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1 Abstract
The goal of this project was to construct a remote control hovercraft
and then calculate the force from each fan, the turning radius, the
maximum cargo weight, and the acceleration. The radio communication was done using programmed Arduinos, which turned a servo that
controlled the rudder at the receiver when a potentiometer at the transmitter was turned. The force from each fan was calculated to be .608 N,
the average turning radius was 146.67 cm, the maximum cargo weight
was 50 N, and the average acceleration was .2985 m/s2.
2 Introduction
Because hovercrafts float over a cushion of air, they are capable of travelling over many different types of terrain including water, ice, and
ground. For this reason, they are used to navigate difficult terrain and
can serve a multitude of purposes. They are utilized by the Coast Guard
to perform rescue missions in shallow, muddy waters where boats with
propellers and keels can become easily grounded. Over similar terrain,
they are used for commercial and passenger transport, usually to cross
small channels. In addition, hovercrafts are implemented by the military in order to transport tanks and other vehicles to inaccessible areas.
Besides hovercrafts that can propel themselves, hovercraft barges have
also been constructed. These vehicles are used to tow heavy loads over
swamps and rough terrain as they are pulled by other vehicles. Because
hovercrafts have little friction with the ground, using them as platforms
to carry supplies, which can then be pulled by boats or land vehicles is
advantageous as it takes less energy to transport the goods. [1]
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Remote controls also have many practical applications. In the military,
drones are used in the war on terror to combat insurgents in the Middle
East. By conducting surveillance and coordinating attacks from unmanned aircraft, human casualties on our side can be avoided as the
planes are controlled from the safety of bases on the ground. Using radio controls over an autonomous program also has the advantage of
human precision. Pilots are able to maneuver the drones just as they
would if they were flying the plane. In the future, many more aspects of
warfare could become remotely controlled. With robot soldiers, the aspect of human danger could be greatly minimized. This scenario is not
yet ready to be implemented, but many military analysts believe it is the
future of warfare. Radio controls are also used in places that humans
cannot reach. In space, rovers are used to explore distant planets such
as Mars from stations set up on Earth. These rovers are able to perform
tests and take samples of the soil in order to conduct various experiments such as searching for the existence of water and life. Remote controls allow humans to perform the same tasks they would normally be
able to, far away from the dangers of a hostile environment. [2]
3 History
3.1 History of Hovercrafts
The first design for a vehicle with an air cushion was created by
Emanuel Swedenborg in 1716. His design essentially consisted of an
upside-down boat that the driver sat on top of, creating a pocket of air.
The driver then pulled oars in order to push air underneath the vessel and reduce friction. These plans were never realized, however, as
more power was needed to pressurize the air chamber, something not
available in those times without the advent of motors. In 1868, the first
successful cushioned vehicle was created by Monsieur Louis Girard in
France. A train was created that rode on top of skirted pads, pressured
by water. This greatly reduced the friction, and the train was able to
ride for 900 or so miles. Many of the early air cushioned vehicles created in the early 1900s also had wings and so weren’t true hovercrafts.
In the 1950s in England, Christopher Cockerell proposed an idea to
pump air into a smaller channel around the perimeter of the vehicle as
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opposed to pumping air into a large chamber under the vessel as had
previously been done. After experimenting with two cans that were
blown into in order to show that one of the cans could be lifted by
the higher air pressure between the two cans, Cockerell produced a
working vehicle and patented it in 1955, calling it the “hovercraft.” In
1964, the first hovercraft race was conducted in Canberra, Australia
to celebrate the opening of a new man-made lake. Ten different racers
created their own hovercrafts to compete. However, only five of the
vessels were able to complete the race after the rest sank or were unable
to move in the water. Hovercraft racing has since become a sport and
there are various existing racing series. [3] In the late 20th century, hovercrafts were first used commercially in order to transport both people
and supplies. Hovercraft ferries in England were capable of crossing the
English channel loaded with 300 people and 30 cars. [4] An example of
one of these large hovercrafts is shown below.

