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ABSTRACT
This project will develop a training aid for a Roué
wheel. This system will collect a series of position and time
data including x, y, z, and t. This data will represent the Roué
wheel performer's routine. The data will be processed and
transmitted wirelessly to a computer for review and real time
feedback. Roué wheels are aluminum cast wheels ranging in
size from 5-6 feet in diameter. The performer holds the wheel
from the inside while engaging in skillful spins. Roué wheels
are typically found in acrobatic performances such as Cirque du
Soleil.
OBJECTIVE/SCOPE
The objective of this project is to devise a method in
order to obtain Roué wheel position data. The method used to
track the Roué wheel should not impede the rider in anyway.
The data is to be accurate and provide proper feedback to the
rider. The ability to track the Roué wheel for a minimum of
one entire workday (8 hours) is required. The technology used
to obtain this data must withstand daily use, and be capable of
undergoing any stresses or forces the wheel may experience or
encounter. The data and/or feedback must be presented to any
rider or observer in a real time manner. Lastly any device
attached to the wheel must be internal, and be free from a wired
connection.
DELIVERABLES
To meet customer needs, a complete solution for real
time data collection and feedback needs to be provided. Any
mechanical and electrical components are to be documented
and verified. A functioning system or prototype is to be
presented as the final work. The solution is to be verified by an
overall systems test. This test is to verify the data collection
ability of the proposed solution. Results from the test will be
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compared against the engineering specifications. Discussions
are to be documented on the successes and failures of the
solution.
EXPECTED BENEFITS
This project will allow Roué Wheel performances to
be synchronized with light and/or laser shows. The
implementation of tracking the wheel is ideal for situations
when there is low visibility (especially fog effects). If the
project progresses to allow for better tracking of the wheel
through extra sensors or through multiple uses of the given
hardware, this project could serve as a training device giving a
person riding the wheel instant feedback of the angular
velocity, accelerations and position as compared with an expert
who created an initial run. This allows amateur performers to
learn the moves faster as well as professionals to choreograph
synchronized Roué Wheel performances.
SYSTEMS LEVEL DESIGN
A number of components will be needed to achieve
position data collection of the Roué wheel. Sensors will be
located on the wheel to determine the wheels motion. A
microprocessor will be required to take and handle the data
from the on wheel sensors. To obtain the data for real time
observation and feedback, a wireless technology will be
needed. It will be used to transmit the data from the
microprocessor to a computer. The computer is to be used to
collect the data, where observations then can be made to
provide feedback for the performer. With the presented
components, a local power source will be required in the Roué
wheel. Batteries are to be used, and will have the ability to be
charged or replaced. A graphical representation of the system
level design can be observed in Figure 1.
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Looking at possible forces on the Roué wheel, it was
assumed the strongest force that maybe encountered would be
that of a 2 foot hop with a 180 lbF performer inside a 20 lbF
Roué wheel. The force was determined to be approximately
500 lbF. This was determined by using energy conservation.
Potential energy was set equal to kinetic energy. Velocity was
solved. Using impulse over a short time (.15 seconds) the force
seen by the wheel was determined.
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Figure 1: System Level Design

MECHANICAL DESIGN
There were a number of considerations when
determining the mechanical design. In order to package the
device into the Roué wheel, size was a driving factor of
component selection. The Roué wheel is an aluminum pipe
bent in a full hoop. The pipe has an outer diameter of 1.5” and
an inner diameter of 1.25”. The Roué wheel used in this
project had a nominal diameter of 67.5 inches.
For
transportation, the wheel can be broken down into five joining
pieces.
The overall packaging of the components consisted of
a .061” sheet metal backing plate attached to a set of bushings
on each end. The backing plate provides the mounting for two
battery holders, a custom circuit board, and the XBee module.
The bushings allow the device to fit snug in the Roué wheel,
while absorbing some of the shock or forces it may encounter.
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This force was then used in a SolidWorks analysis.
The wheel was put under this amount of force divided into two
locations representing a performer’s feet. The maximum stress
presented to the wheel resulted in about 600 MPa, which is
above the specification for T6061AL of 207 MPa. This result
shows that a two foot hop will result in permanent deformation
of the Roué wheel. In actuality this does not occur, because the
legs and knees of the rider will absorb much of the impact. It is
safe to assume that the Roué wheel will experience half of the
maximum stress SolidWorks calculated or about 300 MPa of
stress.
A fatigue analysis was done to determine the
durability of the design, and estimate the lifetime of the device.
Due to the complex nature of the wheels geometry the max
stress seen by the device was assumed to be half of the stress
seen by the Roué wheel or 150 MPa. This is due to the floating
characteristic of the bushing, and the stress profile curve
decreasing towards the center of the pipe.
