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ABSTRACT 
Clopay Building Products needed a method for locally testing their garage doors to the 

DASMA /ASTM specifications.  The debris impact test cannon reduces the cost of developing 
new garage door models by ensuring the garage doors pass the DASMA / ASTM 
specifications before the doors arrival in South Florida. The debris impact test cannon fires a 
board at the garage door simulating a flying piece of debris in hurricane force winds.  

In order to conform to the ASTM standards for garage door impact testing, the 
velocity of the missile (2x4) must be accurately measured.  A custom build speed measuring 
system has been designed and built to determine the velocity of the missile.  The speed 
measuring system has a response time of 0.01 milliseconds, measures the impact velocity, and 
is accurate to 0.7% of the desired velocity. 
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1 INTRODUCTION 
In order for Clopay Building Products Incorporated to sell garage doors in Florida and 

other hurricane prone areas, Clopay must first have their doors sent to a Florida test lab to be 
impact tested.  In an effort to assure the success of Clopay garage doors in the impact test, 
Clopay requested that a similar testing apparatus be designed and built for use in the Clopay 
testing facility in Cincinnati. The current testing apparatus existing in Florida is a cannon 
capable of propelling a 9-foot 2x4 at high speeds by using compressed air.  

Clopay Building Products Incorporated requested a similar cannon be constructed to 
test garage doors for impact resistance.  The impact test would consist of propelling a nine-
foot 2x4 at 50 ft/s at a garage door 18 feet away from the cannon.  The design of the cannon is 
divided into three different sections: the propulsion and safety systems, the cannon support 
structure and aiming mechanism, and the missile speed measuring system.  Bill Berger 
designed and built the propulsion and safety systems, Tony Turco designed and built the 
cannon support structure and aiming mechanism, and Andrew Mathers designed and built the 
missile speed measuring system.  

In order for the cannon to meet impact-testing standards set by ASTM, the cannon 
must meet certain criteria.  The speed measuring system for example, must utilize two through 
beam photoelectric sensors with a response of less than 0.015milliseconds.  The system 
should also be located in a position such that the speed of the 2x4 is measured when the 2x4 is 
completely out of the barrel of the cannon.  Clopay also requires that all three sections of the 
cannon be built for less than $10,000.   

 

1.1 PROBLEM STATEMENT  
Currently, Clopay Building Products Incorporated sends their garage doors to test 

laboratories in Florida in order to be approved for impact resistance in hurricane prone areas.  
The cannon can be used to pre-test garage doors before they are sent to Florida for approval.  
By having an impact test cannon in-house, Clopay can avoid multiple test submissions to 
Florida.  Therefore, the approval of the door will be assured by sending down doors that have 
already been tested.  The impact test cannon built for Clopay Building Products meets all 
ASTM standards related to the impact testing of garage doors. 

 

1.2 INTERVIEW ANALYSIS 
The Project Team for the debris impact cannon met on two separate occasions with 

engineers from Clopay Building Products Company to discuss the requirements and design of 
the cannon.   

The Clopay Engineers present at the first interview were Mark Westerfield and Randy 
Kreiger.  The main concern these two engineers had was the ability of our cannon to be able 
to imitate the testing done in Florida.  Even after Clopay has the “new” cannon, Clopay will 
still be required to send garage doors down to Florida in order to be approved by the Florida 
Building Code Inspectors.  The main reason for having a cannon in-house at Clopay is to test 
the doors impact resistance before the door is sent to Florida to be approved. 
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 The second interview involved John Colston and the project team.  John is the 
project engineer overseeing the impact test cannon, and therefore is essentially the key 
customer.  During the interview several details about the timing system were discussed.  The 
main results are as follows: the timing system should be capable of measuring the speed of the 
missile at two locations; 

• One foot away from the door (to meet ASTM specifications) 

• At the barrel (to mimic the Florida cannon) 
  The first location would be at a distance of 17 feet away from the cannon, or 

approximately one foot away from the door.  The specs call for the speed of the missile to be 
measured when the missile is between 90%-100% out of the barrel to when the missile is one 
foot away from the door.  At the second location, in the barrel of the cannon, using two 
photoelectric sensors, the only way to measure the speed and conform to the specs would be 
to measure the speed of the trailing edge of the missile.  This is acceptable, but only the 
muzzle speed of the missile is known.  The importance of the true speed of the missile the 
instant before it impacted the target was discussed.  If a door is to be approved by ASTM it 
must be able to withstand the impact of a missile traveling at least 50 ft/s.   