Figure 1: A large hovercraft ferry in England called the SN.R4. It is easy for these
ferries to unload cars as they can park on land and the cars can simply drive off.
However recently, the popularity of hovercrafts as ferries has decreased. [5]
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3.2 History of Remote Controls
The history of remote control technology begins with knowledge of
radio. The idea of radio of was first theorized by James Clerk Maxwell in the 1860s, but it wasn’t until 1866 that radio waves were first
demonstrated in a lab. Heinrich Rudolph Hertz showed that changes
in electric current could be sent through space with electromagnetic
radiation. In 1895, Guglielmo Marconi sent and received the first radio
signal, and by 1902 he had sent and received the first radio message
across the Atlantic. Despite this, Nikola Tesla received the first patent
for a wireless radio transmitter that he constructed as Marconi’s original patent was overturned in the Supreme Court in 1943. In the early
1900s, a series of radio communication lines were created for pointto-point communication (not public broadcasting, which is present in
today’s world). For example, radio communication outposts were set
up on each of the five Hawaiian islands, allowing them to send messages to one another. In 1915, the first speech was broadcast over radio,
and in 1922 the first two-way radio conversation took place between a
land station and a ship. Frequency modulation was invented in 1933 by
Edwin Howard Armstrong in order to reduce static and atmospheric
noise during transmissions. In 1965, the first Master FM Antennae system was constructed on top of the Empire State Building allowing for
different radio frequencies to be transmitted simultaneously. [6]
4 Theory
4.1 Hovercrafts
A hovercraft works by forcing air into a skirt under the vehicle. As
the air pressure inside the skirt increases, the body of the hovercraft is
pushed off of the ground, which greatly reduces friction between the
vehicle and the ground as the only friction is between the skirt and the
ground. Once a hovercraft has lifted off the ground, fans located at the
back of the craft provide thrust to move it forward. Maneuverability
is difficult, however, as with little friction the vehicles tend to move in
whatever direction they are pushed. This results in a very large turn-
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ing radius. The power needed to lift a hovercraft by a certain clearance
height given by the equation
P = hc Icu Dc (W / Ac)3/2 (2 / d)1/2
where hc is the clearance height over the ground, Icu is the perimeter
of the air cushion, Ac is the area of the air cushion, W is the weight of
the vehicle, d is the density of air, and Dc is the discharge coefficient.
[7] The discharge coefficient is the ratio of the mass flow rate at the
end of the nozzle to what the mass flow rate would be if the nozzle
were ideal. This applies to hovercrafts as air leaves the skirt through
holes that can be considered nozzles. An ideal nozzle follows the ideal
gas laws in which PV = nRT where P is pressure, V is volume, n is the
number of moles of gas, R is the gas constant, and T is the temperature.
In addition, the ideal gas laws also state that gas molecules do not feel
forces from each other and that the rate at which gas molecules diffuse
is proportional to the square root of their density. [8]
Fluid flow direction
Velocity and pressure constant at all points
along dotted line (vertical cross section)
where fluid travels
Figure 2: A sketch of a nozzle. In an ideal nozzle, at all points in a particular vertical
cross section (indicated by the dashed lines), the pressure and velocity of the fluid
travelling through it is constant. This is the case even though the pressure and velocity
of the flowing fluid changes depending on the cross sectional area at a given point in
the nozzle (although the pressure times the velocity remains constant). In other words,
the pressure and velocity of the fluid is not different whether it is travelling through
the center of a given cross section or the edge of this cross section, near the sides of the
nozzle. However, in real nozzles, there are other effects at play including viscosity of the
fluid, so this pressure and velocity are not uniform along cross section.

