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Both the changing wing structure and folding capability are
key aspects of this project, but this paper will focus on the
more unique dynamic polyhedral wing structure.

Abstract—In modern aeronautics, airplane wings are designed
to maximize stability, efficiency, and maneuverability within the
constraints of traditional fixed structures. This project explores
possible improvements to these properties when the constraints
of fixed structures are relaxed, and wing geometry can change
in-flight. This project focuses specifically on the design of a
mechanism for adjusting the upward angle of wings, otherwise
known as dihedral angle. In addition, the same mechanism is
able to fold the wings and tail of the aircraft, reducing its storage
footprint. This feature is advantageous in storage environments
where space is limited, such as aircraft carriers. After several
design iterations using Autodesk Inventor, a radio-controlled
model plane was constructed to demonstrate the described
mechanisms. All of the mechanisms operated as intended, making
this project a successful proof of concept.

II. BACKGROUND
A. Aircraft Movement

I. I NTRODUCTION
Before an aircraft is constructed, every aspect has been
predetermined for months or years ahead of time. The exact
wing size, shape, and placement have been determined through
computer analyses of efficiency, stability, and structural integrity. Sacrifices are made in one area to improve another.
Instead of trying to redefine these conventions, this project's
main focus became to explore a changing wing structure to
minimize these compromises.
Another problem recently highlighted in the aircraft industry
is the size and footprint of aircraft. Boeing recently revealed
folding wingtips on the 777X because the wings were too large
to fit into hangars. However, this problem has existed since
World War II on aircraft carriers that have to store upwards of
90 aircraft in only four to five acres [1]. The lack of space
causes accidents and makes working dangerous. The other
focus of this project was the development of folding wings
and tail to more effectively store the aircraft.

Fig. 1. Forces on an Aircraft [2]

There are four basic forces on all airplanes during flight, as
seen in Figure 1: lift, weight, drag, and thrust. Lift is the force
exerted upwards on the airplane and is dependent on factors
such as shape, size, and velocity of the plane. Wings are the
primary source of a plane's lift. Lift directly opposes weight,
which is the force of gravity pulling the aircraft downwards.
Drag and thrust operate on the plane perpendicular to that
of lift and weight. Drag is the air resistance that the plane
experiences as it moves through the air, and always acts in
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the direction opposite of the aircraft's movement. Drag is
counteracted by thrust, which is generated by some sort of
propulsion system. For example, in Figure 1, thrust is created
with the engines mounted on each of the wings. These four
forces control the movement of an aircraft. If these forces are
balanced, the plane will fly at a constant height and velocity. If
they are not balanced the plane will accelerate in the direction
of the strongest force [2].

Forward thrust is created through propulsion systems, such
as turbine engines on each wing in Figure 3 or propellers often
used for RC crafts. When thrust is created so is drag, which can
be partially alleviated with winglets. The fuselage is the body
of the aircraft and houses the cockpit. The flaps and spoilers
can increase or decrease lift and drag, and are primarily used
in taking off and landing to help the plane speed up or slow
down. [4].
C. Math Behind Lift
In order for the plane to fly, it must be able to generate lift
greater than or equal to the weight of the plane to keep it in
the air. The lift an aircraft's wings generate, in Newtons, can
be calculated using the lift formula [5]:
L=

1 2
ρv SCL
2
(1)

In this equation, ρ is the density of air, V is the velocity of
the aircraft, S is the wing area, and CL is the coefficient of lift,
which is determined experimentally through wind tunnel tests.
Once these values are determined, the total lift, L, generated
by the aircraft can be calculated. In order to increase the total
amount of lift, an aircraft must be designed with the ideal wing
area and coefficient of lift, features unique to a given aircraft.