It was determined that it would be best to measure the speed of the missile one foot 
away from the door instead of at the barrel.  The speed of the missile is clearly going to 
decrease as soon as it exits the barrel.  This being said, it was agreed that the timing system 
should be able to measure the speed at the barrel, and at the point one foot away from the 
door.  It was recommended to try to meet the specifications listed by ASTM but since the 
timing system has to be able to measure the speed of a 2x4 fired from a cannon 17 feet away, 
some of the specs may not be met.  

As stated by Randy and Mark, the specifications can sometimes be unrealistic, and 
difficult to adhere to.  For example, the photoelectric sensors found to have a response time of 
0.15 milliseconds, only have a useful range of a few millimeters.  With a range of only a few 
millimeters, this type of sensor may not be applicable.  However, there are several other types 
of sensors that have a response time that would satisfy the required 0.15 milliseconds.  This 
cannon is not going not be certified by a Florida PE, but can still be used to pre-test the doors.   

 

1.3 SURVEY ANALYSIS 
Surveys were distributed to the five Clopay engineers involved with impact test 

cannon. The results of the five surveys returned were varied.  Since John Colston is the 
project manager on this project, his answers were weighted more than the others when a tie 
was encountered.  Appendix A shows the survey and Appendix B shows the results. The 
returned surveys were also used to apply numerical values to the proof of design / 
performance objectives which is listed in section 2(Project Objectives).  Due to the fact that 
John is the project manager, therefore having the final say in the project, and Mark and Rick 
are engineers that rarely use the test cannon, the survey results received from John were 
weighted twice that of the others.  According to John the most important criteria of the speed 
measurement system was the size, followed by cost, ease of storage, ease of use, ability to test 
all Clopay doors, accuracy and ability to meet all ASTM / DASMA specifications.  After 
giving John’s answers more weight, the following results were obtained in order of 
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importance: 

1. Cost 

2. Size  

3. Ease of Storage 

4. Ease of Use 

5. Ability to meet all ASTM / DASMA Standards 

6. Accuracy 

7. Ability to test all Clopay doors 

A summation of the results can be found in Appendix B.  A QFD matrix based on the 
results from the surveys can be found in Appendix C. 
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2 PROOF OF DESIGN / PROJECT OBJECTIVES 
The following is the proof design, which was used to evaluate whether or not the 

project was completed successfully. These proofs of design were generated through the use of 
the customer survey, which can be found in Appendix A.   

 

• Meets all ASTM standards pertaining to Timing System 
o +/-2% Accuracy (1 ft/s @ 50 ft/s) (theoretical speed)  

 Clopay requires accuracy of +/- 0.5 ft/s of theoretical speed (one 
foot before impact, not barrel speed) 

o Speed of Missile Shall be Measured when Missile (2x4) is between 90% -
100% out of the barrel 

o Uses two through-beam photoelectric sensors with a response time equal to 
no more than 0.15milliseconds and operates at a frequency no less than 
10kHz 

• Size 
o Foot print of 3 ft2 – 4ft2

• Ease of Storage 

 while in use 

o Foot print of less than 1ft2

• Cost 

 when being stored 

o Less than $3,333 for the speed measuring system 

o Less than $10,000 for the entire project 

• Ability to test all size doors 
o Test any section of a door 8ft tall and 20ft wide 

• Ease of use 
o Automatic Operation  

 Operates without the need of user input after system is started 

 Automatically displays speed of missile after it passes through the 
sensors 
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3 ALTERNATIVE DESIGNS 
Three concepts were generated with the intention of fulfilling all of the performance 

objectives listed in section 2.  All three concepts must have the ability to be raised to a height 
of at least eight feet.  In order for the speed measurement to be taken eight feet from the 
ground, the support structure needed to be taller than eight feet. Please see the concept 
drawings in Appendix D.  The support structure for all three concepts has to have a footprint 
of less than 3ft2-4ft2 when in use.  The desired footprint for the structure when being stored is 
to be less than 1ft2

3.1 WEIGHTED OBJECTIVE METHOD FOR CONCEPT SELECTION 

.  Due to the vast change in footprint size, the structure needed to be 
collapsible in some way, and this is reflected in the designs.  The sensor assembly for all three 
concepts is arranged in the same general manner.  There are two sensors, one in the front, one 
in the rear.  The sensors are spaced a certain distance apart, and suspended from a support.  By 
having the sensors hang down, the missile passes through the sensors, and is allowed to fall 
freely to the floor after impact with the target. 