In order for a skirt design to be effective, most of the air pressure
should go to lifting the vehicle as opposed to forcing air out of holes in
the skirt. The following equation gives a way to quantify the effectiveness of a skirt: K = Ac / (2hc Icu Dc). The higher K is, the more effective
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the skirt design is. The variables used in this equation are the same as
the variables used in the previous equation. [9]
The horizontal thrust of the hovercraft is supplied by ducted fans (essentially propellers). Propellers are twisted airfoils that rotate. When
this happens, lift is generated as one path over the top of the propeller
is longer than the other path over the bottom of the propeller. However,
air travels across the top and bottom of a propeller blade in the same
amount of time, resulting in a faster air velocity over the top of the propeller. This higher velocity results in a lower pressure on the top of the
blade compared to the bottom of it. This is because a fluid exerts pressure on a surface when its molecules collide with the surface. When
the fluid is moving, however, the average velocity of its particles is in a
direction perpendicular to the surface. Thus, the fluid particles collide
less with the surface resulting in a lower pressure. This effect is greater
for higher fluid velocities. This pressure difference causes a force resulting in a thrust. It is very difficult to model pressure for a propeller as
the angle of attack of the blade varies along the length of the blade. This
is because there is a smaller angle towards the end of the blade where
the linear velocity of the blade is greater as compared to the blade near
the point of rotation, where the angle of attack is larger. Blades are designed this way so that the force generated by the propeller is approximately the same at different points along the blade. Therefore, in the
equations below the propeller is treated as a disk that creates a pressure
difference on either side.
F = (pressure difference)(area of propeller disk)
because P = F/A
Then using Bernoulli’s principle, first for ahead of the propeller:
pt0 = p0 + (.5 * r *V02)
where pt0 is the pressure directly in front of the propeller, p0 is the air
pressure, r is the radius of the propeller disk, and V0 is the speed at
which the hovercraft is moving.
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Using Bernoulli’s principle now for behind the propeller:
pte = p0 + (.5 * r * Ve2)
where pte is the downstream pressure behind the propeller, Ve is the exit
velocity of air from the propeller, and the other variables are the same
as the above equation.
Therefore change in pressure in front of and behind the propeller is
given by:
p = .5 * r * [Ve2 – V02]
and finally using the first equation of F = P/A, the thrust force of the
propeller is given by:
F = [.5 * r * [Ve2 – V02] ] / A
[10]

Figure 3: Airflow over a wing. As air hits the top of the wing, it is compressed and
redirected upwards. As the top of the wing slopes downward, away from the direction
of the redirected air, this forms a low pressure above the wing. As air hits the bottom of
the wing, it is redirected downward. The bottom of the wing slopes in the same direction
as the redirected air, which results in a higher pressure as air molecules collide with the
wing surface. This difference in pressure results in an upward force known as lift. There
is also a horizontal component of the force generated by the wing as air passes over it.
This force is known as drag. [11]
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A rudder is a vertical foil. When the rudder is moved so that the air hits
it at an angle, lift can be generated in either horizontal direction (left
or right). Since the rudders are at the back of the hovercraft, farther
from the axis of rotation, the torque generated is larger as τ = rF where
τ is the torque, F is the force, and r is the distance of the applied force
from the center of rotation. This torque causes the hovercraft to rotate,
allowing for steering.

Figure 4: By varying the angle of attack of the rudder, a different amount of torque can
be generated in either direction causing the hovercraft to turn. [12]
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4.2 Remote Control of the Hovercraft
Radio controls consist of a transmitter and a receiver. In the transmitter when a circuit is completed, by pushing a button for example, a
series of electrical pulses are generated by a power source at a certain
frequency (known as the carrier frequency), usually between 27 MHz
and 49 MHz. These electric pulses are first modulated by adding a
modulating wave to the signal. This changes the frequency, phase, or
amplitude of the pulses.

Figure 5: A modulating wave being added to a carrier wave (the signal). The resulting
wave is shown on the bottom. The first has the same frequency as the modulating wave
but its amplitude varies. This is known as amplitude modulation or AM. The second
modulation shown is frequency modulation where the amplitude stays the same while
the frequency varies. This is known as FM and is the type of modulation used for the
radio control. [13]

