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ABSTRACT
While airplane design has been carefully crafted, there is always room for improvement.
One debated topic within the aerospace industry is which fixed airfoil winglet design best
increases lift while decreasing drag. A winglet, the sole purpose of which is to keep highpressure air below the wing and low-pressure air on top, is the upright flap that exists on the end
of airplane wings. Optimization of winglet design has substantial bearing on the future of flight,
given that a joint venture between Aviation Partners and Boeing reported a 4-billion-dollar
worldwide savings due to their motionless winglet. Advantages of an optimized design include
reducing fuel usage, CO2 emissions, and noise by up to 6% each while also increasing the range
and payload capability.
Throughout my research, I have striven to understand the effectiveness of current winglet
designs in reducing wing tip vortices. My testing procedure resulted in over 250 data points
collected, comprising of lift force and drag force measurements for four different winglet
prototypes at various speeds and angles of attack. The purpose of this extensive experimental
procedure was to create the most widespread picture of the performance of each winglet
configuration in a simulated takeoff, cruise, and land cycle.
Data analysis of the wind tunnel data revealed that no one winglet configuration is best
for all velocities and angles of attack. It became clear that conventional winglets, while they do
help to reduce wing tip vortices, are a negotiation of numerous conflicting requirements,
resulting in less than optimal effectiveness throughout the flight envelope. Specifically, the
tradeoff is between diminished induced drag and increased profile drag. This revelation led to
my conceptual formulation of the morphing winglet, capable of modifying shape and orientation
to optimize the desired performance metric (such as aerodynamics) at each flight condition. Not
only do the benefits of morphing winglets include improved aerodynamic efficiency and an
expanded flight envelope, but they have the potential to increase control maneuverability through
a variable center of gravity and moment of inertia.
Beyond the creation of an optimization scheme, I performed an investigation into all
major subsystems (aerodynamics, structures, mechanisms, and controls) of morphing winglet
design. Morphing winglet behavior is inherently multidisciplinary (coupled structural and
aerodynamic effects), and thus morphing winglet design requires multidisciplinary design
optimization (MDO) in order to determine the optimum wingtip geometry – a function of the
performance metric and the multitude of constraints. I conducted a literature review that
provided theory and design recommendations that I implemented into CAD design. Servo
actuated hinges drive the motion of the morphing winglet inside the wing skin.
Future work lies in assessing the gain of the morphing winglet relative to a static winglet,
followed by the execution of a cost-benefit analysis of the morphing wingtip device, which
would weigh the gain against the incurred penalties, such as weight and complexity. Morphing
potential includes not only adaptation to the flight environment (velocity, angle of attack, air
density) but also to the mission goal and associated performance metric. When this is achieved,
aircraft with morphing winglets will significantly outperform fixed winglet designs across a wide
spectrum of requirements. All things considered, this thesis has laid the groundwork for future
research, which could impact the aerospace sector on a global scale.
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PART 1 – FIXED WINGLET AERODYNAMIC SHAPE OPTIMIZATION
INTRODUCTION & PURPOSE
Airplanes are incredible machines that have truly revolutionized the way humans travel.
While their design has been carefully crafted, there is always room for improvement. One
debated topic of design within the aerospace engineering world is whether airfoil winglets
actually increase lift while decreasing drag. The topic has substantial bearing, given that
improving wing design could save both airlines and customers millions of dollars while
concurrently reducing jet fuel consumption.
Airplane winglets are the near vertical flap that exists on the end of each wing. Their
purpose is to limit wing tip vortices – or eddy currents – that wrap around the tip of the wing and
increase drag while decreasing lift. Furthermore, airplane winglets improve air traffic safety, as
wing tip vortices can be hazardous to nearby planes. The benefits of airplane winglets are
undeniable; however, their design is far from optimized.
If you were to go out to your local airport tarmac and look at the winglets on every plane,
it would be hard to find two identical designs. The industry does not have a clearly established
standard when it comes to winglets – they can vary in a multitude of parameters, ranging from
cant (dihedral) angle, toe angle, size, and profile. In Part 1, I aim to establish the optimal cant
angle of a fixed (motionless) winglet based upon wind tunnel results.
THEORY & BACKGROUND
Winglet Purpose
Fundamental to the understanding of winglet design is an understanding of their
aerodynamic purpose. Aircraft wings generate lift by altering the streamlines such that the air
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pressure underneath the wing is greater than the air pressure above it. The net force is upwards
and perpendicular to velocity.

Figure 1: Airfoil Pressure Distribution (Glownia)

Two negative effects can result from pressure gradient across the airfoil, both which are
detectable in the wind tunnel tests described below. The first of those effects is termed flow
separation. This phenomenon, as shown in Figure 2 below, occurs when “the fluid flow becomes
detached from the surface of the object, and instead takes the forms of eddies and vortices”
(Flow Separation). Boundary layer separation is a result of the velocity of the flow just above the
surface falling to zero due to viscous forces on the skin of the aircraft causing an adverse
pressure gradient.

Figure 2: Visualization of Flow Separation (“Flow Separation”)
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Boundary layer separation is the root cause of stall – a loss of lift and immense increase
in pressure drag. Several modifications exist on modern-day aircraft in order to counteract the
potential of flow separation. The most advanced are those termed wing sweep, wing twist, and
camber changes. These minute changes in wing shape serve the purpose of redistributing the lift,
thus ensuring that the wing tip is the last portion of the wing to stall. Wing twist does this by
rotating the wingtip downward slightly, making the angle of attack lower at the wingtip than at
the root of the wing (Sanders et al. 94). Wing sweep is most effective at delaying boundary layer
separation, and thus raising the critical angle of attack, for high speed aircraft.
The second occurrence that diminishes aerodynamic efficiency as a result of the pressure
gradient between the top and bottom of the wing occurs at the wingtip. The pressure differential
causes the high-pressure region below the wing to circle around the wing tip up to the lowpressure region above the wing, forming eddying currents of air. The creation of a vortex
diminishes the wing’s efficiency by causing induced drag. Furthermore, wing tip vortices can be
hazardous to nearby aircraft, explaining speed limitations near airports. Figure 4 below visually
describes wingtip vortices with the use of a flow field.

Figure 3 - Wing Tip Vortices (Freitag and Schulze)
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Falcão et al. state, “An approach to mitigate this problem consists in introducing a
physical barrier to the flow of air from beneath the wing to above it” (1). These barriers are
collectively termed winglets. More specifically, winglets affect the component of drag called
induced drag. The geometry of the wing causes the air, and thus the lift vector, to tilt slightly
back. The induced drag is the aft component of the lift vector.

Figure 4: Induced Drag & Vortex Wake Visualization (Freitag and Schulze)

Induced drag negatively affects aerodynamic performance but can be reduced by either
increasing the horizontal span or increasing the vertical height of the airfoil. However, in 1976,
NASA’s Whitcomb performed a comprehensive study of winglets and found that adding a
winglet would reduce induced drag a greater amount than extending the wingtip under the same
weight penalty. Boeing found that “winglets increase the spread of the vortices along the trailing
edge (TE), creating more lift at the wingtips,” and thus reducing induced drag (Boeing. “Aero
Blended Winglets”). Simply put, winglets increase the aerodynamic performance of airplanes.
Advantages of Winglets
Before covering the current design of winglets, it is important to validate their role in
boosting the aerodynamic efficiency of airplanes. From an engineering standpoint driven by a
cause to expand mission capability and lower operating cost, the main benefit of winglets is that
they reduce drag. This drag reduction fosters a variety of positive biproducts. Boeing claims that
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their blended winglet improves mission block fuel by 4% when compared to an identical plane
with no wingtip structure. As a result, range is increased by up to 130 miles on the 737-800
commercial plane with an increased payload capability at takeoff-limited airports (due to the
reduction of takeoff flap drag caused by winglets). Reported improvements of winglets also
include improved cruising speeds, climb rates, and the allowance of higher operating altitudes.
Furthermore, “environmental benefits include a 6.5 percent reduction in noise levels around
airports on takeoff and a 4 percent reduction in nitrogen dioxide emissions on a 2,000-nautical
mile flight” (Boeing. “Aero Blended Winglets”). With that said, the full potential of winglets has
not yet been unlocked. In fact, Whitcomb, upon publication of his findings in 1976, stated that
winglets can reduce induced drag by approximately 20% and improve the aircraft’s lift-to-drag
ratio by up to 9% (George). Clearly, the potential for further optimization of winglets is great,
inspiring my research.
Current Winglet Design
Current winglet designs are static. Between variations in winglet designs, there are five
main parameters, the first of those being the cant angle. The cant angle describes the angle to
which the winglet is bent from the vertical, or, in other words, the angle at which the winglet is
mounted with respect to the main wing (Winglets 2). Older winglets attach to the wing at 90
degrees, while newer winglets are attached an angle, which varies between designs, due to the
associated increase in aerodynamic efficiency. The second geometric parameter is toe angle,
which represents the airfoils angle relative to velocity. Both angles determine the effectiveness of
the winglet in reducing drag as well as the magnitude and direction of the lift force vector
generated by the winglet itself.
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Figure 5: Winglet Angle Notation (Falcão et al.)

The third parameter is the actual shape of the cross section of the winglet. It is generally a
tapered NACA four-digit airfoil; however, it is not necessarily the exact same as the airfoil used
for the wing. Another parameter is the length of the winglet, which affects the rate at which the
winglet tapers from its root dimensions to the winglet tip. Finally, each winglet varies based
upon the way in which it is blended into the wing with regards to the skin profile. Blended
winglets are recent innovations and provide the aerodynamic advantage of providing a smooth
transition from the existing wingtip to the vertical winglet. Smoothing the transition “optimizes
the distribution of the span load lift and minimizes any aerodynamic interference or airflow
separation” (Boeing Aero Blended Winglets). Most modern day airplanes take advantage of the
aerodynamic properties of blended winglets.
The newest innovation in winglet design is the addition of a secondary near vertical flap,
this one pointing down. Split scimitar winglets further disable pressure diffusion across the
wingtip while preserving laminar flow, amplifying the aerodynamic gain. With that said, a fairly
small number of current airplanes use split scimitar winglets. This is likely due to the added
complexity of manufacturing paired with the increased profile drag due to the downward angled
flange.

7

Figure 6: Aerodynamics of Split Scimitar Winglets (“The Most Efficient Winglet”)

NACA Airfoil Notation
NACA, the National Advisory Committee for Aeronautics, was the precursor to NASA.
This committee developed airfoils for airplane wings, and thus the resulting notation to
distinguish between airfoil designs. Understanding NACA four-digit airfoil notation is
fundamental to this thesis, as various airfoils are used for both the wing and the winglets.
In a NACA MPXX airfoil:
•

The M designates the maximum camber divided by the length of the chord.

•

The P signals the position along the chord at which the maximum camber occurs.

•

XX represents the thickness relative to the length of the chord.

For example purposes, the NACA 2412 airfoil will be used. The 2 signals that the maximum
camber is 2% of the chord length. The 4 indicates the position of maximum camber occurs at
40% of the chord. Finally, the 12 designates that the thickness is 12% of the chord length.
Many commercial airplanes have a varied airfoil shape throughout the wingspan. The
primary purpose of having three different NACA shapes throughout a wing is to prevent flow
separation at the wingtip even if it occurs at the wing root, thus delaying stall at higher angles of
attack.
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METHODOLOGY & MATERIALS
Validation of Wind Tunnel Testing
Before wind tunnel testing original winglet designs, it was important to validate my
results against previously verified studies. My literature search spanned previous winglet tests by
NASA, Boeing, the military, Lockheed Martin, Penn State University, and the University of
Illinois – among other international engineering journals. The goal of my research was to find a
study that examined the effects of variable cant angle on primary performance metrics such as
the lift coefficient (CL), drag coefficient (CD), or CL to CD ratio. Once again, the purpose was to
replicate an existing date set in order to validate my modeling and testing before developing and
testing original prototypes in order to ensure accurate data collection.
The baseline study for my wind tunnel testing was published in the American Journal of
Engineering Research (AJER) in 2015 by Rabbi et al. The publication produced graphs that
examined the CL, CD, and CL to CD ratio for a variety of winglet cant angles at different
velocities and varying angles of attack. There were four test configurations – one consisting of a
winglet with a cant angle of 30 degrees, one with a cant angle of 60 degrees, one with a cant
angle of 70 degrees, and one with no winglet. The airfoil with no winglet served a vital purpose
in that it allowed the study to evaluate whether winglets do in fact improve the aerodynamic
characteristics of the craft or not. Assuming the winglet does improve aerodynamics, the three
cant angles then allow for further optimization.
The study used the NACA 0012 airfoil for both the wing and winglet airfoils. The first
two zeros indicate that the cross-sectional area did not have any camber, resulting in,
theoretically, zero lift at an angle of attack of zero. The symmetric NACA 0012 airfoil was also
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used in my wind tunnel tests in order to best match the study performed by Rabbi et al. The
airfoil is shown below, followed by the wing tapering used in the study.