The tower concept uses the same rails that a garage door would use to raise and lower 
the door.  The two rails would be mounted into a base at both the bottom and the top of the 
structure.  To increase the stability of the structure, four “L” shaped pieces of metal (angle 
iron) would be attached at each corner.  Four support legs would also be used to stabilize the 
system in the event of an impact or an accidental bump. The sensor assembly would ride on 
wheels, which would be located inside of the rail. Some type of clamp or brake system would 
be used to hold the sensor assembly at the right height during testing.   

The folding ladder concept uses four smooth steel shafts to guide the sensor assembly 
to the correct height.  There would be two steel shafts on each side, and the control/braking of 
the sensor assembly would be located on one side only.  This is done in order for the assembly 
to be moved by only one person.  The support structure for concept two is very similar to that 
of an aluminum stepladder (see Appendix D).  The structure would be supported by six legs 
that would all fold up towards the base in the same manner that an aluminum stepladder 
would.  The legs would be connected at the top of the structure, and would be locked in place 
by the same type of locking hinge on a ladder. 

The cantilever concept utilizes a completely different approach to the overall design of 
the system.  This concept uses a true cantilever beam, and it would be connected to the barrel 
of the cannon.  The sensor assembly is be suspended from the end of the beam furthest away 
from the cannon, and is positioned such that the missile passes directly between the sensors.  
This concept has no footprint, since it is attached to the barrel of the cannon.  See Appendix D 
for details. 

 

The Weighted Objective method was used to determine which of the three concepts 
would be best suited for the application.  The Weighted Importance column from the QFD 
matrix was used as the weight factor.  The Cantilever concept, was chosen because it had the 
highest total rating, and could therefore be considered the best concept of the three.  The 
Weighted Objective Method table is shown in Appendix E.  The cantilever concept uses less 
material than the other concepts, has no moving parts, has no footprint while in use or in 
storage, and is collapsible and sturdy at the same time.   
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4 SELECTION OF METHOD 
In order for the proposed cannon to be similar in function to the existing cannon, 

several specifications have to be met.  The current cannon in Florida that Clopay uses to test 
their garage doors follows the specifications listed by DASMA/ASTM. The full list of 
specifications can be found in Appendix F. The existing cannon is arranged with the speed 
measuring system located at the end of the barrel of the cannon.  See Figure 1 for picture of 
Texas Tech cannon.  The sensors are actually in the barrel itself, which is a violation of the 
specifications.  The types of sensors used are through-beam photoelectric sensors, which the 
ASTM specifications specifically call for.  From preliminary research the accuracy of the 
timing system has a range of 0.2%-3.6% [1].   

 

 

 

 

 

 

 

 

 

 
Figure 1 - Texas Tech Impact test Cannon [1] 

There are several different ways to measure the speed of any object.  One of the most 
common ways to measure the speed of an object is by using a radar gun.  Police use radar to 
enforce the speed on the roadways.  Radar guns are also used to measure the speed of a 
baseball being delivered by a pitcher.  Radar guns work by sending out a radio pulse and then 
waiting for the deflected radio waves to be received by the gun [2].  The gun then measures 
the Doppler shift in the signal and uses this shift to calculate the speed of the targeted object 
[2].  The problem with using radar is that they use radio pulses, which are essentially sound 
waves.  The speed of sound is only about 1,000 ft per second.  The radio pulse sent from the 
gun must travel to the target and back, making the response time of the most guns rather slow.  
The range of the radar gun is also limited due to the Doppler effect.  The most advanced, 
expensive, radar guns are accurate to within 1/10MPH or 0.15ft/s.  The fastest response time 
of the radar gun was found to be 0.01 seconds.  See figure 2 for a picture of a radar speed gun. 

Timing system 
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Figure 2 - Radar Speed Gun [13] 

Laser speed guns, also called Lidar short for LIght Detection And Ranging, are more 
accurate, faster, and have a much greater range than radar guns.  This is due to the fact that 
light from the laser travels at about 984,000,000 feet per second compared to the speed of 
sound, which only travels at about 1,000 feet per second.  See figure 3 for a cut away drawing 
of a Lidar gun. 

