -1.39E-16 -6.94E-03 -5.82E-04 1.77E+00 

15 6.02E-03 1 1 -1.16E-01 1.39E+00 -1.39E-16 -6.94E-03 -5.82E-04 1.77E+00 

16 6.60E-03 1 1 -1.16E-01 1.39E+00 -1.39E-16 -6.94E-03 -5.82E-04 1.77E+00 
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Lift File �  = 15 morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 2.82E-01 -6.50E-03 -5.03E-15 3.25E-05 1.41E-03 -4.29E-01 

1 1.00E-05 1 1 6.57E+01 3.44E+02 -3.59E-05 -1.72E+00 3.32E-01 1.78E+04 

2 3.76E-05 1 1 7.27E+01 4.02E+02 -4.52E-05 -2.01E+00 3.68E-01 2.08E+04 

3 1.36E-04 1 1 5.85E+01 3.79E+02 -4.15E-04 -1.90E+00 3.16E-01 1.96E+04 

4 4.29E-04 1 1 3.85E+01 3.41E+02 -1.39E-05 -1.71E+00 1.97E-01 1.76E+04 

5 1.39E-03 1 1 1.45E+01 2.26E+02 9.72E-04 -1.13E+00 2.79E-02 1.16E+04 

6 4.56E-03 1 1 -4.56E-01 8.24E+01 1.01E-03 -4.12E-01 -5.09E-02 4.17E+03 

7 1.09E-02 1 1 -4.30E+00 4.98E+01 9.64E-04 -2.49E-01 -6.91E-02 2.51E+03 

8 1.84E-02 1 1 -4.93E+00 5.23E+01 9.60E-04 -2.62E-01 -7.21E-02 2.63E+03 

9 2.81E-02 1 1 -5.54E+00 5.62E+01 9.47E-04 -2.81E-01 -7.42E-02 2.83E+03 

10 4.38E-02 1 1 -5.70E+00 5.66E+01 9.31E-04 -2.83E-01 -7.42E-02 2.85E+03 

11 6.16E-02 1 1 -5.67E+00 5.65E+01 9.24E-04 -2.83E-01 -7.37E-02 2.84E+03 

12 7.87E-02 1 1 -5.66E+00 5.65E+01 9.22E-04 -2.83E-01 -7.35E-02 2.84E+03 

13 9.51E-02 1 1 -5.65E+00 5.65E+01 9.12E-04 -2.83E-01 -7.30E-02 2.84E+03 

14 1.12E-01 1 1 -5.65E+00 5.65E+01 9.10E-04 -2.83E-01 -7.29E-02 2.84E+03 

15 1.29E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

16 1.47E-01 1 1 -5.64E+00 5.65E+01 9.11E-04 -2.82E-01 -7.29E-02 2.84E+03 

17 1.64E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

18 1.81E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

19 1.98E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

20 2.15E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

21 2.32E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

22 2.49E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

23 2.66E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

24 2.83E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

25 3.00E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

26 3.17E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

27 3.35E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

28 3.52E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

29 3.69E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

30 3.86E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

31 4.03E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

32 4.20E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

33 4.37E-01 1 1 -5.64E+00 5.65E+01 9.08E-04 -2.82E-01 -7.28E-02 2.84E+03 

34 4.54E-01 1 1 -5.63E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

35 4.71E-01 1 1 -5.63E+00 5.65E+01 9.08E-04 -2.82E-01 -7.27E-02 2.84E+03 

36 4.88E-01 1 1 -5.64E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

37 5.05E-01 1 1 -5.63E+00 5.65E+01 9.06E-04 -2.82E-01 -7.26E-02 2.84E+03 

38 5.22E-01 1 1 -5.63E+00 5.65E+01 9.09E-04 -2.82E-01 -7.28E-02 2.84E+03 

39 5.39E-01 1 1 -5.63E+00 5.65E+01 9.06E-04 -2.82E-01 -7.27E-02 2.84E+03 

40 5.56E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

41 5.73E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

42 5.90E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

43 6.07E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

44 6.24E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

45 6.41E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

46 6.58E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 
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47 6.75E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