Figure 7: NACA 0012 Airfoil Cross Section (“NACA 0012 Airfoil”)

In order to create continuity between my testing and that of the study described above, I
matched several essential parameters, including the aspect ratio. The variation in chord
throughout the length of the wing had to be considered, as shown below.
𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 = 𝐴𝑅 =

𝑏/
𝑆

𝑏 = 𝑤𝑖𝑛𝑔𝑠𝑝𝑎𝑛 = 40𝑐𝑚 + 40𝑐𝑚 = 80𝑐𝑚 = 31.496𝑖𝑛
𝑟𝑜𝑜𝑡 𝑤𝑖𝑑𝑡ℎ = 30𝑐𝑚 & 𝑡𝑖𝑝 𝑤𝑖𝑑𝑡ℎ = 8𝑐𝑚
𝑆 = 𝑤𝑖𝑛𝑔 𝑎𝑟𝑒𝑎 = (8)(40) + (30 − 8)(40)(0.5)(2 𝑤𝑖𝑛𝑔𝑠) = 1520𝑐𝑚/ = 235.600𝑖𝑛/
31.496/
𝐴𝑅 =
= 4.211
235.600
In order to maintain surface smoothness of my 3D-printed wings, I chose mine to have a
constant chord throughout the wingspan. Thus, my aspect ratio was simply the chord length (c)
divided by the span (b). The span was selected to be 6 inches in order to eliminate wall effects
from the wind tunnel in influencing the flow around the wing by leaving 3 inches on either end
of the wingtips before encountering the wall.
𝐴𝑅 = 4.211 =

𝑐
→ 𝑐 = 1.425𝑖𝑛
6
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Figure 8: CAD Design - No Winglet Airfoil

Thus, by matching my aspect ratio with that of the baseline study, my wing was fully
dimensioned. It is important to note that I held the total wingspan of the structure to 6 inches. For
nonvertical winglets, this meant shrinking the wingspan to account for the extra length addition
due to the horizontal component of the winglet. Maintaining a constant wingspan improved the
accuracy of the results by eliminating the chance that an observed increase in lift due to the
addition of a winglet was not actually the result of simply making the wing longer.
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Winglet Design
Upon establishment of the airfoil shape, aspect ratio, and sizing quantities of my test
wing, the next step was to create the winglet itself. Winglet design was aided by the diagram
shown below.

Figure 9: Fixed Winglet Design (George)

Specifically, I took insight about the tip-to-root chord taper ratio and height into account. I
selected the winglet to be 0.15 inches of the total 3 inches of the semi span in order to hold the
wingspan constant to inches. The equations below enumerate the airfoil span and winglet height
based upon a cant angle of 𝑥 degrees.
𝑇𝑜𝑡𝑎𝑙 𝑤𝑖𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ = 6𝑖𝑛 = 2 ∗ (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑜𝑛𝑒 𝑤𝑖𝑛𝑔𝑙𝑒𝑡) + 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑠𝑝𝑎𝑛)
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑤𝑖𝑛𝑔𝑙𝑒𝑡 = 0.15 ∗ ℎ𝑎𝑙𝑓 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑠𝑝𝑎𝑛
𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑜𝑛𝑒 𝑤𝑖𝑛𝑔𝑙𝑒𝑡 =

6𝑖𝑛 =

𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 ℎ𝑒𝑖𝑔ℎ𝑡
tan(𝑥 𝑑𝑒𝑔𝑟𝑒𝑒𝑠)

2S(0.15)(0.5 ∗ 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑠𝑝𝑎𝑛)T
+ 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑠𝑝𝑎𝑛
tan(𝑥 𝑑𝑒𝑔𝑟𝑒𝑒𝑠)
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For example, solving the above equations for a wing consisting of a winglet with a 60degree cant angle produced an airfoil span of 5.522in, a winglet height of 0.414in, and a
horizontal winglet length of 0.239in. All three values are dependent upon cant angle and essential
to proper CAD design.
I scaled the NACA 0012 profile at the top of the winglet by a factor of 0.3 to account for
a tip-to-root chord taper ratio of 0.3. The modeling of all my airfoil/winglet combinations took
place on Autodesk Inventor using techniques including splining and lofting. The utilization of
geometry maintained uniformity between all design variations as related to the airfoils, winglets,
and structural fasteners.

Figure 10: Winglet Design

Figure 11: CAD Designs - 30 Degree and 70 Degree Cant
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Wind Tunnel Angle of Attack (𝜶) Adapter Design
Evaluating the different winglet cant angles involved an envelope of test speeds but also a
span of angles of attack. In order to achieve this, I designed an adapter that joined the transducer
with the winglet. The removal of flat surfaces perpendicular to flow minimized the effect of the
adapter on the experimental results. Small, countersunk screws attached the wing to the angle of
attack adapter. Minimizing the aerodynamic influence of connecting structures was a priority
throughout the entire design process, including the consideration of a smooth lacquer. I printed
five adapters, ranging from 0 to 16 degrees of incline by iterations of 4 degrees. The adapters
(shown below) enabled a comparison between my results and those of the study performed by
Rabbi et al. while simultaneously expanding the data base of my wind tunnel work.

Figure 12: CAD Design - Angle of Attack Adapter

3D Printing
Upon completion of wing, winglet, and angle of attack adapter CAD designs, the
software sliced the structures into layers and then exported them to a 3D printer for fabrication.
A Stratasys uPrint SE Plus 3D printer used ABS plus material to create the structures. I
investigated the orientation with which the airfoils were printed, given that surface smoothness
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of the wing skin relative to flow is essential to accurate modeling. I found that layering the
plastic progressively higher along the cross section of the airfoil produced the most polished
curvature and thus best promoted laminar flow. Furthermore, the use of threads and countersinks
enhanced strength and aerodynamic properties.

Figure 13: 3D printed Wings Mounted to Adapter & Transducer Post
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Boeing 737 Split Scimitar Winglet Investigation
I attempted to 3D print the Boeing 737 wing with blended split scimitar winglets and the
Boeing 737 wing with the traditional blended winglet (no lower extrusion). The completed CAD
designs are shown below; however, the winglet features were too small to properly print, and
thus safety concerns ruled out wind tunnel testing as the winglets would have likely broken off.

Figure 14: Boeing 737-700 Split Scimitar CAD Model

Figure 15: Boeing 737-800 Split Scimitar Winglet (Top), Blended Winglet (Middle), No Winglet (Bottom)
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TESTING PROCEDURE
Testing of the winglet variations in the wind tunnel was slow and monotonous to ensure
uniformity between results. The experimental testing eradicated experimental error by
performing tests in random order. The generic test configuration is shown below, followed by the
generic procedure.

Figure 16: Wind Tunnel Configuration

1. Turn on wind tunnel, allowing it to reach equilibrium with an air temperature of 70
degrees Fahrenheit.
2. Calibrate the wind tunnel. Use the change in water column height along with Bernoulli’s
Equation to relate fan frequency [Hz] to airspeed [ft/s].
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3. Calculate the drag produced by the force transducer and the angle of attack adapter alone
(no wing in wind tunnel), so it can be removed from the wind tunnel test results. Iterating
through the speed range (20Hz – 62.5Hz) multiple times and finding the average
associated drag force at every 5Hz allowed for the calculation of “post drag.”
4. Attach the zero-degree angle of attack (𝛼) adapter to the force transducer post in the wind
tunnel.
5. Attach the wing with no winglet.
6. Ensure that the drag force and lift force are at zero before turning on the wind tunnel. Do
this before every single data point is collected.
7. Select the free stream velocity range and the step size with which to cover it.
8. Write each speed on a piece of paper and drop all into a bucket. Randomly select a speed.
This will be the first measurement.
9. Start the wind tunnel, bringing it up to the chosen speed. Let the wind tunnel run for 30
seconds before recording data to ensure the system has reached equilibrium.
10. Record the measurement number, the angle of attack of the specific test (will likely differ
slightly from the angle of attack adapter), the drag force, and the lift force.
11. Bring the wind tunnel back down to a speed of 0Hz.
12. Re-zero the transducer.
13. Randomly draw the next speed and bring the wind tunnel up to it.
14. Record data and then bring the wind tunnel back to zero speed. Re-zero the transducers.
15. Repeat steps 1 – 14 until measurements have been taken for that angle of attack adapter
and wing combination at every speed increment.
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16. Keeping the same adapter, switch out the wing to the next design (60-degree winglet in
my case).
17. Repeat steps 1 – 15 until data has been taken for every wing design at every speed.
18. Replace the zero-degree angle of attack adapter with the next angle of attack desired to be
tested (4-degree increments in my case).
19. Repeat steps 1 – 18 until data has been taken for every angle of attack, wing, and speed
combination possible. Ensure that the transducer reads zero between every measurement.
Make sure equilibrium is established before taking each data point. Continue to draw the
speed test order randomly to eliminate human influence as much as possible.

DISCUSSION OF RESULTS

My expanded testing procedure resulted in over 250 data entries being collected. This
data comprised of lift force and drag force measurements for 4 different winglet options (no
winglet, 30-degree winglet, 60-degree winglet, and 70-degree winglet) at a combination of
speeds ranging from 62 to 210 mph and angles of attack from 0 to 20 degrees. The purpose of
this extensive experimental procedure was to create the most widespread picture of the
performance of each winglet configuration in an effort to model the different speeds and angles
of attack experienced by a real aircraft throughout a takeoff, cruising, and landing cycle. Again,
the goal is to improve flight design on airplanes, as there are numerous positive byproducts
resulting from maximum efficiency.
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Wind Tunnel Calibration
Calibrating the wind tunnel throughout the testing section required the collection of over
100 data points. Measurements consisted of the fan speed in Hz along with the change in
pressure in the form of inches of H2O. Then, application of Bernoulli’s equation allowed
conversion of the pressure change into a predicted velocity [ft/s]. The final wind tunnel
calibration equation is shown below. The raw data can be found in the appendix.
𝑦 = 5.0710𝑥 − 9.9450
Where x is the fan frequency [Hz] and y is the airflow velocity [ft/s]. Calculating the above
equation was an essential calibration, as the wind tunnel’s user controls only allow the air speed
to be varied by adjusting the fan frequency.
Post Drag Calibration
In order to remove the aerodynamic effect of the force transducer and angle of attack
adapters (collectively termed “post drag”), a preliminary calibration had to take place. The graph
below shows the measured drag force plotted at various points throughout the entire frequency
spectrum. Application of a curve fit was then applied to the data set, determining an equation
which outputs the effective post drag at any fan speed.
Post Drag Calibration Curve
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Figure 17: Post Drag Calibration Curve
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The following equations converted the lift and drag forces measured in the testing procedure into
coefficients of lift and drag.
𝐶Y =

2∗𝐿
𝜌 ∗ 𝑉/ ∗ 𝐴

𝐶] =

2∗𝐷
𝜌 ∗ 𝑉/ ∗ 𝐴

Where L is the lift force, D is the measured drag force, 𝜌 is the fluid density, V is the freestream
velocity, and A is the wing area.
Comparative Validation of Results
Validating my wind tunnel results with a previous study was the first step in my testing
procedure. As was stated earlier, I selected the study titled “Induce Drag Reduction of an
Airplane Wing” written by Md. Fazle Rabbi, Rajesh Nandi, and Mohammad Mashud in 2015 at
Khulna University of Engineering & Technology in Bangladesh (Rabbi et al.). Rabbi et al.
performed the tests at a free stream velocity of 25m/s. The test result shows 20- 25% reduction in
drag coefficient and 10-20% increase in lift coefficient by using the authors of the study’s
winglet design over a wing with no wingtip structure. The graphs outputted from the study are as
follows.