 
           Figure 3 - Example of a Lidar Speed Gun [14] 

Both types of guns work by sending out either a sound or light signal, and then waiting 
for the deflected signal to return to the gun.  By dividing the time it takes to for the signal to 
return to the gun, the distance between the targeted object and the gun can be calculated.  By 
sending out 1000 signals per second, the gun can compare the change in distance between the 
deflected signals and calculate the speed of the target object [1].  The Lidar gun does have its 
drawbacks however.  At close range, the aiming of the gun must be very precise.  For an 
application where the speed of a small object would need to be measured the laser would need 
to have pinpoint accuracy, due to the fact that the beam of light form the laser is extremely 
small at close range. Another drawback is the response time of the Lidar gun.  Every five 
milliseconds, the gun emits an infrared laser pulse, and then waits for the pulse to return.  The 
desired response time of the timing system is 0.15 milliseconds, which is 33 times faster than 
the Lidar gun [4].  The prolonged response time of the Lidar gun can be attributed to the fact 
that Lidar guns are designed to measure the speed of objects a considerable distance away 
from the gun itself.   
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                                                Radar Guns 
Pros Cons 

Precise Aiming Not 
required Not as accurate as laser guns 

Cheap Slow response time 

Reliable 
Target area increases as range 

increases 
Table 1- Pros and Cons of Radar Guns 

 

 

                                       Lidar Guns 

Pros Cons 

Very Accurate 
Requires aiming at short 

distances 

Faster response time that 
radar More expensive than radar 

Greater Range   
Table 2- Pros and Cons of Lidar Guns 

 

The following types of sensors where also researched to determine which type of 
sensor best suites the application.  The following sensors were analyzed to determine whether 
or not they meet the specifications listed by ASTM.  Electronic sensors are used in a variety 
of applications, but the research of these sensors was limited to proximity sensors, and speed 
measuring sensors. 

• The following types of sensors are discussed: 
o Through-beam Photoelectric sensors 

o Diffuse reflective sensors 

o Optical / Laser sensors 

o Retro-reflective sensors 

o Divergent sensors 

o Convergent sensors 

o Proximity switches 

 

Several types of sensors fall under the category of photoelectric sensors.  Photoelectric 
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sensors use a beam of light to determine whether or not an object is present.  The following 
can be described as photoelectric sensors: diffuse reflective, retro-reflective, through beam, 
fiber optics, and laser sensors.  The aforementioned sensors are photoelectric sensors because 
they all use beams of light as the sensing signal.   

Diffuse reflective sensors are used in applications where the targeted object has a 
surface finish that scatters the light beams emitted by the light source.  An object with a rough 
surface finish, or an unpolished non-reflective surface would scatter the light beams emitted 
by the light source.  In a scenario such as this, the light beams are not reflected directly back 
to the sensor, instead they are scattered into several different directions.  The sensor must then 
be positioned so that it receives at least some of the scattered beams of light.  Advantages of 
this type of sensor are that it can be used to detect the presence of objects with rough non-
reflective surface finishes. The disadvantages are that ambient or stray light from flashlights 
or welding arcs can disrupt or damage the sensor [5].  Divergent and Convergent are basically 
a variation of the diffuse reflective sensors. 

Retro-reflective sensors work by emitting a beam of light at a reflector, similar to the 
red reflectors used on bicycles.  The light beam is reflected off of the reflector and sent back 
to the sensor.  When an object passes through the beam of light, the path back to the sensor is 
obstructed, and the sensor acknowledges the presence of the object.  Advantages of the retro-
reflective sensor are that it can detect the presence of any object regardless of its surface 
finish. Disadvantages of the retro-reflective sensor: vibration of the system could decrease 
accuracy of the sensor 

Through beam photoelectric sensors are similar to the retro-reflective sensors, except 
for the fact that the sensor and emitter are not housed in the same unit. The sensor and emitter 
are contained in separate housings.  The emitter is aimed directly at the sensor, and when an 
object passes through the light beam, the path is broken, and the sensor does not receive a 
signal.  When this occurs, the sensor is tripped.  Advantages of through beam sensors are: 
longer sensing distances, better resistance to ambient conditions such as dust and ambient 
light. Disadvantages include: longer response time for long-range applications. 

According to the research, there are a few different types of sensors that could be used 
for this project.  Preferably, the sensor to be used would be the through-beam photoelectric 
sensor, since it is called for in the specifications.  However, laser sensors, diffuse reflective 
and retro-reflective sensors all qualify to be used.   
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5 SELECTION OF SENSORS 
The search for the type of sensor to be used for this project was driven by several 

factors; the response time of the sensor, the type of sensor required, the operating frequency of 
the sensor, and most importantly the cost of the sensor.  During the search for an appropriate 
sensor, it was discovered that the response time of the sensor was directly related to the 
effective sensing range of the sensor.  For example, a sensor with an extremely fast response 
time would have a very small sensing range.  Most of the sensors that met the required 
response time of 0.15 milliseconds had an effective range of only a few millimeters.  These 
sensors would, in no way, be suitable for use in this project.  