48 6.92E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

49 7.09E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

50 7.26E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

51 7.43E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

52 7.59E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 

53 7.76E-01 1 1 -5.63E+00 5.65E+01 9.07E-04 -2.82E-01 -7.27E-02 2.84E+03 
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Lift File �  = 0 Un-morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.23E+00 1.30E+00 5.70E-14 -6.61E-03 6.10E-03 1.79E+00 

2 1.78E-06 1 1 9.54E-01 1.35E+00 3.28E-14 -6.80E-03 4.76E-03 1.84E+00 

3 1.18E-05 1 1 1.82E-01 6.94E-01 3.34E-15 -3.49E-03 8.99E-04 9.14E-01 

4 5.22E-05 1 1 2.67E-02 3.33E-01 -1.30E-15 -1.67E-03 1.26E-04 4.34E-01 

5 6.03E-04 1 1 3.05E-02 3.84E-01 -8.87E-16 -1.92E-03 1.44E-04 5.00E-01 

6 1.71E-03 1 1 3.08E-02 3.93E-01 -7.92E-16 -1.97E-03 1.46E-04 5.11E-01 

7 2.83E-03 1 1 3.09E-02 3.99E-01 -7.13E-16 -2.00E-03 1.47E-04 5.19E-01 

8 3.96E-03 1 1 3.10E-02 4.03E-01 -6.74E-16 -2.02E-03 1.47E-04 5.24E-01 

9 5.09E-03 1 1 3.11E-02 4.05E-01 -6.51E-16 -2.02E-03 1.48E-04 5.26E-01 

10 6.22E-03 1 1 3.11E-02 4.06E-01 -6.38E-16 -2.03E-03 1.48E-04 5.28E-01 

11 7.36E-03 1 1 3.11E-02 4.06E-01 -6.30E-16 -2.03E-03 1.48E-04 5.28E-01 

12 8.49E-03 1 1 3.12E-02 4.07E-01 -6.24E-16 -2.03E-03 1.48E-04 5.29E-01 

13 9.62E-03 1 1 3.12E-02 4.07E-01 -6.21E-16 -2.04E-03 1.48E-04 5.29E-01 

14 1.07E-02 1 1 3.12E-02 4.07E-01 -6.19E-16 -2.04E-03 1.48E-04 5.29E-01 

15 1.19E-02 1 1 3.12E-02 4.07E-01 -6.18E-16 -2.04E-03 1.48E-04 5.30E-01 

16 1.30E-02 1 1 3.12E-02 4.07E-01 -6.17E-16 -2.04E-03 1.48E-04 5.30E-01 

17 1.41E-02 1 1 3.12E-02 4.07E-01 -6.16E-16 -2.04E-03 1.48E-04 5.30E-01 

18 1.53E-02 1 1 3.12E-02 4.07E-01 -6.16E-16 -2.04E-03 1.48E-04 5.30E-01 

 
Lift File �  = 2.5 Un-morphed 

Time 
Iteration Time 

Sub 
Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.28E+00 2.72E+00 5.90E-14 -1.37E-02 6.37E-03 3.62E+00 

2 1.77E-06 1 1 1.01E+00 2.77E+00 3.44E-14 -1.39E-02 5.05E-03 3.68E+00 

3 1.16E-05 1 1 1.95E-01 1.25E+00 5.32E-15 -6.27E-03 9.67E-04 1.63E+00 

4 5.33E-05 1 1 2.12E-02 4.45E-01 1.43E-15 -2.23E-03 9.86E-05 5.74E-01 

5 5.83E-04 1 1 2.34E-02 5.12E-01 1.99E-15 -2.56E-03 1.10E-04 6.61E-01 

6 1.62E-03 1 1 2.34E-02 5.16E-01 2.01E-15 -2.58E-03 1.09E-04 6.66E-01 

7 2.66E-03 1 1 2.34E-02 5.16E-01 2.01E-15 -2.58E-03 1.09E-04 6.67E-01 

8 3.70E-03 1 1 2.34E-02 5.17E-01 2.01E-15 -2.59E-03 1.09E-04 6.67E-01 

9 4.75E-03 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

10 5.79E-03 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

11 6.83E-03 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

12 7.88E-03 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

13 8.92E-03 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

14 9.96E-03 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

15 1.10E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

16 1.21E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

17 1.31E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 
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Lift File �  = 5 Un-morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.33E+00 4.13E+00 6.09E-14 -2.08E-02 6.63E-03 5.45E+00 