Figure 18: Lift Coefficient vs. Angle of Attack (Rabbi et al.)
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Figure 19: Drag Coefficient vs. Angle of Attack (Rabbi et al.)

Figure 20: Lift to Drag Ratio vs. Angle of Attack (Rabbi et al.)

A summary of the major conclusions drawn from the study are listed below.
•

The initial value of lift coefficient at zero angle of attack for a chord-based Reynolds
number 1.36 × 105 is 0.0185 instead of 0 because of inaccuracy during constructing the
wing

•

The maximum value of the lift coefficient is 1.542, which occurs at an angle of attack of
10 degrees.

•

It is observed that the maximum lift/drag ratio for all the configurations considered in the
study falls in the range of 5 to 8 degrees of angle of attack.

•

The lift coefficient for using a winglet is higher than without a winglet.

•

It appears that drag coefficient using winglet is lower than that of without winglet.

•

The winglet design is capable of reducing induced drag force and converting wing tip
vortices to additional thrust, which will save cost by reducing the usage of fuel, noise
level reduction and increase the efficiency of the aircraft engine.
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In order to accurately compare my results with theirs, I needed to perform Reynolds
Number matching. This process took place by testing at a fan frequency of 40Hz, as this
produced a Reynold’s Number of 1.43 × 105, which, for all intents and purposes, is very close to
their Reynolds Number of 1.36 × 105. The graphs I generated are shown below.
Coefficient of Lift vs. Angle of Attack @ Re = 1.43 * 10^5
0.7

0.6

Coefficient of Lift

0.5

0.4
No Winglet
30 Degree Winglet

0.3

60 Degree Winglet
70 Degree Winglet

0.2

0.1

0
0

2

4

6

8

10

12

14

16

18

20

Angle of Attack [degrees]

Figure 21: Lift Coefficient vs. Angle of Attack
Coefficient of Drag vs. Angle of Attack @ Re = 1.43 * 10^5
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Figure 22: Drag Coefficient vs. Angle of Attack
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Lift to Drag Ratio vs. Angle of Attack @ Re = 1.43 * 10^5
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Figure 23: Lift to Drag Ratio vs. Angle of Attack

The reason for a drop-in lift coefficient beyond a certain angle of attack, e.g. 11 degrees,
is due to the flow separation, which produces turbulent flow over the wing surface instead of
exhibiting streamlined laminar flow. As explained in the theory section earlier, this condition is
called stall, and the corresponding angle of attack is considered the stalling angle. The rapid
increase in drag coefficient, which occurs at higher values of angle of attack (beginning with 8
degrees), is probably due to the increasing region of separated flow over the wing surface, which
creates a large pressure drag. Furthermore, it is a result of a greater portion of the wing surface
area becoming tangent to the freestream vector, increasing the profile drag.
The study performed by Rabbi et al. found that the 30-degree winglet performed best
over the entire angle of attack spectrum in terms of its CL, CD, and CL to CD ratio. The 60-degree
winglet was the next best, followed by the 70-degree winglet. The airfoil with no winglet
performed worst in every category.
My results, although not identical, were very similar and thus proved the validity of my
testing procedure. Across the typical angle of attack spectrum seen in flight, the 30-degree
winglet produces the greatest amount of lift. With that said, the 60-degree configuration proved
to result in the lowest drag coefficient and, for the most part, the best lift to drag ratio. As with
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the study performed by Rabbi et al., the 70-degree winglet performed worst out of all three
winglet cant angles. As expected, the airfoil with no winglet had the lowest lift coefficient across
the realistic angle of attack band. However, the coefficient of drag was low for the wing with no
winglets. Although the reason for this is not fully known, it may be due to the fact that, at fairly
low speeds (40Hz = 193ft/s = 132 mph), the wing tip vortices are smaller than at cruise speed,
and thus the winglets simply take up more space rather than reducing induced drag. At higher
speeds, I would expect the drag on the winglet-less airfoil to be higher than a wing with a
winglet at any degree of cant. All things considered, the results align, promoting further
investigation into the effect of winglets on wing tip vortices and associated induced drag forces.
Additional Analysis
The bulk of my analysis consisted of examining the relative performance (CL, CD, CL-toCD ratio) of each of the four wing designs across a spectrum of velocities or angles of attack.
Three-dimensional data analysis could have expanded the investigation; however, it was not
needed to draw conclusions. Filtering through the immense amount of data collected during
testing revealed some interesting trends. First, an examination of the performance metrics (CL,
CD, CL-to-CD ratio) versus velocity – while holding the angle of attack constant – is done. Next,
trends are observed by holding velocity constant and comparing performance against angle of
attack. Finally, the wind tunel speed was maxed out in order to perform high speed analysis.
Performance Metrics vs. Velocity
The first investigation consisted of examining winglet performance across a variety of
speeds with a set angle of attack (0, 4, 8, and 12-degree angle of attack adapters specifically).
However, it is important to note that the actual angle of attack of the mounted wing was slightly
greater than the angle of the adapter due to a multitude of variations including manufacturing
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tolerance, disparity in individual mounts, and a 1-degree angle of attack of the airflow in the
wind tunnel. The wings attached to the 0-degree angle of attack adapter had an actual angle of
attack closer to 3 degrees; 4-degree adapter closer to 8 degrees; 8-degree adapter closer to 11.5
degrees, and 12-degree adapter closer to 15 degrees.
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Figure 24: Lift Coefficient vs. Velocity (Cruise)

Drag Coefficient vs. Velocity
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Figure 25: Drag Coefficient vs. Velocity (Cruise)
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L/D Ratio vs. Velocity
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Figure 26: Lift-to-Drag Ratio vs. Velocity (Cruise)

Interestingly enough, at low speeds, the wing with no winglet produced the highest lift
coefficient and lowest drag coefficient. However, if this analysis were extended to greater
speeds, I believe the airfoils with the winglets would begin to perform better. The reason for the
winglet-less wing performing best at low speeds is because wing tip vortices are very small at
low speeds and thus the winglets generate more profile drag than the induced drag they eradicate.
This same principle may be the reason for the winglets producing less lift than the winglet-less
design at extremely low speeds, as the winglets may simply be functioning as added weight (thus
decreasing lift) as there are not substantial wing tip vortices to counteract.
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L/D Ratio vs. Velocity
4 Degree Angle of Attack Adapter
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Figure 27: Aerodynamic Metrics vs. Velocity (𝛼 = 4 Degree)

Once again, we witness desirable aerodynamic performance of the wing without winglets.
However, the 30-degree winglet generates the greatest lift coefficient throughout the entire
velocity spectrum. The no-winglet design becomes superseded by the other designs at higher
velocities, as predicted.
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L/D Ratio vs. Velocity
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Figure 28: Aerodynamic Metrics vs. Velocity (𝛼 =8 Degree)
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With increasing angle of attack, the 30-degree winglet begins to dominate over the entire
velocity spectrum. It generates by far the greatest lift, which is in opposition to the adverse
performance of the wing without a winglet. In terms of drag, the winglet-less wing creates the
most, while the 30-degree winglet creates the least. The “no winglet” case exhibits the lowest
L/D ratio at an 8-degree angle of attack.
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L/D Ratio vs. Velocity
12 Degree Angle of Attack Adapter
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Figure 29: Aerodynamic Metrics vs. Velocity (𝛼 =12 Degree)

Once again, the “no winglet” case performs poorly with regards to the lift coefficient,
drag coefficient, and L/D ratio. These results lead to the conclusion that winglets help
aerodynamic performance most during climb while simultaneously helping to prevent stall. It is
also important to note that the drag coefficient increased by an entire order of magnitude
between the testing at α = 12 degrees and α = 16 degrees, showing the drastic impact of flow
separation.
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Performance Metrics vs. Angle of Attack
The next stage of analysis consisted of quantifying winglet performance while varying
the angle of attack yet holding the velocity constant. This was performed at four different fan
speeds: 25Hz (80 mph), 30Hz (97 mph), 35Hz (114 mph), and 40Hz (132 mph). While these
speeds are low for commercial airliners, which take off and land at an average of 165 mph, they
are relevant for smaller planes, such as Cessnas, which take off and land around 65 mph.
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L/D Ratio vs. Angle of Attack
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Figure 30: Aerodynamic Metrics vs. Angle of Attack (25Hz Fan Speed)

These graphs display that at 80 mph, the “no winglet” airfoil has the worst performance at higher
angles of attack. However, at low angles of attack, it has a higher desirable L/D ratio. The 30degree winglet appears to produce the greatest lift coefficient through the angle of attack
spectrum.
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Lift Coefficient vs. Angle of Attack
30Hz Fan Speed
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L/D Ratio vs. Angle of Attack
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Figure 31: Aerodynamic Metrics vs. Angle of Attack (30Hz Fan Speed)

At 97 mph, the 30-degree winglet wing once again produces the highest lift coefficient.
However, the 60-degree winglet produces low drag and has a relatively high L/D Ratio. The “no
winglet” airfoil has the worst L/D characteristics apart from the 70-degree winglet design.
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L/D Ratio vs. Angle of Attack
35Hz Fan Speed
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Figure 32: Aerodynamic Metrics vs. Angle of Attack (35Hz Fan Speed)

At 114 mph, the 30-degree winglet wing creates the highest lift throughout the entire
angle of attack spectrum. The 60-degree winglet has the least drag, especially at high angles of
attack. The airfoil with the 70-degree winglets has the worst L/D characteristics, while the “no
winglet” scenario has the best.
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Figure 33: Aerodynamic Metrics vs. Angle of Attack (40 Hz Fan Speed)
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At 132 mph, the wing with the 30-degree winglets produces the best lift coefficient until
a few degrees past stall. The drag is very comparable between all four designs. The L/D ratio
analysis illuminates the effectiveness of the 30 degree and 60-degree winglet designs with
increasing angle of attack.
High Speed Analysis
The wind tunnel’s maximum speed is 62.5Hz, which corresponds of a velocity of 306.99
ft/s, or 209.31 mph. The collection of data produced far less entries at this speed than between 20
and 40Hz; however, it can still provide valuable conclusions, as the air velocity is closer to
commercial flight than previous data.
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Figure 34: Lift Coefficient vs. Drag Coefficient (High Speed Cruise)

Figure 34 compares the lift coefficient to the drag coefficient for each winglet design at 209.31
mph. The desired region is the top left, as that maximizes lift but minimizes drag. It is clear the
60-degree winglet configuration is best, followed closely by the “no winglet” design.
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Lift Coefficient vs. Drag Cofficient
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Figure 35: Lift Coefficient vs. Drag Coefficient (High Speed Climb - 8 Degree)

This same analysis was performed with the 8-degree angle of attack adapter. Again, the
goal is to maximize the lift coefficient and minimize the drag coefficient. It is clear that the 60degree winglet has the least drag while the 30-degree winglet produces the greatest lift.
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Figure 36: L/D Ratio Comparison

Next, considerations of the L/D ratio using both the 0-degree and 8-degree angle of attack
adapters occurred. The 60-degree winglet configuration clearly outperforms the other three as it
produces the best ratio at both angles of attack.
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L/D Ratio vs. Angle of Attack
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Figure 37: L/D Ratio vs. Angle of Attack (High Speed)