Fig. 2. Aircraft Rotations [3]

All airplanes are controlled along three axes, yaw, pitch,
and roll. As seen in Figure 2, the yaw axis is perpendicular
to the wings and allows the aircraft to rotate side to side. The
rudder on the vertical stabilizer of the tail controls this motion.
The pitch axis is parallel to the wings and controls the up and
down motion of the nose of the aircraft. The elevator on the
horizontal stabilizer of the tail controls pitch. The third axis
of motion is the roll axis, which is parallel to the length of
the plane and controls the up and down motion of the wing
tips. Ailerons located on each wing control roll. It is important
that an aircraft have control authority over all three axes of
rotation in order fly in a controlled manner [3].

D. Airfoils

Fig. 4. Parts of an Airfoil [6]

An airfoil is a shape with curved surfaces that outlines the
cross-section of an aircraft's wings, propellers, and stabilizers.
The shape of an airfoil is designed to optimize the ratio of
lift to drag, maximizing lift and minimizing drag. The airfoil
spans from the leading edge to the trailing edge of the airfoil.
The chord line is the distance from the leading edge to the
trailing edge, and splits the airfoil into an upper and lower
surface. The mean camber line evenly divides the upper and
lower surfaces, allowing the camber to clearly be seen. The
camber is the maximum distance between the chord line and
mean camber line. An airfoil is only symmetric when the mean
camber line lies directly on top of the chord line, and therefore
has no camber. [7].
NACA, the National Advisory Committee for Aeronautics,
developed a four digit classification system to describe the
important geometry of the airfoil, namely maximum camber,
location of maximum camber, and maximum thickness, reported as percentages of mean chord length. The system was
developed by NACA in the 1930s, and they soon after created

B. Parts of an Aircraft

Fig. 3. Parts of an Aircraft [4]
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a catalog of different airfoils that were described by this four
digit system. [8].
The angle of attack is the angle between the oncoming air
of a plane and the reference line of the plane, which typically
goes through the fuselage. If the angle of attack becomes too
large, air will no longer pass over the wings correctly, leading
to a potential stall. The angle of attack is not the same thing
as the pitch angle, which is simply the angle between the
reference line and the horizon. [9].

them into signals for the servos. Each servo then moves to their
proper position based off the commands from the receiver.

E. Basic Electronics

Fig. 6. PWM Diagram [11]

Each servo has three wires, voltage, ground, and a signal
wire. Both the voltage and ground wires are for power while
the signal wire is used to send the intended angle. The
signal sent to the motor is a pulse that ranges between 1100
microseconds to 1900 microseconds for 0 and 180 degrees
respectively. The pulse is a square wave as seen in Figure 6.
This wave is called a pulse width modulation (PWM).
F. Effect of Dihedral on Flight Characteristics
Fig. 5. Standard Model Airplane Electronics Layout [10]

On a full scale aircraft, the moving flaps and engines
are controlled with pistons, motors, and flight computers in
addition to the manual controls in the pilot's hands. In a model
aircraft, the controls are put in the hands of the pilot standing
on the ground while each input commands either the motor or
servos moving the control surfaces.
The battery supplies power to the receiver, the motor, the
electronic speed controller (ESC), and the servos as seen in
Figure 5. The most common type of battery found in model
aircraft is a lithium polymer (LiPo) battery due to their high
energy density and amperage output. This is important because
the motor can draw upwards of 30 amps which only a LiPo
battery could provide.
There are two types of motors. Brushed motors run off
of direct current (DC) and have physical brushes to turn the
motor while brushless motors use alternating current (AC) and
use permanent magnets instead. Brushless motors are used in
model aircraft most of the time because of their efficiency and
the higher speeds they can achieve.
A brushless ESC's main job in a model aircraft is to change
the DC current from the battery to an AC current of varying
voltage for the motor. If a brushed motor is used, the brushed
motor ESC only controls the voltage.
More crucial parts of the aircraft are the receiver, transmitter, and servos. The main job of the transmitter is to take the
inputs from the pilot and convert them to radio signals for the
receiver. The receiver then takes the radio signals and converts

Fig. 7. Dihedral Angle Effect 1 [12]