2 1.76E-06 1 1 1.07E+00 4.18E+00 3.58E-14 -2.10E-02 5.33E-03 5.51E+00 

3 1.14E-05 1 1 2.13E-01 1.81E+00 7.43E-15 -9.09E-03 1.06E-03 2.36E+00 

4 5.37E-05 1 1 1.32E-02 5.55E-01 3.61E-15 -2.78E-03 5.87E-05 7.13E-01 

5 5.26E-04 1 1 1.23E-02 6.35E-01 4.08E-15 -3.18E-03 5.43E-05 8.16E-01 

6 1.43E-03 1 1 1.16E-02 6.50E-01 4.14E-15 -3.26E-03 5.11E-05 8.36E-01 

7 2.34E-03 1 1 1.13E-02 6.55E-01 4.18E-15 -3.28E-03 4.97E-05 8.42E-01 

8 3.25E-03 1 1 1.12E-02 6.57E-01 4.19E-15 -3.29E-03 4.92E-05 8.45E-01 

9 4.17E-03 1 1 1.12E-02 6.59E-01 4.19E-15 -3.30E-03 4.89E-05 8.46E-01 

10 5.08E-03 1 1 1.11E-02 6.59E-01 4.20E-15 -3.30E-03 4.87E-05 8.47E-01 

11 6.00E-03 1 1 1.11E-02 6.59E-01 4.20E-15 -3.30E-03 4.87E-05 8.47E-01 

12 6.91E-03 1 1 1.11E-02 6.60E-01 4.20E-15 -3.30E-03 4.86E-05 8.48E-01 

13 7.83E-03 1 1 1.11E-02 6.60E-01 4.20E-15 -3.30E-03 4.86E-05 8.48E-01 

14 8.74E-03 1 1 1.11E-02 6.60E-01 4.20E-15 -3.30E-03 4.86E-05 8.48E-01 

15 9.66E-03 1 1 1.11E-02 6.60E-01 4.20E-15 -3.30E-03 4.86E-05 8.48E-01 

16 1.06E-02 1 1 1.11E-02 6.60E-01 4.20E-15 -3.30E-03 4.86E-05 8.48E-01 
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Lift File �  = 7.5 Un-morphed 

Time 
Iteration Time 

Sub 
Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.37E+00 5.48E+00 6.20E-14 -2.75E-02 6.82E-03 7.20E+00 