Finally, the assumption made throughout this entire data analysis was that the angle of
attack was exactly the same for each of the 4 configurations when mounted on the same adapter.
However, the reality is that there were slight discrepancies, which undoubtedly affects the
results. In order to consider this impact, I plotted the exact angle of attack versus the L/D ratio. It
is known that the L/D ratio increases with increasing angle of attack (until stall). As a result, I
would expect the 60-degree winglet to have the worst ratio because it has the lowest angle of
attack (1.5 degrees), followed by the 30- and 70-degree winglets (2 degrees), with the no winglet
configuration having the best L/D ratio due to its 2.5-degree mounting angle of attack. However,
despite having a 1-degree lower angle of attack, the 60-degree winglet still produces the best
ratio, thus highlighting its effectiveness at this speed. I believe that the divergence of this graph
from what is expected lowers the concern of slight variations in angle of attack greatly affecting
the data. With that said, it is still a concept to keep in mind and would be very important to future
testing. The angle of attack measurement system is shown below.
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Figure 38: Angle of Attack Calibration

All things considered, it is evident that the ideal cant angle varies greatly across velocity
and angle of attack spectrums. Furthermore, the disparity proliferates when multiple performance
metrics are brought into place, such as the evaluation of maximizing lift or minimizing drag.
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PART 2 – INVESTIGATION INTO MAJOR SUBSYSTEMS OF
MORPHING WINGLET TECHNOLOGY & RUDIMENTARY DESIGN OF
PROTOTYPE
INTRODUCTION & PURPOSE
The conclusions from Part 1 highlights the immense discrepancy between optimized
winglet designs throughout an entire flight envelope based on the notion that the goals and
aerodynamic environments change between stages such as takeoff to cruise to landing. For
example, while the wing with a 30-degree cant angle winglet was most effective in maximizing
the lift-to-drag ratio for the majority of velocities, the 60-degree winglet produced greatest lift
when tested at inclined angles of attack. Part 2 serves to investigate all major subsystems
(aerodynamics, structures, mechanisms, and controls) of morphing winglet design – capable of
modifying shape and orientation to optimize the desired performance metric (such as
aerodynamics) at each flight condition. I conducted a literature review that provided theory and
design recommendations that I implemented into CAD design.
Literature Search
The detection that optimizing fixed winglets for an entire flight envelope was not feasible
catalyzed further analysis. It became evident that, while an optimized fixed winglet would not be
able to harness the lost efficiency by current designs, a movable design may be able to do just
that. This idea spurred an extensive literature search which examined the conclusions of experts
with regards to morphing winglet technology and the associated impact on essential flight
features, including, but not limited to, aerodynamics and controls.
Before delving into the impact morphing winglets have on major aircraft subsystems, it is
essential to establish a definition of morphing capabilities while validating that morphing
winglets are feasible and profitable. Dr. Weisshaar declared that morphing is “a set of
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technologies that increase a vehicle’s performance by manipulating certain characteristics to
better match the vehicle state to the environment and task at hand” (Weisshaar). Morphing
winglets, in particular, are mechanisms capable of changing orientation, size, and/or camber in
order to more effectively increase lift and decrease drag by lessening the effects of wing tip
vortices.
The need for morphing aircraft – related to winglets and other control surfaces such as
ailerons, flaps, slats, rudders, and elevators – is undeniable. Aircraft wings at their current state
are a compromise. They enable flight at an envelope of conditions but do not optimize flight at a
single one. In fact, Barbarino et al. state “Civil and military aircrafts are designed to have
optimal aerodynamic characteristics (maximum lift/drag ratio) at one point… the aircraft may
often have to fly at non-optimal flight conditions…” (826). As pointed out above, innumerous
factors cause the compromise present in fixed winglet design – from air traffic restrictions to
continuous fuel and weight distribution changes to a diverse flight environment. Furthermore,
Spillman in his 1992 publication said, “the need for wing curvature change arises from the
possibility, in the subsonic regime, to adjust continuously the airfoil geometry at different flight
conditions, thus increasing the lift/drag ratio” (Spillman 849). Additionally, he touches on the
concept that aerodynamic benefits are heightened as the number of alignments increases.
Furthermore, morphing winglet technology provides advantages beyond simply increasing fuel
efficiency. Aero-elastic deformations witnessed in winglets can also aid control and
maneuverability while improving structural effectiveness. Barbarino et al. state that “Even a 1%
reduction in airfoil drag would save the US fleet of wide-body transport aircraft $140
million/year… the projected fuel saving should be about 3 to 5%, depending on mission
distance” (827). Additionally, due to heightened technological capabilities in global positioning
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systems, Unmanned Aerial Vehicles (UAVs) have become essential for military, environmental,
and civilian applications alike. These vehicles, which also have decreased aerodynamic loads,
safety requirements, and production costs, are phenomenal candidates for prototype technology.
UAVs would enable the safe, feasible, and relatively cheap testing and showcasing of morphing
winglet technology before exploring the technology in the commercial industry (Barbarino et al.
866). In fact, Shelton et al. (2006) studied morphing winglet technology as applied to Unmanned
Aerial Vehicles. He found that “actively controlled winglets can enhance the low-speed
performance and maneuverability of the vehicle and can increase the range and endurance of the
vehicle by up to 40%” (110 - 116).
While there are undoubtedly challenges – such as increased weight and complexity – to
morphing winglet implementation, exploratory aerospace groups, beyond just the few referenced
above, validate my notion that this technology could have a great impact on aerospace industry.
Morphing Progression
Not only have recent studies concluded that morphing winglets have an immense span of
positive byproducts, but the history of flight progress also points to morphing winglets being the
next logical innovation. Beginning with the Wright brothers’ first flight on December 17th, 1903
and continuing through modern day technology, the number of control surfaces has increased in
order to keep up with heightened mission demands while also improving efficiency. Although
stiffened aircraft structures have allowed higher cruise velocity and heavier payloads, they have
also decreased the adaptability of the vehicle to differing aerodynamic environments. This has
certainly impacted the tradeoff between the two competing objectives of maneuverability and
endurance witnessed in all aircraft (Barbarino et al. 823 - 824). As a result, control surfaces such
as ailerons, rudders, flaps, slats, elevators, and other movable surfaces have been added
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throughout history in order to aid in roll, pitch, and yaw guidance. While all of these components
are attached to the wing or plane body, efforts have been made to morph the wing itself in order
to induce the desired motion. Barbarino et al., in their publication “A Review of Morphing
Aircraft” summarize this: “wing morphing concepts have been classified into three major
types… planform alteration (involving span, chord, and sweep changes), out-of- plane
transformation (twist, dihedral/gull, and span- wise bending), and airfoil adjustment (camber and
thickness)” (826).

Figure 39: Categorization of Morphing Concepts (Barbarino et al.)

History has also shown us that, despite the cost, complexity, and weight penalties
associated with morphing mechanisms, these disadvantages can be offset by comprehensive
benefits. It is certainly fair to ask why morphing technology should be invested in despite its farfrom-astounding impacts in the past. However, the technology employed today far outweighs
that which existed several decades ago. To begin, new materials and actuation devices have
been, and are being, engineered. The improvements allow for optimal power and force
distribution, thus increasing actuation efficiency while simultaneously decreasing weight relative
to past designs. Furthermore, with the growth of the aerospace industry has come an increase in
the applications of flight, and, thus, an increase in breadth in the flight envelope. Morphing
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winglets would increase mission versatility from a cost-effective standpoint (Barbarino et al.
848).
Many concepts associated with morphing winglets are seen in nature’s flyers – birds.
Abdulrahim and Lind found that, “birds are able to rapidly change shape to transition from
efficient cruise to aggressive maneuvering and precision descents. Avian morphology permits a
wide range of wing configurations, each of which may be used for a particular flight task”
((Barbarino et al. 823). Morphing winglets would further push man’s flight capabilities, helping
align them with birds who have done it for millions of years.
Morphing Via Traditional Actuation
The push for morphing aircraft has, at the root of the motion generation, been split into
three categories: piezoelectric materials, shape memory allows, and traditional actuators.
Piezoelectric materials are those which physically deform when subjected to electricity. Shape
memory alloys (SMAs) undergo motion through a different modem – heating. SMAs
“remember’ their original contour and return to that profile upon heat application. Both
piezoelectric materials and shape memory alloys are lightweight, solid-state alternatives to
conventional motion-inducing actuators that rely on hydraulics, pneumatics, or motors.
However, the implementation of piezoelectric materials and SMAs in the aerospace
industry is very theoretical at this point, and thus my contribution to morphing winglet
technology focuses on conventional actuation mechanisms, similar to those seen in other hinged
control surfaces (flaps, elevators, etc.). The following sections describe the impact of morphing
winglet implementation on major flight subsystems, leading to the development of an early stage
CAD design. The research found from the literature search impacted every face of engineering
design, helping to fulfill key requirements including smooth surface actuation, light weight,
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minimized complexity, and optimal aerodynamic load distribution throughout the entire mission
design.
METHODOLOGY

The development of the rudimentary morphing winglet mechanical subsystem followed a
carefully considered process: ideation, research, implementation, and refinement. To begin,
ideation started with brainstorming essential parameters related to a morphing winglet (shown
below). The ideation stage also consisted of very basic “napkin design” considerations such as
geometry, location, and development. Next, extensive research provided information about how
a morphing winglet would impact major flight subsystems while also suggesting design
recommendations. Implementation consisted of creating the actual CAD design while
continually referencing important recommendations learned from research. Finally, refinement
helped to further optimize the design by accounting for considerations such as weight and
manufacturing processes.
Essential Morphing Winglet Requirements/Subsystems
•

FAA Regulations

•

Actuator Design

•

Material Selection & Structural Design

•

Aerodynamic Design Considerations

•

Control System Impact
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RESEARCH ANALYSIS
FAA Regulations
Every subsystem of the morphing winglet must comply with regulations set by the
Federal Aviation Administration (FAA). The requirements depend on whether a current plane is
being retrofit with a morphing winglet or if the morphing winglet is assembled along with an
entirely new plane. Additionally, the requirements depend on the specific model of plane.
However, regardless of the application, the Airworthiness Directive, commonly referred to as the
AD, provides guidelines that refer to essential parameters including the limiting load, ultimate
load, tolerance requirements, and fatigue considerations (Federal Aviation Administration).
Specifically, the airworthiness of an aircraft is quantified by adherence to the requirements set by
FAR Part 25 subpart C. A proper factor of safety is maintained to ensure the structures
airworthiness. This factor of safety is specified to be 1.5 according to FAA Part 25.303.
Furthermore, in order to efficiently retrofit an existing aircraft, it is necessary to select the design
that requires the least amount of changes to the current wing structure.
Descriptions of numerous FAA design requirements are below for Boeing’s blended
winglet design. Static loads, such as the “symmetric 2.5-g maneuver, a roll maneuver, or an
abrupt rudder input that results in a sideslip maneuver” are all determined by the FAA (Boeing.
“Aero Blended Winglets”). In general, the wingbox is designed for 2.5g loads; however, these
maneuvers do impact wingbox design. The circumstance that generates the highest load depends
on the section of the wing (inboard, midboard, outboard, and outboard tip) of interest. For the
outboard tip of the wing, where the morphing winglet lies, the highest loads are actually
experienced during sideslip maneuvers, not during roll maneuvers (the determining case for
winglet-less wings). Thus, sideslip maneuvers, which occur when an aircraft is subjected to a
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cross wind yet using the rudder to maintain trajectory, become the design case for the outboard
tip and winglet components (Boeing. “Aero Blended Winglets”). This notion is reinforced by
Whitcomb – the inventor of winglets – who stated that the critical loadings for winglets occur in
sideslip maneuvers and gust flight conditions (Gutierrez 6).