This modulation is done in order to reduce energy lost when the signal
is sent by radio waves. In addition, the antenna of the receiver is tuned
to receive radio waves of a certain frequency. Frequency modulation
allows for the signal’s frequency to be adjusted so that it can be picked
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up by the receiver, while still maintaining its original message. When
the signal reaches the antenna in the receiver, the antenna creates a
corresponding oscillating electromagnetic field, which causes radio
waves to propagate from the antenna in all directions. These signals are
picked up by the antenna on the receiver. A lot of the original energy
is lost, however, as signals are absorbed by structures such as buildings
and the air. In addition, the strength of the signal varies with an inverse
square law of the distance over which the signal is transmitted. For
this reason, after the signal is picked up by the receiver, the signal is
amplified. Next, it is demodulated by removing the modulating wave.
The original signal in the form of electric pulses that were initially produced by the transmitter is attained. [14]
In radio communication, it is important for the receiver to only process
signals that were sent by the transmitter, as opposed to signals sent by
other devices. This is accomplished by the fact that the receiver reads
radio signals at a certain frequency (the frequency at which the transmitter outputs). At first, the transmitter outputs a synchronization segment, which is a series of pulses of a certain pulse length. The receiver
reads this synchronization segment and if it matches (the incoming
signal has the same synchronization segment that the receiver is tuned
to receive), the receiver prepares to receive the information. Next, the
transmitter sends out a certain number of radio signals called the pulse
segment (shorter lengths than the synchronization segment). The receiver reads this signal and does the assigned task. For example, a series
of 10 pulses could signal the receiver to trigger a servo, which turns
the rudder and causes the hovercraft to turn to the right. After a pulse
segment, another synchronization segment is transmitted before the
next pulse segment is sent. This process repeats itself allowing for the
transmitter to send messages to the receiver. [15]
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A servo is a motor whose position can be controlled. Servos receive
electric pulses once every certain time interval (usually around 20 ms.)
Depending on the length of the pulse they receive, known as the pulse
width, they turn to a certain position. By varying the width of the pulse,
known as pulse-width modulation, servos can be triggered to move to
a certain position.

Figure 6: By varying the width of the pulse, the servo is signaled to move to a
certain position. [16]

Potentiometers will be used to vary the angle of the rudder. Potentiometers work by varying their resistance depending on how far their knob
is turned. They consist of a loop of resistive material, usually graphite,
and two leads that touch the resistive loop. When the knob is turned,
the leads are brought either closer together or farther apart. The farther
current has to travel across the resistor from one lead to another, the
larger the resistance and subsequent voltage drop. By varying the voltage drop across the potentiometer, different signals can be sent to the
receiver causing certain actions on the hovercraft to be performed. [17]
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5 Design
5.1 3D Sketches

Figure 7: View from back at .32x scale

Figure 8: View from front at .32x scale
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Figure 9: View from top at .32x scale
Note: The holes in the CAD drawing are where the ducted fans are placed. Two are used
to provide lift and three are used to provide horizontal thrust, allowing the vehicle to
move forward.
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Figure 10: View from back
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Figure 11: View from front
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Figure 12: View from top

5.3 Other Design Elements
The skirt, which cannot be seen in the pictures, was constructed using plastic sheeting. Next, using scissors, many small punctures were
made in the skirt where the hovercraft would rest. Finally, the skirt
was adhered to the body using silicone sealant. In addition, because
the lifting fans are positioned towards the front of the craft, the batteries, not shown above, are also placed at the front of the vehicle. This is
done so that the back does not drag on the ground and the base of the
hovercraft is fully supported by the pocket of air underneath. The fans
were connected in parallel to the batteries and toggled on or off using switches (one switch for the lifting fans and one for the horizontal
thrust fans).
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Figure 13: Diagram of the transmitter. The potentiometer is hooked up to 5 V and
grounded. In addition, the middle terminal is attached to the analog 0 pin, which reads
the voltage across the potentiometer as it changes based on the position of the knob.
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Figure 14: Diagram of the receiver. The servo, which holds the rudder, is connected
to 5 V and ground. In addition, the servo is connected to digital pin 9, a pulse width
modulation pin. This allows the servo to receive information on what position to move
to (previously explained in theory).

6 Results
First, the force produced by one of the fans was calculated using
the equation
F = [.5 * r * [Ve2 – V02] ] / A
which is derived in the theory section. The radius of the fan was .0246
m, the area was .0019 m2, the air velocity behind the fan was 18 m/s,
and the air velocity in front of the fan was 8 m/s. Plugging these values
into the above equation, a force of .608 N per fan was found.
Next, the turning radius of the hovercraft was calculated. The vehicle
was driven at full speed on the gym floor, and when it passed a designated line, it was turned sharply in one direction and then directed
back across the original line. The distance from where it first crossed
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the line to its second crossing was the turning diameter, and then this
distance was divided by two to get the turning radius. The data for
these measurements is shown below.