2 1.76E-06 1 1 1.12E+00 5.58E+00 3.70E-14 -2.80E-02 5.59E-03 7.33E+00 

3 1.13E-05 1 1 2.29E-01 2.38E+00 9.31E-15 -1.19E-02 1.14E-03 3.08E+00 

4 5.45E-05 1 1 1.99E-03 6.69E-01 5.24E-15 -3.35E-03 3.17E-06 8.56E-01 

5 4.89E-04 1 1 -3.79E-03 7.63E-01 5.41E-15 -3.82E-03 -2.54E-05 9.78E-01 

6 1.28E-03 1 1 -6.94E-03 7.98E-01 5.45E-15 -3.99E-03 -4.11E-05 1.02E+00 

7 2.10E-03 1 1 -9.63E-03 8.21E-01 5.49E-15 -4.11E-03 -5.43E-05 1.05E+00 

8 2.91E-03 1 1 -1.28E-02 8.48E-01 5.53E-15 -4.24E-03 -7.03E-05 1.09E+00 

9 3.73E-03 1 1 -1.79E-02 8.84E-01 5.59E-15 -4.43E-03 -9.52E-05 1.13E+00 

10 4.56E-03 1 1 -2.90E-02 9.53E-01 5.69E-15 -4.77E-03 -1.50E-04 1.22E+00 

11 5.38E-03 1 1 -5.51E-02 1.07E+00 5.74E-15 -5.38E-03 -2.79E-04 1.37E+00 

12 5.82E-03 1 1 -8.92E-02 1.18E+00 5.31E-15 -5.90E-03 -4.48E-04 1.50E+00 

13 6.15E-03 1 1 -9.88E-02 1.19E+00 4.86E-15 -5.98E-03 -4.95E-04 1.52E+00 

14 7.59E-03 1 1 -9.92E-02 1.20E+00 4.84E-15 -5.98E-03 -4.97E-04 1.52E+00 

43 4.02E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

44 4.13E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

45 4.23E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

46 4.34E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

47 4.44E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

48 4.54E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

49 4.65E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

50 4.75E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

51 4.86E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

52 4.96E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

53 5.07E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

54 5.17E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

55 5.27E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 

56 5.38E-02 1 1 2.34E-02 5.17E-01 2.02E-15 -2.59E-03 1.09E-04 6.67E-01 
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Lift File �  = 8.75 Un-morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.39E+00 6.17E+00 6.28E-14 -3.10E-02 6.94E-03 8.09E+00 

2 1.76E-06 1 1 1.14E+00 6.28E+00 3.76E-14 -3.15E-02 5.71E-03 8.23E+00 

3 1.13E-05 1 1 2.37E-01 2.66E+00 1.02E-14 -1.33E-02 1.18E-03 3.45E+00 

4 5.48E-05 1 1 -4.99E-03 7.24E-01 5.84E-15 -3.63E-03 -3.15E-05 9.27E-01 

5 4.74E-04 1 1 -1.36E-02 8.26E-01 5.79E-15 -4.13E-03 -7.42E-05 1.06E+00 

6 1.23E-03 1 1 -1.86E-02 8.67E-01 5.75E-15 -4.34E-03 -9.89E-05 1.11E+00 

7 2.00E-03 1 1 -2.39E-02 9.03E-01 5.73E-15 -4.52E-03 -1.25E-04 1.16E+00 

8 2.79E-03 1 1 -3.17E-02 9.50E-01 5.69E-15 -4.76E-03 -1.64E-04 1.22E+00 

9 3.58E-03 1 1 -4.85E-02 1.04E+00 5.55E-15 -5.18E-03 -2.46E-04 1.32E+00 

10 4.23E-03 1 1 -8.66E-02 1.19E+00 5.03E-15 -5.96E-03 -4.35E-04 1.52E+00 

11 4.47E-03 1 1 -1.14E-01 1.24E+00 4.12E-15 -6.22E-03 -5.72E-04 1.59E+00 

12 5.48E-03 1 1 -1.15E-01 1.24E+00 4.05E-15 -6.20E-03 -5.73E-04 1.58E+00 

13 6.61E-03 1 1 -1.15E-01 1.24E+00 4.05E-15 -6.20E-03 -5.74E-04 1.58E+00 

14 7.75E-03 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

15 8.89E-03 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

16 1.00E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

17 1.12E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

18 1.23E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

19 1.35E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

20 1.46E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

21 1.58E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

22 1.69E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

23 1.81E-02 1 1 -1.15E-01 1.24E+00 4.04E-15 -6.20E-03 -5.75E-04 1.58E+00 

 
L ift File �  = 10 Un-morphed 

Time 
Iteration Time 

Sub 
Cycles Steps Fx Fy Fz Mx My Mz 

0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.42E+00 6.85E+00 6.36E-14 -3.44E-02 7.05E-03 8.98E+00 