To determine the number of cycles the device can
handle before fatigue, an S-N curve is utilized. In practice, an
S-N curve is created through lab experiments to provide high
accuracy. For this project, the S-N curve was estimated.
Because aluminum is a nonferrous material, it does not exhibit
an endurance limit, and cannot experience infinite life,
therefore a decreasing power relationship is assumed. The two
points used to determine the curve was the ultimate yield
strength at one cycle, and the specification of fatigue strength
given at 5E9 cycles. The following power relationship
equations were used to estimate an S-N line.
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Figure 2: Mechanical Assembly
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Interpolation was then used to determine that the
number of cycles until fatigue with a stress of 150Mpa is about
3E6 cycles. This reduces to about 3.3 cycles (or hops) per min
during an eight hour work day over a five year period.
The antenna is mounted to the outside of the wheel
permanently. This created the need for a milled slot to provide
access to connect/disconnect the antenna from the rest of the
tracking device. Due to size constraints, the SMA connector
provides an acceptable solution for the antenna connection.
The SMA connector screws together to ensure the connection
will not shake loose. It has a small form factor which allows a
smaller access slot to be required on the wheel. A smaller slot
decreases the concentrated stress on the Roué wheel.
SolidWorks analysis showed little change from the addition of
the small antenna slot.
During rework of the wheel, great care must be taken
into consideration. The wheel presents two curved surfaces,
which creates any task on a milling machine difficult. Three
holes are required to be drilled, two for the bushing mounting
screws, and a third for access to the charging port. The antenna
slot is also to be milled. The inability to hold a high tolerance
on machining a curved pipe resulted in developing a technique
to create a perfect fit for proper alignment of the mounting
holes, antenna slot, and charging port.
To begin with, the bushings are to be made without the
mounting holes. The backing plate, circuitry, and bushing are
to be assembled together. The rework on the wheel is to be
made to its best accuracy of the machines used, while using the
assembled device as a visual aid. After the modification of the
wheel, the device is to be slid into place. The bushings are to
be marked through the Roué wheels mounting holes. After
removing the device, the mounting holes are then to be drilled
and tapped on the bushings. Using this technique ensures the
alignment of the device in the Roué wheel.
Initially it was thought that the PVC coating needed to
be cut, peeled back, and then glued back into positioned to
provide adequate antenna installation access. During the build,
the antenna access slot in the PVC provided enough space to
place the antenna in with no unnecessary cuts. This proved to
be a much cleaner and more reliable attachment process.
WIRELESS DESIGN
Digi's XBee product line was employed for the
wireless transmission component. The XBee product utilizes
the IEEE 802.15.4 Zigbee protocol for communication. In the
Roué wheel, an XBee module is used which can outputs 0dBm
and transmits up to 300ft line-of-sight. The module transmits
250 kbps, and operates at 3.3V. It uses UART as the interface
to the microcontroller. The XBee module on the wheel can
easily be swapped with an XBee Pro model, which has an
increased power output of up to 18 dBm, providing a range of
up to 1 mile line-of-sight. An XBee "modem" is used with a
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computer on the receiving end. The modem connects to the
computer via USB. A custom Visual Basic program utilizing
the USB port as a COM port enables the computer to receive
data transmitted from XBee module in the Roué wheel. The
modem houses a standard XBee module, but this also can be
swapped to a Pro model for a performance increase.
UART,
or
Universal
Asynchronous
Receiver/Transmitter, translates data over a serial connection.
UART communication requires four wires: data in, data out,
and two control signals to ensure the two devices are not
transmitting at the same time. UART has a configurable
number of data bits, start and stop bits, and parity checking.
The UART configuration of the microcontroller was
programmed to match that of the XBee module. In order to test
the UART communication, loopback tests were preformed.
Data was sent from a computer to the XBee modem, and then
wirelessly to the XBee module. When received by the module,
the data was sent via UART to the PIC microcontroller’s
“receive” register. The microcontroller then put the data back
into the “transmit” register to be sent back to the XBee module
via UART. The process is completed when the module sends
the data back to the XBee modem and the computer, and the
data is confirmed to match the original sent data.