Radius (cm)

Trial 1

Trial 2

Trial 3

Average

163

120

157

146.67

Figure 15: Turning radius. As seen in the table above, the average turning radius was
calculated to be 146.67 cm.

There was a high standard deviation of 23.28 cm for the turning radius
data. This is due to the fact that when the hovercraft turned, it did not
track along the floor and maintain a constant turning radius, as there
was little friction between the skirt and the gym floor. The back of the
craft swung out when it turned, making it difficult for a precise measurement to be taken. In order to improve this experiment next time,
a dry erase pen could be taped to the front of the vehicle so that it
touched the ground. When the hovercraft turned, the pen would leave
a mark and the turning radius could be calculated more accurately
than if simply judged by observation of where the hovercraft started
and ended its turn. However, a large standard deviation would still be
expected, since the back of the hovercraft would still swing out rather
unpredictably during the turns.
It was then determined how much weight the hovercraft could hold,
while still maintaining functionality (being able to move forward and
turn). Weights were put onto the body of the vehicle, keeping the
weight distribution uniform, until the craft could no longer move. The
hovercraft was able to hold up to 50 N of cargo.
Finally, the acceleration of the vehicle was measured. It was lined up
with a motion sensor and then turned on and allowed to move forward
in front of the sensor. However, it is hard to steer the hovercraft in a
perfectly straight line and it is increasingly hard to do so at farther distances from the motion sensor. To solve this, an assistant helped to tap
the hovercraft from side to side in order to keep it going straight while
the author steered the hovercraft remotely and started the data recording. The data for the three trials are shown below.
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Trial 2

Trial 3

Figure 16: Data for the three acceleration trials. In each trial, only a portion of the 30
second-long data collection was used, starting with the time when the hovercraft began
to move (the test was started while the hovercraft was still being held), to the time when
the hovercraft strayed out of the line of the motion sensor. At this point, the data became irregular as the motion sensor was also measuring the back wall of the gym when
it broke its line of measurement with the hovercraft. In the first trial, the hovercraft was
able to stay in front of the motion sensor for the longest period of time.
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Next, the velocity v. time graphs were plotted for each trial and a linear
regression was run. The slope of the best fit line was found, giving a
value for the acceleration as acceleration is the derivative of the velocity. The graphs of the trials are shown below.

Figure 17: Velocity vs. Time Trial 1. The slope of the best fit line for the first trial
was .2805, giving an average acceleration of .2805 m/s2. The small irregularities
throughout the trial are from when the hovercraft moved outside the direct path of
the motion sensor.
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Figure 18: Velocity vs. Time Trial 2. The slope of the best fit line for the second trial
was .3609, giving an average acceleration of .3609 m/s2.
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Figure 19: Velocity vs. Time Trial 3. The slope of the best fit line for the third trial
was .2541, giving an average acceleration of .2541 m/s2. The small irregularities
throughout the trial are from when the hovercraft moved outside the direct path
of the motion sensor.
Note*: On all of the above graphs, there are error bars of .001 m/s2 as the motion
sensor had an error of plus or minus 1 mm. Since that error is small it is not
noticeable on the graphs above, but it has nevertheless been included.

Acceleration
(m/s2)

Trial 1

Trial 2

Trial 3

Average

.2805

.3609

.2541

.2985

Figure 20: Acceleration Summary. The average acceleration of the hovercraft was
calculated to be .2989 m/s2

59

60		

Alexander Katsis

The standard deviation of these measurements was calculated to be
.0556 m/s2. This standard deviation is high; however, it was expected
because the motion sensor can only measure objects directly in front of
it, and the hovercraft drifted from side to side. To improve this experiment, the hovercraft could have been attached with string to two light
frictionless cars on tracks on either side of the hovercraft. That way,
the lateral movement of the hovercraft would be limited, while allowing the hovercraft to still move forward. If the carts that the hovercraft
were attached to were significantly lighter than the hovercraft itself, the
additional mass added would be negligible and would not need to be
accounted for.
A summary of the measured hovercraft specs is shown below.
Force per Fan (N)

Turning Radius (cm)

Max Cargo Mass (N)

Acceleration (m/s2)

.608

146.67

50

.2985

Figure 21: Summary of hovercraft measurements.