Dihedral is the upward angle of the wings of an aircraft
from their local horizontal. It is the principal factor in determining the magnitude of the dihedral effect, a restoring
roll force present with non-zero angles of sideslip that helps
to keep aircraft at wings-level. A sideslip occurs when the
aircraft moves sideways relative to the oncoming airflow. This
sideslsip occurs as a result of the net lateral force induced by
the wings as in Figure 7. As seen in Figure 8, this restoring
force is due to the lower wings higher angle of attack. This
increased angle of attack increases lift on the lower wing,
rolling the plane until it returns to a wings-level position.
Typically, this is a desirable effect as it reduces the need for
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and finite element analysis environment, using computer aided
design (CAD) programs such as Inventor and Solidworks.
These models served as a precursor to the construction of
the aircraft. The 3D modeling software showed the optimal
locations of the key components of the design in order to
balance the craft and be used in the most efficient way
possible.

Fig. 8. Dihedral Angle Effect 2 [13]

pilot input to correct for minor disturbances, however, it does
presents several disadvantages.
Because aircraft with dihedral experience a restoring force
in the roll axis, many roll maneuvers are significantly hindered.
When aileron input is given to roll the aircraft, a wing with
no dihedral responds by rolling the aircraft a proportionate
amount regardless of orientation. With a significant dihedral
angle the dihedral effect works constantly to keep the wings
level. Some aircraft which require high maneuverability, such
as fighter jets, use a negative dihedral angle, commonly
referred to as anhedral, which allows for much higher roll
rates at the cost of stability.
Dutch roll is another undesirable harmonic motion consisting of out-of-phase yaw and roll motions. This motion is
exacerbated by wing dihedral. As such, many aircraft sacrifice
the increased roll stability afforded by dihedral in order to
avoid this issue. [14].
Though a relatively minor effect, dihedral angle does reduce
lift, thereby reducing efficiency. To compensate for this phenomenon, some wings utilize a polyhedral shape. Polyhedral
refers to a varied dihedral angle along the length of the wing.
This varied angle offers increased efficiency while maintaining
the dihedral effect.
The ability to adjust wing dihedral in flight allows for the
alteration of the dihedral effect. If at some point in flight the
dihedral effect poses a disadvantage, the dihedral angle can
easily by lessened. Conversely, if at any point in flight the
dihedral effect poses an advantage, the dihedral angle can just
as easily be increased.

Fig. 9. Finite Element Analysis of Stress

Fig. 10. Wing Force Test Setup

To ensure the wing would not break, a finite element
analysis was used with simulated loads to replicate the forces
of flight. Shown in Figure 9 is a basic analysis of the stress
incurred when the wing is flexed into a polyhedral shape. It is
clear with this analysis that most stress is centered around the
midsection of the wing chord. To most efficiently reinforce
the wing, balsa spars were placed in these locations. This was
an effective tool for reducing the gross weight of the aircraft.
Figure 10 was the setup used to measure the displacement
of the wingtip from its original position. The force gauge,
attached to the wingtip, was used to pull on the wing. Marks
on the force gauge indicate the amount of force applied to the

III. P ROCEDURE
A. Design
The first step in constructing an innovative aircraft was
deciding on the critical components it must have to fly. The
design of the aircraft had to be large enough to support the
weight of the electronics and mechanisms. To account for
weight, some basic dimensions had to be established prior
to modeling. Structures including the fuselage, wings, and actuating mechanisms were designed and tested in 3D modeling
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Fig. 11. Force vs. Displacement of Wing Graph

wing. For each force, the displacement from original position
was measured using a ruler. This data was then graphed.
Figure 11 shows the correlation between the force applied
onto the wing and the displacement of the wing with and
without the spar. The data indicates that the wing with the
spar has a smaller displacement at each force than the wing by
itself. This is the because the rigidity of the wing is increased
by the spar, and therefore, it is better for flight as it is more
stable. In addition, the wing with the spar broke when it
experienced a force of approximately 7 N. It broke because of
the glue holding the spar gave way, not because the foam itself
snapped. The foam by itself did not break at all, even when it
was bent over 360 degrees. This demonstrates the necessity of
the spar as the wing would bend too much in flight to support
the weight of the aircraft.
First and foremost, the battery needed to be located inside
the fuselage of the aircraft in such a way that it would place
the center of gravity just behind the front edge of the wings.
Another consideration was the location of the mechanism that
bends the wings. It had to be placed on the outside of the
aircraft in such a way that it would limit air resistance and
maximize the efficiency of the servos. The final concept to
be implemented was the locking mechanisms for the folding
wings and tail.