Figure 40: Sideslip Maneuver (Creamer)

Additionally, the morphing winglet and subsequent wing modifications (if implemented on an
existing aircraft) would need to ensure conformity to FAA criteria for damage tolerance and
fatigue.
Actuator Design
The biggest distinguishing factor of the morphing winglet relative to the fixed winglets
that are currently in service is its ability to move. The selection of the mechanism driving the
movement is essential, as the actuator increases both weight and complexity, and thus its design
must be carefully crafted. Explained below are the diverse requirements of the actuator system.
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Actuation Requirements
Force capability is certainly a primary design consideration in actuator selection.
Although winglets do not experience as strong of forces as other control surfaces (due to their
near-parallel-flow orientation), the aerodynamic loads they must support increase as toe angle
increases and in dynamic loadings such as those created by the sideslip maneuver. In order to
reduce the power requirement, locking can be employed to ensure the actuator does not have to
endure the full load throughout the duration of the flight.
Additionally, size, weight, and volume serve as important metrics for morphing winglet
actuators as they must be small enough to fit inside the wing skin while simultaneously being
light enough as not to negatively offset the benefits gained from the aerodynamic optimization of
the morphing winglet. Skillen and Crossley (2006, 2008b) performed a numerical study on wing
structural weight and found that “mechanisms can account for a substantial portion of the weight
and are a strong function of the wing geometry,” reinforcing the need to minimize the mass
properties of the actuator (Barbarino et al. 828). A function of the size is the range of motion of
the actuator, an essential quantity in morphing winglet development. An ideal actuator in this
application is both lightweight and conformable. However, this illuminates two competing
demands – a need for a structure that is flexible enough to fulfill the desired motion variability
yet stiff enough to prevent flutter, and especially, divergence (Barbarino et al. 864).
Regarding the control system of the morphing winglet, the speed of morphing shape
change needs to be carefully considered. Speed requirements largely depends upon the aircraft
and mission type. Rapid changes in cant angle significantly increase aircraft maneuverability as
related to the winglet’s function as a control surface, but quick feedback also demands greater
power. This metric is related to bandwidth for servomechanisms. The performance power of the
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actuator is an essential element. It is a function of the distribution and size of the actuators –
requiring further engineering optimization before manufacturing. Binding and friction
concerns/influence would need to be reduced in order to minimize power consumption.
Failsafe behavior is yet another consideration of the actuator(s) behind a morphing
winglet. It is necessary that each movable surface be connected to a backup actuator so as to
provide adequate flight control in the case of structural damage or actuator failure. In fact, the
“B-2 stealth bomber has 24 actuators to drive 11 primary control surfaces” (Barbarino et al. 829).
Reserve actuators are required for airworthiness; however, their addition to both weight and
power consumption should be minimized.
That being said, the greatest requirement, and challenge, of the active system in a
morphing winglet is the need for suitable hinges that connect the outboard wing to the morphing
winglet. For Lockheed Martin’s morphing Z-Wing concept, it was stated that “the hinges have to
sustain the aerodynamic loads but offer a smooth, continuous aerodynamic surface” (Barbarino
et al. 835). Such gapless cant angle variation requires the use of an internal hinge. The greatest
challenge is generating the material that constitutes flexible and/or sliding exterior aerodynamic
surfaces. Furthermore, load transferring attachments between the skin and the
skeleton/mechanisms is a necessity for morphing winglet success.
Actuator Categories
There are two overarching categories for actuators that fit the requirement for morphing
winglets. The first compliance shape change technologies are considered solid-state “smart”
materials. One such example is a piezoelectric actuator, which alters its shape according to the
electrical charge applied. Piezoelectric actuators are widely used in smart aerospace designs due
to their wide frequency bandwidth and relatively high force output (Barbarino et al. 863).
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Furthermore, their condensed size, fast response, and high-power density properties make
piezoelectric actuators appealing. With that being said, their relatively low strain output, nonlinear voltage displacement relationship (which is caused by hysteresis), and limited use in
aerospace control system applications is certainly worth noting.
The second smart actuation method involves shape memory alloys (SMAs). SMAs have
been a recent development due to technological innovations in material science. SMAs serve to
be better integrated into the structure and are lighter, functioning almost like a muscle (Rubber
Muscle Actuators). The driving force behind SMAs is a change in thermal energy, allowing the
material to return to a preset location upon reaching a specific temperature. Barbarino et al.
outline three main advantages of actuation integration into structure elements: “(1) weight, (2)
reliability and maintenance, and (3) structural and aerodynamic efficiencies” (860). Smart
material systems are revolutionary in that they can bear loads while simultaneously being
continuously deformable and adaptive. The complex strain of SMAs can be controlled with the
use of paired formations (attached to tendons), such as the antagonistic configuration.
The second main category of actuation is that of conventional (planform) mechanisms, or
those with moving parts: electromagnetic, hydraulic, pneumatic, electric, threaded rod, servo,
and gear-based systems. In order to examine the applicability of conventional actuators to
morphing winglet design, I surveyed the driving mechanisms behind chord morphing, span
morphing, aspect ratio morphing, dihedral/gull variable morphing, twist morphing, rotor blade
morphing, and micro air vehicle (MAV) smart flapping. A wide variety of conventional actuators
are employed in such systems, including telescopic pneumatic actuation (span morphing), screw
actuation systems (chord length morphing), and linear electromagnetic actuation (airfoil camber
morphing). Advantages to traditional actuation systems include proven reliability, a
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comprehensive technical understanding, and low risk; however, they are limited by added weight
and complexity. Lockheed Martin selected electrical actuators over thermo-polymer actuation for
their flight-tested Z-Wing prototype in order to minimize risk for their UAV (Barbarino et al.
847 - 848). Aerodynamic optimization is essential when utilizing a conventional actuator in a
morphing winglet as the exterior morphing surface must minimize the drag penalty.
Conventional actuation methods can serve a wide mission design and generally consist of servo,
ultrasonic, pneumatic, and hydraulic devices. The literature search has made it clear that
conventional actuation methods can meet the requirements for subsonic flight, especially in the
morphing of fixed-wing aircraft (Barbarino et al. 865).
Design Selection: Servo Actuator
Upon review of each actuation method against the design criteria, the servo actuator was
selected as the best choice. Unlike smart materials, servo actuators are thoroughly understood in
engineering industry and the technology is available right now. They can provide the position
control required for morphing winglets while simultaneously enabling control optimization
through a closed feedback loop. The servo bandwidth enables selected response time due to the
commanded input, thus fitting a wide variety of aircraft and missions. The mechanical,
structural, and geometric properties of servo actuators effectively meet the design criteria for
morphing winglet applications, allowing the winglet to change its orientation throughout the
flight envelope, maximizing efficiency at each stage.
A literature review of morphing winglet designs produced the same conclusion –
conventional actuators reduce the weight penalty due to morphing. Consequently, conventional
actuators are the most prevalent mechanical drivers in airfoil morphing. Barbarino’s et al.
findings with regards to camber morphing reinforced the selection of conventional actuation,
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stating: “(1) conventional actuators are used in all aircraft sizes (except sub-MAV scale), (2)
SMAs are used in rotorcraft blades and UAVs, and (3) PZTs are used mostly in small UAVs and
MAVs” (Barbarino et al. 865). Regarding variable cant-winglet applications specifically,
traditional actuators comprised of nearly all studies and research projects due to their lightweight
characteristics without requiring complex, “smart,” flexible skins.
Linear servo actuators comprise three main categories – pneumatic, hydraulic, and
electrical. Pneumatic linear servo actuators consist of a piston in a cylinder. As pressure –
supplied by an external compressor - builds up in the cylinder, the piston moves, creating a linear
force. The piston returns to its original position by a spring-back force or pressure from the other
side. Hydraulic linear servo actuators operate very similarly to that of pneumatic compressors.
The difference is the fluid in the cylinder, incompressible liquids (such as hydraulic fluid) in the
hydraulic actuator as opposed to air in the pneumatic actuator. Electric linear servo actuators
draw power from electrical energy and convert it into torque. This system is based on a rotating
screw which drives motion.
The pneumatic actuator, despite its simplicity and wide temperature range, is the least
efficient device of the three due to pressure losses. Furthermore, the compressor delivering air
must run constantly even if no winglet motion is required. Advantages to hydraulic actuators
include high force output, high horsepower to weight ratios, and execution of force “holds”
without the need to supply more fluid (due to incompressibility). That being said, the part count
of hydraulic actuators is high, ranging from fluid reservoirs, motors, pumps, valves, and heat
exchangers. These components add weight, complexity, and size – all which need to be reduced
in morphing winglet applications. Finally, the electric actuator is advantageous in terms of its
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precision (+- 3 ten thousandths of an inch), adaptability and control feedback. While the initial
price is high, it meets the design requirements of a morphing winglet (Gonzalez).
While the selection of the actuation method is a step in the right direction, the work is far
from done. In order to maximize the effect of the morphing winglet by boosting energy
efficiency, actuator placement and position needs to be optimized. The final system, which will
comprise of a flexible skin, a rigid interior structure, and an internal actuator group, should be
“focused on the aerodynamic smoothness of the wing and… a functional, seamless, hinge-free
wing” in order to optimize aerodynamics over a broad flight envelope (Barbarino et al. 858).
Material Selection & Structural Design
The structural design and material selection of a morphing winglet must comply with that
of a conventional wing design, and thus an understanding of the design of an airplane wing is
required. As shown in the diagram below, structural members of the aircraft’s wing include
spars, ribs, stringers, and the skin. The main structural member of the wing is the spar, while
flaps, ailerons, and slats (not pictured) function as the primary control surfaces. The wing in this
diagram does not include a winglet.

Figure 41: Wing Structural Design ("A Brief History of Aircraft Structures")
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The number of ribs depends on the specific aircraft. Generally, the tapered spars have a
C-channel cross-sectional (Gutierrez 9). Traditionally, there is one spar on the leading edge and
one on the trailing edge.
Typically, blended winglet designs have a similar structural configurations as the Boeing
structure shown on the left or the metallic structure shown on the right.

Figure 42: Boeing Blended Winglet Structure (Boeing. "Blended Winglet Structure")

Barbarino et al. clearly state the goals of the structural subsystem of a morphing winglet:
“The challenge is to design a structure that is capable of withstanding the prescribed loads but is
also able to change its shape: ideally, there should be no distinction between the structure and the
actuation system” (823). This illuminates, once again, the greatest difficulty in large deflection
morphing applications – designing a suitable skin capable of resisting aerodynamic forces and
maintaining the required profile while being sufficiently complaint. Thus, the skin material that
fits these requirements must be invented or the actuation system of the morphing winglet must be
configured in a way that traditional skin panels can slide without disturbing the aerodynamic
properties.
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Material Selection
Selection for the material of each component is directly related to the requirements set by
the flight environment. In general, the selected material should have minimal weight, maximum
strength, and be resistant to large dynamic loadings, cyclic fatigue, and unexpected shock forces.
Support structures, such as spars, ribs and stringers, are made from steel, aluminum, or titanium
alloys. Often, titanium and its alloys are preferred due to their high-strength properties and
advantages over steel and aluminum with regards to temperature and corrosion resistance.
Titanium’s excellent material properties outweigh the expense, making it the most common
selection for an aircraft skeleton. With that being said, Boeing has been known to use graphite
for spars and aluminum for leading edge and interface joints (Boeing. “Aero Blended
Winglets”). Anderson provided a methodology for determining the spar cross section – a
function of the maximum bending moment, the distance between spars, and the allowable stress
(Anderson). Regardless of material selection, adherence to FAA criteria for fatigue and damage
tolerance is a necessity.
Recent developments in composite materials has made them the primary choice for the
wing skin and control surfaces as the composite material lightens the structure while still being
able to support a portion of the aerodynamic loading. Lockheed Martin took an even more
revolutionary approach in their Z Wing prototype, where material considerations for the skin
included silicone and shape memory polymer (SMP). The rubber-like skin acted as a sleeve
around the structure and morphing mechanisms; however, the aerodynamic loads greatly
deformed the skin from the preferred shape, increasing parasitic drag. This deformation
reinforced the notion of composite materials as the primary choice for wing skin in morphing
and conventional aircraft. The Z Wing prototype is shown below.
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Figure 43: Lockheed Martin Z Wing