ANTENNA DESIGN
To allow for wireless communication between the
wheel and a computer, an antenna needed to be mounted
somewhere on or in the wheel. Because the wheel is aluminum,
placing the antenna inside the wheel with the circuitry would be
ineffective. The antenna used had to be small and not affect the
performance of the wheel during normal usage. The antenna
also had to be omni-directional in order to have successful
communication regardless of orientation of the wheel to the
receiving antenna. To facilitate this, flat patch and microstrip
antennas were the primary antennas of choice. The FXP70
“Freedom” antenna, made by Taoglas, is a 2.4GHz “flex
circuit” rectangular patch antenna. It is 0.1mm thick with an
adhesive backing, so it can be placed on the exterior of the
aluminum wheel without affecting performance of the wheel. It
is 27mm x 25mm and has a gain of 5dBi. The antenna is
designed for use on plastics, and has a very good omnidirectional pattern when mounted on a plastic sheet. With our
antenna mounted on an aluminum ground plane rather than a
non-conductive plastic, we expected the radiation pattern to
remain mostly the same above the wheel, but have no radiation
below the antenna and wheel. Physical tests were run with the
antenna not mounted, mounted directly to the aluminum, and
then mounted on the aluminum and covered with the standard
PVC coating used on the wheel. With a non-mounted antenna,
loopback tests were successful from a standard XBee module to
the XBee USB modem for a distance greater than 300 feet in a
large gymnasium. When mounted on the aluminum wheel
segment, loopback tests were still successful for a range of
about 250 feet. Distances of about 150 feet were obtained in
loopback tests with the antenna properly mounted on the wheel
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segment and covered with PVC. The antenna for the USB
XBee modem is a common 2.1 dBi dipole antenna.
SENSOR DESIGN
Initially, the communication link (I2C) between the
accelerometer and the gyroscope were tested to ensure
functioning communication protocol. This was done by setting
the correct registers in the correct sequence to read the “Who
am I?” registers on each respective sensor. As long as the
factory initialized byte stored in the register was returned back,
it was clear that the I2C channel was functioning properly.
Next, bytes were sent from the microcontroller to the
accelerometer’s control registers to program whatever
functionality was wanted at that time. After the data was sent, it
was read back to ensure it had been written correctly. Once
two-way communication was ensured, the accelerometer was
placed under many different tests. The first of which was a
1foot drop while the sensor sensitivity was relatively low
(±2!). Next, the sensor sensitivity was adjusted to allow for
greater shocks (hitting the floor and abruptly stopping). All
future tests were done under less stress to allow greater
accuracy of the data collected. These included tests for distance
traveled, and oscillatory motion in order to try to compensate
for any error accumulated. The oscillating motion allows the
program to adjust the results because the acceleration, velocity,
and position travel through the same points multiple times.
Where there are zero crossings, assumptions may be made
about the other two derivatives/integrals of motion. This
knowledge allows a recalculation and recalibration of the
sensors at each crossing point. For instance, in oscillatory
motion, when the position is at an extremity, the acceleration is
at a maximum and the velocity crosses zero. When the velocity
is a maximum, the acceleration is at a zero crossing as is the
position. Furthermore, similar motions were made while
varying the ability of the internal high pass filter. This was
found to create an output waveform similar to jerk. Attempts to
utilize this to null offsets failed, but the potential use of jerk
with light shows was made obvious through the
experimentation.
Next, rotations were performed on the gyroscope after
communication was ensured working similar to how the
accelerometer’s communication was tested. The gyro testing
involved rotating the module various angles in all 3 axis at
varying rotational speeds timed against a stop-watch to ensure
whether or not the gyroscope output the correct orientation of
data. Next, rotational oscillatory motion was used to test and
calibrate the ability of the gyro to detect if it was able to
acknowledge that it had indeed come back to the original
starting position.
POWER DESIGN
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addition of weight to the wheel. If too much weight is added to
the wheel, there is a potential for the wheel to feel and act
differently to the rider than a normal wheel. The lithium ions
batteries weighed a total of 68 grams, which indeed feels
negligible relative to the 10-15kg that the wheel weighs.
In order to test the power design, only a few things
need to be checked. First, the voltage output of the battery
should be within the nominal range of 3.0-4.2V. If it is outside
of this range, there is a major problem with the circuitry or
perhaps a battery is placed in backwards. Next the power
regulator needs to output a precise 3.3V so long as the battery
voltage remains a nominal input voltage above it
(approximately 0.1V above the output voltage). If it does not
output the required output voltage, the power regulator likely
needs to be replaced. Next, all components should receive this
voltage through the PCB.
If all of the voltages are being supplied and the
components are working together, the next step is checking the
battery charger. When plugged in, the charger should never
raise the battery voltage above the maximum of 4.2V. If this
should happen, the battery charger is defective. A timer should
be used to ensure the batteries are not being charged too fast
after they have been depleted to a low amount.
Lastly, the batteries need to last at least 8 hours to
meet the set specifications set. This should be tested by
programming the RF board to constantly send and receive data
for the entire 8 hours. Because lithium ion batteries degrade
over time, it would be better if there is a decent margin over the
8 hours to ensure that our device will continue to meet
specification after a few years.