Fig. 12. Spring-Based Locking Mechanism

Fig. 13. Hinging and Locking Mechanism

Once landed, to fold both wings and the tail, servo motors
are used to retract spring-loaded pins which lock each part as
in Figure 12. After each locking pin is retracted, the wings and
tail are free to rotate on their respective hinges as in figure 13.
The same winch system is used to fold in the wings and tail.
Initially spindle diameter was increased, and a separate
length of cord was used which wrapped with greater speed and
lesser torque than those used to change wing dihedral as seen
in Figure 12. After testing the speed of the winch, however,
seen in Figure 14, it was decided that the larger diameter spool
was not needed, as the wrapping speed was sufficiently high.

B. Mechanisms
To enable in-flight adjustment of wing dihedral, this aircraft
uses a winch system where a length of cord attached to each
wing tip is wrapped around a central spindle in order to
pull each wing towards the fuselage and flex the wing tips
upwards. To reduce complexity, a flexible wing is used instead
of hinge systems. This allows the entire wing to change shape
with fewer potential points of failure. Modern carbon-fiber
composites used in this wing enable the success of this system,
as they are light and strong enough to withstand the forces
encountered in flexing. If traditional building materials such
as aluminum or wood replaced the carbon fiber in this design,
there would be a significantly higher chance of failure along
the length of the wing.

C. Material and Part Choice
The material used in model aircraft has to be lightweight,
strong, and easy to work with on a small scale. Many model
sized aircraft do not travel at high rates of speed, so a majority
are made of paper backed foam board. Foam accomplishes all
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E. Airfoil Choice
The airfoil type chosen for this aircraft was the NACA
2412. These numbers indicate that the maximum camber of the
airfoil is 2%, and this is located at 40% from the leading edge
of the airfoil. This also shows that the maximum thickness
of the airfoil is 12% of the chord length. Figures 15 and 16
illustrate more specific details of this specific airfoil[17].

Fig. 14. Servo-Based Winch

of the structural requirements for model aircraft design while
being inexpensive. Paper-backed foam does have a drawback;
it is too thin to cut a wing from a single sheet.
Electronic components used in model airplanes have a number of desirable characteristics. They are typically lightweight
and produce a significant power output for their size. Because
creating model airplanes is a common hobby, it was easy and
cost effective to acquire the electronic components, including
servos and motors, needed to construct the aircraft. To perform
all of the desired functions, multiple types of servos were
needed. For the control surfaces, typical servos could be used.
For other aspects, however, full rotational servos were needed.
Many model aircraft use motors and propellers to provide
thrust. Some large model aircraft use multiple motors, but for
simplicity, a single large motor was used in this design.

Fig. 15. Coefficient of Lift (Cl) v. Alpha [17]

Figure 15 shows the relationship between the coefficient of
lift and the angle of attack. At zero degrees, the coefficient of
lift generated by the wings is around 0.3, which means that
there is positive lift generated even when the angle of attack
is zero. This is beneficial because when the airplane is on the
ground and taking off its angle of attack is zero, but it will
still have enough lift to enter flight.
According to Figure 16, the coefficient of drag increases
as angle of attack is either increased or decreased from zero.
Between angles of 0 and 10 degrees, the coefficient of drag
is relatively low, ranging from around 0.018 to 0.038, which
indicates that the drag forces acting against the aircraft are
minimal.
Figure 17 displays the correlation between the coefficient
of lift divided by the coefficient of drag and the angle of
attack. According to the data represented in the graph, the
coefficient of lift is much greater than the coefficient of drag
when operating within 0 to 10 degrees, which is the intended
angle range of flight for this airplane. For example, when the
angle of attack is around 6 degrees, the coefficient of lift is
approximately 50 times greater than the coefficient of drag,
which means that the lift allowing the airplane to fly is 50
times greater than the drag slowing it down.