Just as the material used for structural members and the skin has progressed over time, so
has that of winglets. For example, “the Gulf- stream GII winglets had a metallic structure, no
cant, and their connection to the wing was done by using a strong fitting that transfers the load to
the skin and then to a full-depth honeycomb” (Gutierrez 4). More recent winglet designs, such as
that employed in the B737-800 blended winglet, uses a combination of metals and composites. A
study performed by Faye et al. in 2002 proved that “the use of composite materials eliminates the
need for a full-depth honeycomb because the skin is capable of carrying more load” (Gutierrez
5). However, if honeycomb is chosen to be employed, it serves the purpose of providing bending
and torsional stiffness in the winglet.
Gutierrez walks through Michael Ashby’s methodology for the selection of the materials
used in the winglet structure, found in his textbook Material Selection in Mechanical Design.
This approach suggests using material indices, or “ratios of material properties that are more
significant for specific failure modes or types of loading” (Gutierrez 13). The lower the material
index, the better the material is for the specific application. From a loading and failure
standpoint, the spar must resist bending and the skin must resist buckling – requiring materials
for both components to have high stiffness and strength. With regards to the skin, the upper panel
is generally in compression while the lower panel is typically in tension. Typically, the material
is the same, however, this observation allows for the skin panels to have different materials.
Gutierrez first screens the materials by reducing to only aluminum alloys. This choice reflects
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`a

the weight properties of aluminum, traditionally having a density 2,750 bc as opposed to
`a

titanium which is approximately 4,500 bc . The Military Handbook for metallic materials in
aerospace structures provided strength data. Six alloys were considered, producing the table
below (Metallic Materials).
𝜌
E (GPa) 𝜎t (MPa) 𝜎c (MPa)

Material
(Kg/m3)
AL 2024-T3510 2,768

74

331

269

AL 2024-T36

2,768

72

365

310

AL 2024-T861 2,768

72

448

448

AL 6061-T6

2,713

70

248

241

AL 7075-T6

2,796

72

496

496

AL 7475-T651 2,796

73

407

407

Table 1: Material Selection Summary

Gutierrez selected AL 7075-T6 for the structural members of his fixed winglet because of
the high strength in both tension and compression. AL 7075-T6 would be a phenomenal fit for
morphing winglet structural supports as well due to its light weight and high-strength
characteristics. A major concern of the aluminum 7075 series is its lower resistance to corrosion
compared to other 7000 alloys. Coating the AL 7075-T6 structural members of the morphing
winglet with a thin layer of pure aluminum will protect the core material from corrosion due to
current flow.
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Depending on the specific plane model, the dimensions of the winglet may or may not
allow for a full span spar. In the latter case, a honeycomb core can be implemented for the
outboard tip of the winglet to provide structural support.
Manufacturing, Integration, and Fabrication
The manufacturing process behind design, fabrication, and integration is an important
consideration in structural design and material selection. For retrofit planes, there is a great need
for consideration of morphing winglet attachment and easy of instillation. In-production
modification allows the increase of the gage of the structural members of the wing in order to
strengthen the wing for the addition of the morphing winglet.
The connection of the morphing winglet to the wing will depend on the depth of the cross
section. For larger winglets such as those integrated onto commercial aircraft (B737-800, A320),
lug fittings can be employed. Intricacies such as fastener placement and bolt diameter are
functions of distances to the edge of the structure and distances to surrounding spar. Rivet
diameter can be optimized with knowledge of the skin thickness in order to reduce fatigue.
Navigation and strobe lights can be mounted on the leading edge of the winglet, similar to that of
a plane without winglets.
The addition of a fixed winglet on a retrofit plane has minimal effect on maintenance of
the airplane because the structure and systems track established maintenance intervals and life
cycles (Boeing. “Aero Blended Winglets”).
Conclusions
In conclusion, the material of internal supports of the morphing winglet will be the same
as the material for the wing spars, ribs, stringers, and other internal braces of the wings. It was
found that AL 7075-T6 has an optimal strength to weight ratio. There is an option to include a
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honeycomb core at the tip of the winglet if the dimensions do not allow for a full-length spar.
The material for the skin depends upon the morphing motion of the winglet; however, given the
current technological state, composites appear to best fit the winglet skin contingent upon
development of a hinge that is aerodynamic across the range of motion of the mechanism.
Aerodynamic Design Considerations
Review of Aircraft Aerodynamics
Fundamental to understanding the influence of aerodynamics on morphing winglet design
is an understanding of their aerodynamic purpose.
As a review of the flight theory discussed in Part 1, aircraft wings generate lift by altering
the streamlines such that the air pressure underneath the wing is greater than the air pressure
above it. The net lift force is upwards and perpendicular to velocity.
Two negative effects can result from pressure gradient across the airfoil. The first of
those is termed flow separation. This phenomenon occurs when “the fluid flow becomes
detached from the surface of the object, and instead takes the forms of eddies and vortices”
(Flow Separation). This is a result of the velocity of the flow just above the surface falling to
zero due to viscous forces on the skin of the aircraft causing an adverse pressure gradient.
Boundary layer separation is the root cause of stall – a loss of lift and immense increase
in pressure drag. Several modifications exist on modern day aircraft in order to counteract the
potential of flow separation. The most advanced are those termed wing sweep, wing twist, and
camber changes. These minute shape changes serve the purpose of redistributing the lift, thus
ensuring that the wing tip is the last portion of the wing to stall.
The second occurrence that diminishes aerodynamic efficiency as a result of the pressure
gradient is witnessed at the wingtip. The pressure differential causes the high-pressure region
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below the wing to circle around the wing tip up to the low-pressure region above the wing. A
vortex is created, diminishing the wing’s efficiency by causing induced drag. Furthermore, wing
tip vortices can be hazardous to nearby aircraft, explaining speed limitations near airports. Falcão
et al. state, “An approach to mitigate this problem consists in introducing a physical barrier to the
flow of air from beneath the wing to above it” (1). These barriers are collectively termed
winglets.
Conventional winglets are static, and while they do help to reduce wing tip vortices, their
designs (shape, wetted area, location) are a negotiation of numerous conflicting requirements,
resulting in less than optimal effectiveness throughout the flight envelope. Specifically, the
tradeoff is between “the increase in profile drag and the reduction in induced drag” (Falcão et al.
2). A morphing winglet, on the other hand, can modify shape and orientation to optimize
aerodynamics at each flight condition. The benefits of morphing winglets expand beyond
aerodynamics into maneuverability (through a variable center of gravity and moment of inertia),
as explained in a later section.
It is important to note that the addition of two hinged surfaces on an aircraft (in the form
of morphing winglets) would have its own adverse aerodynamic influence. Conventional aircraft
control (ailerons, flaps, tabs, retracting landing gear), which relies on the deflection of hinged,
discrete surfaces, “sets up localized areas of severe adverse pressure gradients (typically along
the hinge line) that both promote and produce regions of flow separation” (Gatto et al. 1811). As
a result, the wing efficiency is compromised, producing suboptimal performance. Thus, the
search for streamline wingtip morphing continues, either through the use of smart materials or a
clever conventional design.
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Quantifying Aerodynamic Efficiency
Clearly quantifying aerodynamic efficiency is a key discussion point for morphing
winglet implementation. Put simply, “the optimization problem consists in finding the wingtip
geometry (described by the toe angle, cant angle and wingtip length) that maximizes or
minimizes a performance metric (lift; lift-to-drag; drag) for each flight condition, while
respecting some imposed conditions (such as maximum stress or displacement)” (Falcão et al. 4).
The performance metric produced by the morphing wingtip must be better than that of a fixed
winglet. What is that performance metric?
Falcão et al. determined that the parameter to be optimized depends upon the aircraft, as
shown in the table below.

Table 2: Performance Metrics for Various Goals

I believe the optimization power that lies within morphing winglets extends far beyond
aircraft type. Morphing winglets could improve the aircraft’s performance for a very specific
task according to its mission – ranging from speed, maneuverability, range, climb rate, fuel
efficiency, and runway requirements. Falcão et al. state, “it may be possible to design morphing
winglets for specific tasks, such as mitigating an aircraft's wake turbulence, improving the wing's
dynamic characteristics or even controlling shock wave formation and/or propagation” (2). The
potential for morphing winglets to optimize individual flights in different environments
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(velocity, air density, angle of attack) to specific goals is extremely powerful, creating a
spectrum of benefits from improving a runway’s efficiency to impacting flutter behavior.
The performance metric, however, extends beyond aerodynamic performance. Design of
morphing winglet technology must expand beyond aerodynamics. The optimal morphing winglet
design must also incorporate other essential components, including weight and cost. For
example, the weight penalty associated with the addition of a winglet (caused by wingtip mass
itself and the stronger wing structure imposed by the increase in wing root bending moment)
causes an increase in drag that needs to be factored into optimization (Büscher et al. 668 - 678).
In fact, the benefits of static winglets (reduction of induced drag) have not offset the penalties
(cost, weight, complexity) until recently. The technology now available for morphing winglets
make the benefits outweigh the penalties; however, cost benefit analyses are essential in order to
further refine the design.
Design Variables
Static wingtips are attached to the outboard wingtip at a fixed orientation. However, if
this connection is replaced by one or multiple servo actuator commanded articulations, the
winglet can alter its orientation throughout the flight to optimize efficiency throughout the entire
flight cycle. While there are a variety of degrees of freedom that could be driven within a
morphing winglet, two stand out – cant angle and toe angle.
The variation of cant (dihedral) angle in a morphing winglet has great promise, as my
wind tunnel results revealed. This is the most common concept of winglet aerodynamic
optimization.
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Figure 44: Visualization of Cant Angle (Reddy et al.)

Of lesser consideration is toe angle. Optimal toe angle was not explored in my testing;
however, literature has determined it as a great candidate for morphing winglet technology as
well. Boeing, in creating their fixed, blended winglet, explored the toe angle as a viable
parameter. Their findings further validated the need for toe angle actuation. At a configuration of
0-degree toe angle, the induced drag was minimized but it resulted in high wing loads. Boeing’s
final design settled on a 2-degree toe angle, compromising between reducing wing-bending loads
and maintaining minimal cruise drag. The breakdown of total drag of the winglet as a function of
toe angle at the cruise condition is shown below (Boeing. “Aero Blended Winglets”).

Figure 45: Influence of Angle of Attack on Drag Components

Their findings also showed that “the toe-out angle change did slightly reduce the wingletinduced lift when the flaps were down” (Boeing. “Aero Blended Winglets”). This discovery
reinforces the need for morphing in the toe angle as the morphing winglet’s optimal
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configuration contains a 0-degree toe angle during flaps-down operation but a slight toe out
angle during cruise. Falcão et al. reinforces this idea with the notion that toe angle, which is only
optimum for one flight condition, controls the overall winglet loads as well as the winglets effect
on the load distribution of the whole wing. Additionally, the “angle of attack of the winglet is a
function of the wing's lift coefficient, which depends on the flight condition,” once again
validating the necessity of morphing winglet technology (Falcão et al. 2).
Design choices of morphing winglet design can affect other design parameters, such as
the overall weight and the center of gravity of the mechanism. Boeing considered both to address
the effects of flutter and dynamic loadings. Minute details such as the location of winglet lights
and painting specifications contribute to both types of loadings. Boeing, in an effort to meet
flutter requirements, had to add a wingtip ballast on the front spar in order to counteract the
minuscule weight of the winglet toward the rear (aft) of the plane. This was a simpler, more costeffective modification than structural changes to the wingbox; however, it would not be
necessary for all winglet additions, morphing or not. Whether ballast or structural wing
modifications were required, analysis would be required to verify adherence to required torsional
and bending stiffness in the wing. This principle extends into damage tolerance and fatigue
certification (Boeing. “Aero Blended Winglets”). The center of gravity of a morphing winglet
would change throughout flight, requiring integration into the control system, as addressed in a
later section. In summary, regardless of the number of parameters which the morphing winglet
technology incorporates into actuation, the “induced drag reduction must not be offset by the
necessary profile drag and structural weight increases” (Gutierrez 2).
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Computational Design
Proper design of the morphing winglet based upon simulation of the critical aerodynamic
loads described above requires knowledge of proper analysis techniques and tools. Computer
Aided Design (CAD) would assist in refining the aerodynamic profile of the winglet, and then
lead into structural load simulation in order identify critical conditions for the winglet (described
above). A FEM would support in both further sizing the structure/actuation system and
addressing fabrication/assembly requirements.
The calibration of aerodynamic loads in simulation would be executed by matching lift
and drag curves with wind tunnel tests (Gutierrez). CFD programs (such as Fluent or CFX) could
then implement a performance analysis by examining the pressure distribution on the morphing
winglet in order to back out critical loads and reactions at the wingtip connection. The parametric
fluid-structure interaction study would assist of geometric optimization of the morphing winglet.
As described above, generating the optimal profile, size, and weight of a morphing
winglet expands beyond aerodynamic optimization into structural and thermal analysis. Falcão et
al. state, “Naturally, the analysis and optimization of the morphing wingtip will consider a
greater variety of flight conditions and performance metrics” (7). Gutierrez used ANSYS
Workbench for its capability to couple fluid dynamics with structural analysis in his
multidisciplinary design optimization (MDO). ANSYS Mechanical allows for stress, thermal,
modal, and fatigue simulations, all of which are essential in design. Strelec et al. performed a
similar MDO method in order to determine the necessary placement of SMA wire actuators
within a morphing wing (Strelec et al. 257 - 273).
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Aerodynamic Loadings
Now that the design parameters are established, as well as the numerical methods
required for proper design, the aerodynamic loading requirements can be further quantified. The
maximum load envelope on the outboard tip of the wing is not only established by static
loadings, such as those explained in the FAA Requirements section, but also influenced by
dynamic structural design considerations. These dynamic flight loads comprise primarily of wind
gusts or turbulence and they effect all structures of the aircraft. On a very simplified level, the
components of the plane function as mass spring damper systems. In order to control the
airframe’s response to various aerodynamic loads, these parameters can be carefully chosen.
With regards to a morphing winglet application, the weight of the mechanism itself paired with
its location on end of the wing results in heightened dynamic loads.
Morphing winglets, despite their small size and low weight, have to carry the spanwise
aerodynamic loads. Increasing the structural stiffness of the morphing winglet can help to
achieve this, and the stiffness can be allocated symmetrically or unsymmetrically. If its design
asymmetrically, then the linear actuation force will induce a deformation. As a result, the
optimized winglet would need to account for deformation under aerodynamic loads and
asymmetrical actuation displacement (Wang et al.).
Whitcomb, upon his invention of static winglets in 1976, found that sideslip and gust
flight conditions serve as the critical cases (Gutierrez 6). The sign convention for roll and
sideslip angles is presented in Figure 48 along with notation for the reference coordinate system.
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Figure 46: Sign Convention used for Roll, Sideslip and Reference Orientations (Guiterrez)