ELECTRICAL INTEGRATION
Once all of the individual electrical components and
subsystems had been chosen and tested independently, a
custom printed circuit board (PCB) was designed using free
software called ExpressPCB. The software comes with the tools
to make the proper files necessary for having a PCB made. The
PCB that we made is a single layer, two sided board. The gyro,
microcontroller, and linear regulator are placed on the bottom
side of the board. The XBee module, accelerometer, and power
connecter are placed on the top side. The XBee and
microcontroller are socketed in order to easily remove the chips
from the board for future programming. The PCB is mounted
on the aluminum backing plate. There are two battery holders,
with one mounted on either side of the aluminum backing plate,
which are connected to the circuit through the power connector.
Figure 3 shows the bottom of the PCB with the gyro and
microcontroller. The aluminum backing plate has a reduced
width in the area of the XBee module; the backing plate sits
between the PCB and the module. The two rows of pins on the
XBee module go into sockets, which are on the outside of the
backing plate, as shown.

To power the transmitter for the entire day, it was
decided that lithium ion batteries would be the optimal solution
because they have the greatest energy density per kilogram of
current mass produced batteries. This allows for minimal
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initially motionless starting position. The initial offset may then
be mathematically processed out at the computer side of the
process. The marked difference may be seen in the following
figures.
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Figure 3: Bottom Side of PCB
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SYSTEM LEVEL TEST PLAN

SYSTEM LEVEL TEST RESULTS
The data obtained through the sensors, although
accurate at least to 8 bits and potentially up to 12 bits, was
found to be greatly lacking in order to calculate position.
Through more research it was discovered that it’s extremely
difficult to find accurate position data from the second
derivative of the acceleration data. The reason for this is the
dual integration necessary to obtain the position. The first
integration invokes a constant offset, and the second integration
takes that offset and multiplies it by time while introducing
another constant offset. This will result in two error terms, one
constant with time and one growing with time. This results in a
position calculation that’s generally only accurate to within 500
to 1000 milliseconds. This isn’t nearly accurate enough to track
the position and orientation of the wheel for training or
choreography purposes. This is actually only in a rather ideal
situation. Normally, there is a drift component in the
acceleration data which results in an error before integration is
even begun. This forces velocity calculations to increase in
time because of the accelerometer drift. Now there’s an error
term growing in time which is integrated again to get to
position. A quadratic amount of error rapidly dominates any
relevant position data completely skewing any hope for
reasonable results. Fortunately, this quadratic error may be
taken out at the source by allowing the accelerometer an
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Figure 4: Position Plot For A Non-zeroed 1-Foot Drop
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Once everything is completed and working in the
prototype a final test of repeatability should be done. The
wheel should be spun in a way that it can be easily and
accurately repeated. Data collected from each iteration will be
analyzed to determine if the device can show repeatable results.
Results from the collected data are to be used to
predict the location of the wheel. The wheel is to be spun in a
way such that the start and final locations are known. The data
collected from the device is to be used to predict the final
location as well as the tolerance to this location (error
accumulation considered). Results from the data collection will
be evaluated against the wheels actual location
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Figure 5: Position Plot For Zeroed 1 Foot Drop

The object stopped moving around 120 to 130 time
intervals. Yet, in Figure 4, the position keeps growing
quadratically with time. On the other hand, once the
accelerometer is “zeroed” at the beginning, the error only
grows linearly as seen is Figure 5. Although this is a
remarkable improvement over the quadratically increasing
error, the linear error growth rapidly dominates the actual
position.
FUTURE WORK
This project did not result in the desired outcome, but
much was learned along the way which would allow the
product to function eventually or through means outside the
scope of the hardware obtained for this first revision of the
Roué Wheel Trainer. The best methods for creating a
successful Roué Wheel Trainer with the current hardware
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involves using better signal processing methods to create a
projected path along which the wheel will likely travel. This in
turn may be used to eliminate excess error (create bounds for
the error). Another method would involve resetting and
recalibrating the accelerometer/gyro setup frequently whenever
external bounds are known. For instance, it is known that the
Roué Wheel will not be going through the floor on normal
operation. If the error causes it to look like it goes through the
floor, the signal processing software would simply correct this
error. Lastly, there may be potential to use the RF transceiver in
a makeshift digital type radar system. This would not be able to
give any data nearly as accurate as a normal radar system.
Instead, it would give nothing more than a distance from the
receiver accurate to within 1 wavelength of the frequency used
(~12.5cm). This alone may be enough to keep the
accelerometer/gyro in check constantly. These are the only type
of solutions that appear to exist for our current hardware
design.
If more hardware was to be placed on the Roué Wheel
Trainer, many more possibilities would be available. Ultrasonic
sensors could give direct distance measurements to a few base
stations. The limitation of this is that line of sight to each base
station would be necessary to obtain data constantly. Other
options include using multiple wireless base stations or
transmitters within the wheel to obtain triangulated position
data from a single base station attached to a computer. This
would likely be another project in and of itself, but it has a
much greater likelihood for succeeding more fully because
there is no integration of signal data involved.
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