2 1.76E-06 1 1 1.17E+00 6.98E+00 3.82E-14 -3.50E-02 5.84E-03 9.13E+00 

3 1.12E-05 1 1 2.45E-01 2.95E+00 1.10E-14 -1.48E-02 1.22E-03 3.82E+00 

4 5.51E-05 1 1 -1.29E-02 7.79E-01 6.29E-15 -3.90E-03 -7.09E-05 9.95E-01 

5 4.62E-04 1 1 -2.45E-02 8.86E-01 5.97E-15 -4.43E-03 -1.28E-04 1.13E+00 

6 1.19E-03 1 1 -3.15E-02 9.33E-01 5.82E-15 -4.67E-03 -1.63E-04 1.19E+00 

7 1.94E-03 1 1 -3.88E-02 9.73E-01 5.71E-15 -4.87E-03 -1.99E-04 1.24E+00 

8 2.70E-03 1 1 -5.16E-02 1.04E+00 5.48E-15 -5.20E-03 -2.62E-04 1.33E+00 

9 3.43E-03 1 1 -8.35E-02 1.18E+00 4.76E-15 -5.91E-03 -4.20E-04 1.51E+00 

10 3.95E-03 1 1 -1.13E-01 1.28E+00 3.65E-15 -6.41E-03 -5.65E-04 1.63E+00 

11 4.79E-03 1 1 -1.13E-01 1.29E+00 3.62E-15 -6.45E-03 -5.68E-04 1.64E+00 

12 5.70E-03 1 1 -1.14E-01 1.29E+00 3.61E-15 -6.44E-03 -5.69E-04 1.64E+00 

13 6.61E-03 1 1 -1.14E-01 1.29E+00 3.60E-15 -6.44E-03 -5.70E-04 1.64E+00 
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Lift File �  = 13 Un-morphed 
Time 

Iteration Time 
Sub 

Cycles Steps Fx Fy Fz Mx My Mz 
0 0.00E+00 0 0 1.97E-30 -1.26E-29 1.34E-28 -1.46E-31 -1.65E-28 8.31E-30 

1 3.53E-07 1 1 1.47E+00 8.49E+00 6.55E-14 -4.26E-02 7.31E-03 1.11E+01 

2 1.76E-06 1 1 1.23E+00 8.64E+00 3.96E-14 -4.33E-02 6.13E-03 1.13E+01 

3 1.11E-05 1 1 2.63E-01 3.63E+00 1.27E-14 -1.82E-02 1.31E-03 4.70E+00 

4 5.57E-05 1 1 -3.45E-02 9.07E-01 6.81E-15 -4.54E-03 -1.78E-04 1.16E+00 

5 4.36E-04 1 1 -5.39E-02 1.02E+00 5.72E-15 -5.11E-03 -2.74E-04 1.30E+00 

6 1.09E-03 1 1 -6.86E-02 1.09E+00 5.09E-15 -5.48E-03 -3.47E-04 1.40E+00 

7 1.79E-03 1 1 -8.08E-02 1.15E+00 4.59E-15 -5.73E-03 -4.07E-04 1.46E+00 

8 2.49E-03 1 1 -9.51E-02 1.20E+00 3.97E-15 -5.99E-03 -4.78E-04 1.53E+00 

9 3.22E-03 1 1 -1.03E-01 1.22E+00 3.61E-15 -6.11E-03 -5.14E-04 1.56E+00 

10 3.95E-03 1 1 -1.04E-01 1.23E+00 3.53E-15 -6.13E-03 -5.22E-04 1.56E+00 

11 4.69E-03 1 1 -1.04E-01 1.23E+00 3.52E-15 -6.13E-03 -5.23E-04 1.56E+00 

12 5.43E-03 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.13E-03 -5.24E-04 1.56E+00 

13 6.17E-03 1 1 -1.04E-01 1.22E+00 3.51E-15 -6.12E-03 -5.24E-04 1.56E+00 

14 6.90E-03 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.24E-04 1.56E+00 

15 7.64E-03 1 1 -1.04E-01 1.22E+00 3.51E-15 -6.12E-03 -5.24E-04 1.56E+00 

16 8.38E-03 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.24E-04 1.56E+00 

17 9.12E-03 1 1 -1.04E-01 1.22E+00 3.51E-15 -6.12E-03 -5.24E-04 1.56E+00 

18 9.86E-03 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.24E-04 1.56E+00 

19 1.06E-02 1 1 -1.04E-01 1.22E+00 3.51E-15 -6.12E-03 -5.24E-04 1.56E+00 

20 1.13E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

21 1.21E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.24E-04 1.56E+00 

22 1.28E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

23 1.35E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

24 1.43E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

25 1.50E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

26 1.58E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

27 1.65E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

28 1.72E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

29 1.80E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

30 1.87E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 

31 1.95E-02 1 1 -1.04E-01 1.22E+00 3.52E-15 -6.12E-03 -5.23E-04 1.56E+00 
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Appendix D (Drawings) 

Theoretical Unmorphed 

 

Theoretical Morphed 

 

Span 
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Top Structure 

 

Span 
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Rib 

 

Hinge 
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Pin 
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Appendix E (Schematics) 
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Appendix F (Project Management and Integration) 

 
Drawing Tree 

 
 



 58 

WBS 
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