While researching high-speed photoelectric sensors, it was discovered that the one of 
the fastest types of sensors was the opposed photoelectric sensor.  Opposed mode sensors, are 
comprised of two separate units, one being an emitter, and the other being a receiver.  These 
two units are set up opposite each other, with the emitter aimed directly at the receiver.  The 
emitter sends a beam of light to the receiver, and when this beam of light is broken, the sensor 
is tripped, and sends an output signal to the device it is connected to, which in this case is a 
timer. 

The sensors selected for use in this project are plastic, fiber optic, high-speed, 
opposed, photoelectric sensors manufactured by Banner Engineering.  The model number for 
this sensor is QH23SP6FPY, and it is a high speed opposed plastic fiber optic sensor. The 
spec sheet is shown in Appendix G.  As shown in Table 4, the sensor meets or exceeds the 
requirements specified by ASTM.   

 
  Required QH23SP6FPY Specs 

Type of Sensor Through beam Photoelectric Through beam Photoelectric (Fiber Optic) 

Response Time 0.15 milliseconds 0.10 milliseconds 

Cost per Unit - $109 (including accessories) 

Range of Sensor - Up to 5 feet with optical lens 

Power Source - 10-30 Volts DC 

Output - NPN or PNP (DC) 

Table 3 - Side by side comparison of required specs and actual specs [1] 

 

The fiber optic sensors are used in the opposed mode, which fulfills the through beam 
photoelectric requirement.  The response time of the QH23SP6FPY sensor is rated at 100μs 
(0.10ms), which is faster than the required time of 0.15ms. 

The relatively low cost of the sensor ($72 without accessories) could possibly allow 
the purchase of several spare sensors.  According to the Banner Engineering web site [7], 
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these sensors are kept in stock. A list of model numbers and prices can be found in Appendix 
H. 

By fitting the sensor with certain accessories (special optical lenses and fiber optic 
cable), the effective range of the sensor can be increased without changing the response time 
of the sensor. By fitting the sensor with these optical lenses and fiber optic cables, the 
maximum range of the sensor can be increased to five feet.  However, it was recommended by 
the manufacturer to utilize the sensors at a closer range than five feet to increase the 
effectiveness of the sensor.  The results are more predictable when the emitter is as close to 
the receiver as possible.  Since there are two sensors, one to start the timer, and one to stop it, 
two sets of the optical lenses and fiber optic cable must be purchased.  The power supply 
required by the sensor is 10-30 volts DC, which means that the system could be powered by a 
simple battery pack consisting of a few 9Volt batteries.  The output of the sensor is also DC 
related.   
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6 ALLOWABLE TOLERANCES 
In order to avoid stack-up error in assembly and imprecise readings from the timer, an 

uncertainty calculation was performed to determine the allowable tolerances for the system.  
The distance between sensor one and sensor two is important since the value for this distance 
is set as a constant and used to calculate the velocity of the missile.  If the actual distance 
between the sensors is different from the distance used in the equation, the calculated velocity 
of the missile will be incorrect.  The accuracy of the timer is directly related to the distance 
between the two sensors, since velocity = distance / time.  The uncertainty calculation 
analyzed the worst possible situation, in which the missile was moving at 150 ft/s. 

The uncertainty equations, found in Appendix I, show that the uncertainty of t is equal 
to 67μs, and the uncertainty of the x is 0.085”.  This means that the timer of the system must 
be accurate to at least 67μs or better.  By having a timer with that accuracy, the system is able 
to determine the difference between 150ft/s and 148.5ft/s.  The calculated velocity is then be 
accurate to within 1% of the actual velocity of the projectile 

The calculated uncertainty of x provides a set of tolerances to abide by during 
assembly.  Since the uncertainty of x is 0.085”, the dimension between sensor one and two 
was set to 12+ 0.085”. 
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7 SELECTION OF TIMING SYSTEM 
For this application a timer accurate to the microsecond is needed to achieve an 

accurate speed measurement.  Since the response time of the sensor selected is 0.10 
milliseconds, the timer needs to be sensitive to that time, and should be faster than the 
response time.  The more decimal places the timer is accurate to, the more sensitive the speed 
measurement is.  The timer also must be able to receive either PNP signal as an input for 
starting and stopping the timer. The timing system for this project is composed of basically 
three components; the sensors, a timer, and a structure to support them.  It was determined 
that the best option for the timer system would be to have a custom circuit built to perform the 
timing.  Two other options, a digital timer and a PLC, were considered, but were not chosen 
for various reasons. 