D. Reynold’s Number
In order to determine which airfoil would serve the plane
the best, the Reynold's Number, the ratio between lift and drag
forces on the airfoil through the air, had to be calculated. The
Reynold's Number is a general indication of flight conditions,
and is a metric to determine airfoil characteristics. Equation
2 is the formula for the Reynold's Number, where Re is the
Reynold's Number, ρ is the density of the air, v is the velocity
of the plane, l is the chord length of the airfoil, and µ is the
viscosity of the air, is shown below [15]:
Re =

ρvl
µ
(2)

The chord length, (0.1524 m), average intended cruising
speed, (9 m/s), average density of the air at sea level, (1.229
kg/m3 ), and average viscosity of the air at sea level, (1.73x103
kg/m/s), were used in Equation 2 to determine the Reynold's
Number of 108,266. Using this Reynold's Number, the specific
airfoil used for the aircraft was determined [16].
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Fig. 16. Coefficient of Drag (Cd) v. Alpha [17]

Fig. 18. Coefficient of Moment (Cm) v. Alpha [17]

tilts back down to its normal position making the airplane
more stable.
F. Construction
The wings, made from insulation foam, were cut using a
hot wire cutter. However, they were not cut as one solid piece;
instead, they were cut as three separate pieces due to the fact
that the wings must fold. They were then sanded down to
produce the desired airfoil shape. The next step was cutting
the body and the tail, both of which were cut and folded out of
paper-backed foam to increase durability. To add extra stability
to the wings, balsa wood rods and carbon fiber tubes were
added. These provided enough strength while still allowing
the wings to bend. The horizontal and vertical stabilizers were
then shaped using the same material. Slits were cut in these
to easily attach and adjust with the rest of the fuselage. The
control surfaces, (ailerons, elevators, and rudder,) were added
to the wings and tail as slots cut into the foam. They were
attached via hinges for the ailerons, and by directly shaping the
paper backed foam for the elevator and rudder. It is a common
practice in model aircraft to construct control surfaces using
servos, piano wire, and control horns. The control horns were
fit directly into the ailerons, elevators, and rudders, and were
glued in place. Piano wire was bent to fit through the holes
of the servos and control horns. The servos were placed on
the wings and tail to control the elevator, rudder, and ailerons.
Next was the work on the locking mechanism for the wings. A
hollow carbon fiber rod was embedded within the fixed central
part of the wing, with holes cut in the top to give space for
the servos. Inside this rod, two other carbon fiber rods were
connected with fishing line. These smaller rods acted as the

Fig. 17. Coefficient of Lift v. Coefficient of Drag [17]

Figure 18 shows the correlation between the coefficient of
moment, which determines the pitch of the airplane, and the
angle of attack. Between angles of 0 and 10, the coefficient of
moment is negative, which means that the airplane is normally
pitched forward and the nose is tilted slightly downward.
Therefore, when there is a gust of wind or an updraft that
pushes the airplane upward, the nose of the plane naturally
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pins in the locking mechanism. The pins were attached to the
wings with rubber bands. When the servo turned one way, it
pushed the pins into the locked position, and when it turned
the other way, it unlocked the pins.
The folding wings were created by fixing a piano hinge to
the fixed and loose parts of the wings, and then connecting
high strength fishing line from the very tip of the wing to
the winch attached to the top of the fuselage. The winch was
composed of two custom servos with a spool between them.
The folding tail was fashioned in the same manner with the
piano hinge and the servo with fishing line. The same locking
mechanism for the wings was going to be used for the tail.
However, due to time constraints, the folding tail design was
unable to be used in the model so it was simply fixed to the
main fuselage. Once all of the mechanisms were complete, the
plane was fully assembled. This included attaching the fishing
line to the winches and securing the fuselage to the wings
with elastic bands. After this, the propeller and electronics
were finally added.