7 Conclusion
Over the course of the project, I designed, built, and tested a remote
control hovercraft. Originally, after seeing the hovering disks created by
previous AP Physics C students using leaf blowers, I wished to improve
on this design and create a hovercraft capable of moving forward and
steering and that a person could ride. However, due to limited space
and the inability to use gas motors, the project was modified to the
construction of a remote control version of this hovercraft. Throughout the project, I learned about remote controls and how to construct
and program them. Also, I learned the skills of planning, which are
vital to ensure that a project is completed with time left to improve on
the design or to troubleshoot as is normally needed. A summary of
the hovercraft specs can be seen in the figure above. Throughout the
project, I struggled to get the radio communication to work properly.
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At first, the rudder would turn randomly back in forth. A battery with
a higher voltage was connected to the receiver and this problem was
solved. Originally, I had intended for the speed of the hovercraft to be
able to be controlled with an additional potentiometer at the transmitter, and a transistor at the receiver. However, when two sets of values
were passed with radio signals, the rudder began to turn chaotically
once more. I attempted to fix this problem but ran out of time.
Given more time, I would work more with the radio communication
so that the speed of the fans and therefore the speed of the hovercraft
could be adjusted using the remote control. In addition, a new hovercraft would be constructed with one of the lifting fans positioned in the
front and the other positioned in the back. This way, all of the cargo
wouldn’t have to be placed on the front of the hovercraft and the weight
could be distributed more evenly. Finally, other accessories could be
added to the vehicle including lights and a nerf-gun mount.
In the future, I plan to attach a video camera to the front of the hovercraft so that footage could be taken from the perspective of the hovercraft. In addition, I would like to try the hovercraft in the pool, as
hovercrafts are meant to travel on almost all terrain including water.
In order to do this, the batteries would have to be covered in case the
hovercraft sank.
Hovercrafts have numerous uses in the world today, from commercial to military and even to recreational purposes such as racing. As an
all-terrain vehicle, a hovercraft is able to reach places that are hard to
get to with other more conventional vehicles. In addition, radio communication is also obviously very prevalent in the world today for use
by governments, the entertainment industry, advertisers, and also the
military. It can be used to control unmanned vehicles so that a human
pilot does not have to risk his or her life. Remote control technology
has a big future.
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8 Appendices
8.1 Appendix A: Transmitter code
int initialPot = 1024;
duino reads in 0-1023)
boolean transmit = true;
transmitted

//sets the potentiometer to a null value (ar//dictates whether or not message is to be

struct
{
int potentiometer;
} data;
int potPin = 0;

//set potentiometer pin to analog 0

void sendData()
{
unsigned int i;
//organizes data format so that it can
be sent more easily
for(i = 0; i < sizeof data; i++)
Serial.write(((byte*)&data)[i]);
}
void setup() {
Serial.begin(9600);
}

//open serial port

void loop() {
data.potentiometer = analogRead(potPin);
potentiometer
if (data.potentiometer!= initialPot)
value changed
{
transmit = true;
}
else

//read the value of the
//transmit only if the
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{

transmit = false;
}
if(transmit = true)
//transmit data if pot value has
changed
{
sendData();
}
initialPot = data.potentiometer;
//set the initialPot value to the current pot value so that it can
//be determined in the next iteration if
the value has changed
delay(100);
}
8.2 Appendix B: Receiver code
struct
{
int potentiometer;
} data;
void recvData()
{
unsigned int i;
for(i = 0; i < sizeof data; i++)
come in
{
while(!Serial.available());
((byte*)&data)[i] = Serial.read();
}
}
#include <Servo.h>
Servo myservo;
void setup() {
Serial.begin(9600);

//reads bytes of data when they

//open serial port
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myservo.attach(9);
//servo connected to digital pin 9
}
void loop()
{
if(Serial.available() > 0)
{
recvData();
//receive
data if possible
data.potentiometer = map(data.potentiometer, 0, 1023, 0, 179);
//map potentiometer
value to servo value
myservo.write(data.potentiometer);
//move servo to
new position
}
}
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