Gutierrez validated this finding through Computational Fluid Dynamics (CFD), finding
that sideslip creates the highest bending moment in the winglet and thus the largest stresses.
However, the winglet also maximizes lift during sideslip. Throughout the duration of morphing
winglet design, it is essential to check the maximum and principal stresses created during
sideslip with the ultimate strength, compressive yield strength, and tensile yield strength
(Gutierrez). A diagram of the pressure distribution along the boundary of a static winglet during
various maneuvers is shown below.

Figure 47: Normal Pressure Diagram

Gust, like sideslip, creates a high moment at the winglet root. However, Gutierrez found
that gust conditions generate the highest shear force, with sideslip as a close second. These
findings are summarized in Figure 50 below.
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Figure 48: Shear Diagram

The gust condition was created mathematically using a model that assumes vertical gust,
thus increases the angle of attack of the aircraft without affecting the speed. The aerodynamic
profile of gust conditions within a simulation is a function of gust velocity, aircraft weight, and
aircraft geometry. A diagram displaying gust conditions and the resulting increase in angle of
attack is shown below (Gutierrez 7).

Figure 49: Impact of Gust on Angle of Attack (Torenbeek and Wittenberg)

Roll, a maneuver traditionally critical for the outboard section of the wing is another
driving load (Faye et al. 124). It is important to note that the CL to CD ratios generated in the
wind tunnel at various roll angles do not change significantly relative to the planar case. Thus, it
can be concluded that moderate deflections of the winglet during roll would not diminish
aerodynamic efficiency. Regardless, the aerodynamic loads produced by sideslip, gust, and roll
conditions can be effective in helping refine the winglet structure/sizing within a Finite Element
Analysis problem.
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Flutter is yet another important design consideration for morphing winglet integration. In
general, flutter is referred to as the oscillation created in the wings due to fluid-structure
interaction. Flutter becomes a serious problem when the energy in the structural and
aerodynamic loads exceeds that which the damping in the structure is capable of absorbing.
When this occurs, the harmonic amplitude can increase until failure. Boeing states that “an
airplane with winglets is sensitive to the weight and center of gravity (CG) of the winglets and
associated structural wing changes. Additional weight near the wingtip, either higher than or aft
of the wing structural neutral axis, will adversely affect flutter” (Boeing. “Aero Blended
Winglets”).
Wind Tunnel & Flight Testing
Upon analysis of the morphing winglet, the prototype would be fabrication. Validation of
the simulation results is a necessary step before flight tests. Proper scaling can serve to expedite
the fabrication process while simultaneously allowing for greater design refinement upon the
collection of test data by enabling the use of wind tunnel testing. Furthermore, hardware tests
help to refine computer analysis models.
The scalability of morphing wing concepts is not fully understood yet; however, it is
needed to achieve “sufficient structural stiffness, robust aero-elastic designs, and an adequate
flight control law to handle the changing aerodynamic and inertia characteristics of morphing
vehicles” (Barbarino et al.). Obviously, morphing winglet scalability is a complicated
proposition, yet one that is advantageous to the entire design process.
During testing of the Boeing 737 blended static winglet, both wind tunnel and flight tests
were employed. Wind tunnel test data for the cruise configuration determined the change in
pressure distribution on the airfoil for a wing with no winglet vs. a wing with a blended static
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winglet. The results aided in refining analysis and minimizing the adverse effects of higher
structural loads due to winglet integration (such as flutter). Verification of the design in wind
tunnel tests led to the conduction of flight tests, which provided data on drag reduction, loads,
handling qualities, and aerodynamic efficiency. Strain gages and pressure taps were used in
collecting the data that both adjusted and validated aerodynamic results from the wind tunnel
tests (Boeing. “Aero Blended Winglets”).
Conclusions
The following paragraph summarizes the aerodynamic influence on morphing winglet
design by reviewing wing tip vortices, the need for morphing, morphing parameters, measures of
efficiency, and multidisciplinary design tools.
Aircraft generate lift using wings, which cause the pressure beneath the wing to be higher
than the pressure above the wing, producing an upward force. On the ends of the wings, the highpressure air wraps around the wingtip and joins with the low-pressure air. These swirls, termed
wingtip vortices, are sources of induced drag. Induced drag not only negatively affects aircraft
performance, but the wing tip vortices also pose as a threat to nearby aircraft. An approach to
mitigating this pressure diffusion is to insert a physical barrier between the air above the wing
and the air below it. These extensions are referred to as winglets. The introduction of static
winglets greatly improves performance; in fact, Boeing found a 4 to 5 percent increase in fuel
efficiency when integrating a winglet onto a prior winglet-less airplane (Boeing Aero Blended
Winglets). Other advantages include increased payload capability, reduced noise, and increased
range.
While the advantages to current (motionless) winglets are undeniable, the aerodynamic
characteristics of the lift coefficient (CL ), drag coefficient (C D ) and lift-to-drag ratio (L/D)
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differ over a range of angles of attack. The optimal cant (dihedral angle) at one angle of attack is
rarely optimal at another, illuminating immense compromise in current day designs and thus the
need to optimize winglet position throughout an entire flight cycle in order to truly maximize
aerodynamic efficiency.
There are several winglet parameters that can be morphed throughout flight in order to
amplify aerodynamic efficiency, namely cant angle and toe angle. Current, static, winglets select
a set angle for each, both of which are non-ideal for any point in the flight envelope. From an
aerodynamic standpoint, controlling the position of the morphing winglet via conventional
hinged actuators is a difficult task as surface disjunctions create unwanted discontinuities in the
flow characteristics.
Defining the performance metric for morphing winglets requires specific knowledge
regarding the aircraft and mission type. For example, while maximizing the lift to drag ratio may
be the primary goal for commercial flight, other missions may have a greater concern for ascent
rate, in which maximizing lift would be the desirable outcome.
Due to the complexity of morphing winglet devices and the wide variety of performance
metrics, simulation tools that drive design must expand beyond aerodynamic optimization. For
example, while morphing winglets would enhance aerodynamic efficiency, they would also
increase static loads, fatigue parameters, overall weight, and maneuver load factors (Rules and
Regulations 1163). As a result, morphing winglet profile construction, structural configuration,
and actuator placement would require a Multidisciplinary Design Optimization, or MDO. A
coupled analysis examining aerodynamic, structural, thermal, modal, and fatigue simulations is
mandatory in successful design. All things considered, the morphing winglet “optimization
problem consists in finding the wingtip geometry (described by the toe angle, cant angle and
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wingtip length) that maximizes or minimizes a performance metric (lift, lift-to-drag, drag) for
each flight condition, while respecting some imposed conditions (such as maximum stress or
displacement)” (Falcão et al. 4).
Morphing Winglet Control System Impact
Morphing winglets, despite serving a primary purpose of boosting aerodynamic
efficiency, would also have an impact on an aircraft’s control system. The current control system
of an aircraft relies on morphing surfaces – including flaps, ailerons, slats, and elevators – to
control the aircraft in all three directions. The control parameters – such as independent control,
degrees of variability, and failsafe behavior – of current control surfaces are established, and the
impact of morphing winglets is extrapolated. Finally, the concept of morphing winglets serving
as primary control surfaces is considered.
Existing Control System
Before delving into modern aircraft control surfaces, it is important to understand the
directional terminology for an aircraft. Roll describes a rotation about the longitudinal fuselage
axis. Pitch describes the incline or decline of the plane while yaw can be thought of as a turn.

Figure 50: Standard Aircraft Directional Orientation (Gatto et al.)
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The diagram below highlights the complex control system of a commercial jet. In
general, elevators are employed for pitch control, ailerons for roll control, and rudders for yaw
control. Combinations of the control surfaces produce more complex maneuvers, such as bank
turns.

Figure 51: Commercial Airplane Control Surfaces ("Flight Control Surfaces")