Fig. 19. Locking Mechanism Constructed

G. Electronics
The original plan for the aircraft revolved around a 6channel receiver which was enough for controlling the various
control surfaces and motor. However, there was only one
auxiliary channel left for the retractable pins, the wing winch,
the tail winch, and the tail locking mechanism. Thus an
Arduino was added in order to program the four servos off
of the one available channel.
In order to interface the Arduino with the receiver, the
Arduino had to read the PWM signal intended for the receiver.
After testing, the Arduinos range was too inaccurate and
too imprecise to read all 800 exact PWM signals. Thus 10
commands were set to ranges of PWM lengths. Each command
would execute a set of predetermined motions like rotate the
winch a certain number of degrees.
However, due to the accelerated schedule, the 6-channel
receiver never arrived in time and the project was completed
using a 9-channel receiver and dropping the tail locking
mechanism.
The other reason the Arduino was removed was because
it failed to interface with the high torque continuous rotation
servos used in the winch. Sending a pulse of 1000 microseconds turned the servo clockwise, but sending the pulse of
2000 microseconds stopped the servo instead of spinning it
counterclockwise. Thus the Arduino was cut from the final
planes electronics.
The rest of the electronics interfaced smoothly and performed as expected with no errors.

Fig. 20. Folded Wings Constructed

significantly flexed upwards making the polyhedral shape, seen
in Figure 21. Both the wings and spars flexed appropriately
and were structurally secure. The folding wing mechanism also
worked as designed; the wings unlocked, folded, and stayed
at an almost ninety degree angle, as seen in Figure 20, before
folding back to the flat shape. The folding tail, even though
unfinished, also proved to function correctly, showing that the
servo placed upon the fuselage had enough torque to fully lift
the tail. In addition, all of the completed mechanisms operated
without any human intervention, meaning that they were all

IV. R ESULTS
A. Mechanism Testing
All of the mechanisms designed functioned exactly as intended. The servo for the locking mechanism, as seen in Figure
19, successfully pushed the pins out to lock the wings in place,
and brought them back in so the wings can fold. The dynamic
dihedral operated as planned; the wings, while locked, were
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Fig. 21. Polyhedral Wings Constructed

controlled from the transmitter.
B. Flight Test
Unfortunately, the aircraft was only flown once because it
crashed. The airplane successfully achieved take off but shortly
after, it encountered a strong gust of wind, causing one of the
wings to snap. This crash caused further damage, namely to
the other wing as well as the fuselage. The wing snapped at
the center of the wing and not at the hinge because the hot
glue used to secure the spar to the foam had dried before the
spar was fully in place. This meant that the cause of the crash
was not the mechanism, but was the construction of the plane.
As a whole, the construction process was rushed in order to
meet the deadlines, which lead to construction errors.
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C. Future Improvements
In testing this design on the ground and in flight, several
design shortcomings became apparent. Most crucial to the
failure of the wing in flight was the low adhesion strength
of supporting spars. To mitigate this issue and prevent future
failure of adhered surfaces, a stronger epoxy could be used.
Additionally, flight stability was partially compromised by the
wing hinges due to low tolerance construction. To reduce
unintended angular displacement in the wing hinge, stronger,
higher quality hinges could be used instead of the store bought
piano hinge used. With a seven foot wingspan and eight
pound gross weight, this aircraft presented a real challenge to
transport and maintain. Future designs may implement more
compact mechanisms thus reducing weight and bulk.
V. C ONCLUSION
Stability, efficiency, and maneuverability must always be
considered when designing any type of aircraft. This method
for adjusting dihedral in-flight provides a viable solution
to balance these factors on an as needed basis. While the
test flight resulted in a crash, this project demonstrated the
successful operation of mechanisms for adjusting dihedral
and folding wings and tail. This opens the door for future
development in large scale aircraft where the implications of
this technology are far reaching. Air travel could be made
safer, fuel efficiency could be improved, and maneuverability
could be optimized. Though much development is necessary
before the benefits of adjustable dihedral may be realized,
this project serves as an effective proof of concept for the
mechanism.
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