Morphing Winglet Control System Impact
The deflection of most control surfaces of modern airplanes is directly tied into the
joystick. That is, the pilot does not have independent control over each flap. By coupling the
entire control system, flight control is simplified for the pilot.
This same principle would apply for morphing winglets. Essential parameters (velocity,
angle of attack, etc.) determining the ideal cant angle would be analyzed, the morphing winglet
would move to the optimized position, and the control system would react accordingly without
requiring the pilot’s assistance. With that said, research is currently examining a disengageable
coordinating relation between the rudder and aileron systems. As a result, “they may be operated
automatically in coordination on movement of either the rudder or aileron or may be disengaged
at will in flight (or at rest) for separate and independent movement” (Garehime 3). Although
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uncoupling the morphing winglets would certainly complicated control, it would provide the
potential for greater maneuverability.
Regardless of the morphing winglet’s coupling, it is essential that each morphing winglet
would be controlled safely and easily when changing configuration. Roskam, on page 19, defines
a configuration change as any of the following events:
1. Change in COG location
2. Change in thrust (or power) setting (voluntary or failure)
3. Hard-over failure of any control or trim surface
4. Change in landing gear position (up or down)
5. Change in flap position (up, takeoff, approach, or landing)
6. Change in speed brake position (retracted or deployed)
7. Store release (bomb or payload drop): symmetrical and asymmetrical
8. Weapons firing
9. Combat damage
While these events do not have to be assumed to occur simultaneously, it is important to
ensure “sufficient control power is available to cope with all required configuration changes”
(Roskam 8).
The impact of morphing winglets on the control system of an aircraft can be derived from
the impact of morphing wing sweep components. Evaluations of such aircraft revealed that the
center of gravity and the aerodynamic center changed with the morphing wing sweep. As a
resulted, the longitudinal stability of the plane is majorly affected with minor disturbances in
lateral stability (Barbarino et al. 838). Extending this notion to morphing winglets, it can be
concluding that a pure cant angle change during flight would rotate the mass about an axis
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parallel to the wing root chord line (assuming 0-degree static toe angle) and thus the longitudinal
location of the airframe center of gravity (COG) would remain unchanged throughout the
transformation despite the span length changing slightly. Nevertheless, the vertical COG would
be impacted. Furthermore, if the morphing winglets are forced to become uncoupled in the
control system (left winglet having different cant angle than the right winglet at given instance),
the spanwise COG would be affected too (Bourdin et al. 417). Clearly, independent movement of
the morphing winglets to aid in maneuverability greatly complicates the control scheme.
Additionally, winglet independence would remove at least one winglet from the optimized
position, however, this may be tolerated to assist in a maneuver.
Failsafe Behavior
The failsafe behavior is an important consideration for all mechanisms on an aircraft,
including morphing winglets. To begin, modern planes’ control systems enforces displacement
limits on major control surfaces. For example, the aircraft must decelerate below a certain speed
before leading edge flaps can be deployed for landing. Various limits could be enforced upon
morphing winglet transformation to ensure safety throughout flight.
Investigation into morphing helicopter prototypes also revealed some applicable notions.
One design required the flap system to change between only two stable positions. “The
bistability of the flap system meant that the electromagnetic actuator was only required to transit
between these two stable states, and not to maintain the states” (Barbarino et al. 859). The
importance of removing the need of the actuator to maintain states was discussed earlier from a
mechanism standpoint but is reinforced in considering the control system. A potential idea for
morphing winglet design and integration would be to establish, say, 10 preset positions of the
cant angle. Discretizing the range of motion would slightly lower the optimization potential, but
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also simplify the control system while simultaneously decreasing the required power and
lowering the chance of failure.
Ensuring acceptable flying qualities following failure(s) of flight crucial components is
an important aspect of the integration of morphing winglets into an aircraft’s control system. It is
a requirement that airplanes can “make turns at a specified bank angle (dependent upon type of
airplane) into and away from one or more inoperative engines” (Roskam 19). Assimilating
morphing winglets into the control system could aid the failsafe behavior of the entire aircraft. In
the case of failure of the primary morphing winglet actuator, a backup would provide the
required deflections (as shown in my design below). Furthermore, establishing a “failsafe
position” of the winglet upon failure (such as 70-degree cant angle, 0 toe angle) would ensure
stability despite a mechanical or electrical failure.
Conclusions
Not only are morphing winglets advantageous aerodynamically, but their impact could
also benefit the airplane from a control standpoint, as was briefly discussed above. Various
investigations have analyzed the use of variable-cant-angle winglets as an alternative to
conventional control surfaces such as flaps, elevators, and rudders for basic maneuvers. To
begin, morphing winglets, when moved in tandem, allow pitching control in both directions
enabling speed and climb angle changes without altering the lateral balance. This capability is
due to morphing winglets altering the aerodynamic COG when moved around their root axis
(unchanged chordwise COG assuming no toe angle change). In other words, a disruption of the
symmetry of the wing relative to its longitudinal plane is created. Morphing winglets would
change pitch through a dynamic static margin as oppose to alteration of the zero-lift pitching
moment created by elevators (Bourdin et al. 421). Beyond pitch control, morphing winglets also
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show promise for roll control. An RC flight test model showed “qualitative evidence of a roll
rate at least comparable, if not superior, to that generated by a pair of conventional ailerons”
(Bourdin et al. 422). Roll control through the use of morphing winglets would be most effective
at low speed – such as with surveillance aircraft – as the generated roll control moments are
proportional to the lift coefficient. A free body diagram describing morphing winglet use in a
coordinated turn is shown below.

Figure 52: Asymmetric Wing-Tip Arrangement to Initiate Coordinated Turn (Bourdin et al.)

The ability of morphing winglets to create control moments about multiple axes differs
greatly than a convention, decoupled control system. However, many studies have concluded
that a single pair of morphing winglets cannot operate on their own to control through the entire
flight envelope. A third control surface, such as elevators, would be required to access a
continuous range of turn radii. Bourdin et al. and Gatto et al. confirmed the above notion in their
investigations of morphing cant angle winglets for aircraft control. Using a prototype planar
wing consisting of a pair of servo-driven winglets, it was found that “a single pair of adaptive
winglets cannot replace all the conventional control surfaces and an elevator was included to trim
the aircraft, especially during level turns at arbitrary bank angles” (Barbarino et al. 848).
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Clearly, expanding the purpose of morphing winglets beyond aerodynamic optimization
into control surfaces has great potential. In fact, other control surfaces could be removed, thus
further justifying morphing winglet technology as the airplane’s weight would be reduced,
further increasing aerodynamic technologies.

DISCUSSION OF RESULTS

Upon completion of the research described above, I began formulation of my morphing
winglet (variable cant angle) design. Listed below are major design recommendations found in
research that were incorporated into my rudimentary design.
Integrated Design Recommendations
-

Driving mechanism: linear electronic servo actuator
o Produces required force and precision

-

Failsafe behavior: backup servo actuator

-

Mass addition minimized

-

Proper structural configuration

-

Proper material selection of structural members

-

Design aims to minimize adverse pressure gradient at hinge

The design of the hinge and driving mechanism incorporated aspects of the flaps, slots, and slats
that are present on current day aircraft. Although the purpose of these control surfaces is slightly
different than that of morphing winglets, they are all three utilized so that an aircraft can provide
a lot of lift at low speed and is still very efficient (low drag) at high speed, just like morphing
winglets would do. An example arrangement of a triple stage slotted flap system is shown below.
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Figure 53: Three Stage Slotted Flap System (“Basic Aircraft Control System”)

Upon an investigation into the mechanical arrangement of common control surfaces,
nearly all of which utilize a drive shaft to cause rotation about a pinned location, I began refining
my design by considering different joints allowing the morphing winglet to alter its dihedral
angle throughout flight. An examination of the required degrees of freedom of the morphing
winglet yielded the selection of a hinge/pin joint in the design. Images of the morphing winglet
design are shown below.
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Figure 54: Winglet Cant Angle Morphing

Figure 55: Morphing Winglet Cant Actuation
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While this design provides a basis for which to further develop the mechanical and
structural subsystems of a morphing winglet, there are also ingrained limitations to morphing
winglet design, as summarized below.
Limitations
-

Increased Complexity (mechanisms + controls)

-

Increased Weight (due to actuators)

-

Increased Power Consumption

-

Difficulty in Preserving Ideal Aerodynamic Characteristics at Hinge

-

Challenging Retrofit Integration

However, there are many advantages of morphing winglet design, as shown.
Benefits
-

Increased Range

-

Increased Payload Capacity

-

Increased Maneuverability

-

Reduced Fuel Usage

-

Reduced Noise

-

Reduced Wake

-

Reduced Cost

Control System
The following section contains information that describes the evaluation of a control
system, which inputs the aircraft velocity and angle of attack and outputs the optimized cant
angle for a given performance metric (based upon wind tunnel test data).
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As described earlier, the performance metric varies greatly depending on aircraft type and
mission goals. Performance metrics could include maximizing: lift coefficient, L/D ratio, climb
rate, altitude, range, speed, sustained turn rates, etc.; minimizing: drag coefficient, moment, or
fuel usage. Furthermore, the parameter of interest may vary between stages in flight.
The need for an advanced optimization algorithm is undeniable. At cruise, maximizing
the L/D ratio is the primary metric and this requires the least amount of thrust, thus optimizing
efficiency. The control system is built upon real time velocity and angle of attack measurements
in order for the morphing winglet to optimize its position quickly.
Due to the complex nature of the data and the number of degrees of freedom, accurately
fitting the data was a tedious process involving a linear model (multiple linear regression
analysis) and a power model. In order to prove the concept, I began by comparing the predicted
L/D ratio (found by a function of angle of attack, cant angle, and velocity) to that of the
experimental L/D ratio.
𝑦 = 𝑐e 𝑥e + 𝑐/ 𝑥/ + 𝑐f 𝑥f + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
Where y represents the performance metric, 𝑐e is a coefficient representing the angle of attack
dependence, 𝑐 / is a coefficient representing the winglet cant angle dependence, and 𝑐 f is a
coefficient representing the velocity dependence.
After consideration of several multiple regression models, it became evident that the
power model more effectively modeled the data. The figure below shows the accuracy of the L/D
ratio calculated by the multiple linear regression analysis relative to the experimental values for
both the linear model and the power log model. A perfect model would have all data converge to
the green line.
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L/D Ratio Control System Analysis
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Figure 56: Control System Analysis – L/D Ratio

While the model does not effectively model the data for the first 30 entries, it is
extremely effective at predicting the performance metric based upon the angle of attack, winglet
angle, and velocity for the last two thirds of the data set.
Next, I changed the performance metric from L/D ratio to the lift coefficient, CL. A
comparison of the linear fit vs. the power log fit relative to the experimental data is shown
below. Ideally, the data will lie on the green line – signally a perfect correlation between the
known lift coefficient and the predicted lift coefficient.
Lift Coefficient Control System Analysis
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Figure 57: Control System Analysis – Lift Coefficient
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Overall, the performance of the power polynomial regression model more closely
reflected the data than that of the linear polynomial regression model, seen in the fact that the
average percent error of the power model was 16.3% while that of the linear model was 24.3%.
Furthermore, the max percent error for the power log model was 30.5% as compared to the linear
model max percent error of 70.8%.
With that being said, modeling the data using the drag coefficient (CD) as the
performance metric was more difficult. The linear model resulted in 56% average error, while
the power model resulted in 37% average error.
While prediction results were far from perfect, this simple regression analysis provided
validation that, one day, an optimized morphing winglet control system will be feasible. It
proved that the performance metric can be altered and still yield accurate results by accounting
for the instantaneously flight environment.
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CONCLUSIONS AND FUTURE WORK

The results from the wind tunnel tests made it evident that static winglets, while they do
increase the aerodynamic performance of an aircraft when compared to an aircraft with no
wingtip device, are a compromise between a multitude of competing requirements and flight
conditions. Just as an aircraft cannot provide you high lift at low speed and yet be very efficient
(low drag) at high speed without the use of flaps, an aircraft cannot optimize drag reduction, lift
promotion, and control maneuverability without the integration of morphing winglets.
There are certainly difficulties to wingtip morphing. Challenges include increased
complexity, increased weight, increased power consumption, and complications with regards to
preserving idyllic aerodynamic characteristics at the hinge. This last difficulty is the greatest of
all and necessitates the creation of a clever actuated skin interface or the development of smart
materials.
With that said, the benefits of a properly designed morphing winglet would far outweigh
the added challenges. The aerodynamic advantage is undeniable, increasing range, payload
capacity, and maneuverability while reducing fuel usage, noise, runway requirements, and
aircraft wake interference.
While great developments have been made in morphing wingtip design, there is a great
need for continued development. Barbarino et al. encourages the continued pursuit of blended
morphing and smart structures, capable of sensing the external environment and reacting
accordingly. These innovations – requiring multidisciplinary thinking to handle the significant
increase in complexity – are essential to overcome the penalties associated with morphing
applications (Barbarino et al. 827). Specifically, the generation of a skin material that is flexible
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yet load supporting would greatly amplify morphing benefits. Additionally, maturing distributed
actuator technology and coupled control surface theory is required to fully unlock the potential or
morphing winglets.
While the potential of morphing winglets on manned vehicles exceeding several thousand
pounds may not be feasible in the near future, smaller, unmanned aircraft could provide an
excellent platform for not just prototyping, but also widespread integration. As our understanding
of flight is developed, our aircraft fleet is becoming increasingly like our feathery friends in the
sky. In fact, NASA believes that within 30 years our skies may be filled with aircraft more
similar to birds, controlled by surfaces that change their shape instantaneously and continuously.
While morphing winglets are by no means the Holy Grail, their widespread benefits would push
innovation, enhance flight performance, and lower cost. So, next time you look out the window
of a plane, I hope you give thought to the engineering behind the flap on the end, and even more
consideration to its potential in the future.
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Wind Tunnel Calibration Data

Post Drag Calibration Data
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Wind Tunnel Data
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Raw High-Speed Wind Tunnel Data
Note: yellow = best case, red = worst case