The digital timer was not chosen because it was essentially just a readout of the 
measured time.  Also, the interface between the computer and the timer would be difficult.  
Software would be needed to communicate between the timer and the computer.  There would 
be too many components if this option was used, and it is rather expensive and indirect.  
However, the timer is accurate enough to have performed the timing.  It would cost several 
hundred dollars to use the digital timer. 

A programmable logic controller was also considered to perform the timing function.  
All PLC’s are equipped with an internal timer, and are easily programmed.  The PLC would 
also be simple to interface with the computer and the sensors. The PLC could be used for two 
purposes; as the actual timer, and as a tool to convert the time needed to travel a known 
distance into a velocity.  The problem however is that the PLC’s internal timer is far too slow 
to be effective for the application at hand.  The internal timer is only accurate to 1/10th of a 
second, and the software required to program the PLC is quite expensive.  The cost of the 
PLC and the software would be about $2500. 

The best option is to design and build a custom timer from the ground up.  By using 
binary counters driven by a high frequency oscillator, the timer could be accurate to less than 
1 microsecond, which is better than the required 67 microseconds determined through the 
uncertainty calculations.  After receiving specifications, David Tashjian designed the circuit.  
The circuit is interfaced through the printer port of the computer, and can be programmed by 
software already present on most computers (Visual Basic).  The cost of materials for the 
circuit was than $160. 
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8 DESIGN OF POWER SUPPLY FOR CIRCUIT 
The power supply for the sensors and timer had to be custom designed rather than 

purchased as a unit due to the fact that each system requires a different voltage to operate.  
After being supplied with specifications and system requirements, the system was designed by 
EET student David Tashjian.  The system is designed such that one electrical cord supplies 
power to everything (the sensors and the timer).  There is a central “box” in which the 
electronic components for the timer is housed, and the cable from the sensors is plugged into.  
The sensors are attached to the “box” through the use of quick disconnect connectors.  The 
power supply circuitry is also housed in this box. 

The power supply circuitry is shown in figure 4.  A standard three prong electrical 
cord plugged into the wall supplies the supply voltage for the circuit shown in figure 1.  The 
supply voltage is AC voltage, but both the sensors and the logic (timer) require DC voltage.  
To convert the AC voltage to DC, a transformer and rectifier is used.  As shown in figure 4, 
the two transformers on the right (as well as the left) are set in parallel with each other.   

 
Figure 4 - Power Supply Circuit 

By using a transformer, the sine wave generated by the AC voltage is reduced 
(flattened) in an effort to transform AC voltage to DC.   The peak voltage at the right hand 
side of the transformer is 18V*√2.  The sine wave shown in figure 5 is then converted to the 
wave shown in figure 6 by using a rectifier, which is composed of four diodes. 
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Figure 5 - Sine Wave generated by AC voltage 

 
Figure 6 - Wave generated after rectifier 

As shown in figures 5 and 6, the function of the rectifier is to “flip” the negative 
section of the sine wave so that the signal stays positive.  After the rectifier conditions the 
signal, the peak voltage is equal to (18V*√2)-1.4V. 

 
Figure 7 - Signal after conditioned by chip (7815 or 7805) 

The three capacitors are used to smooth the signal before it enters the 7815 chip shown 
in figure 1.  This chip essentially reduces the voltage from (18V*√2)-1.4V to 15Vdc.  This 
15Vdc is then supplied to the sensors.  The 7805 chip works in the same manner as the 7815; 
it reduces the voltage from 15Vdc to 5Vdc.  Figure 7 shows what the signal looks like after 
being conditioned by the chip.  The purpose of this power supply is to convert AC voltage to 
DC voltage, and to reduce the voltage from 120Vac to either 15Vdc or 5Vdc. A heat sink was 
required for both the 7815 and the 7805 chips to prevent overheating. The 5Vdc powers the 
logic system (timer, counter, computer interface).   
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9 DESIGN OF START/STOP LOGIC AND COUNTER 
The wiring for the sensors is set up as shown in figure 8.  The sensors act as basic 

switches.  When the sensors are tripped (when the beam is broken), the sensors output a 
signal.  Figure 9 shows how the output signal changes when an object passes through between 
the two sensors.  The design of the following system is setup so that the speed measurement is 
taken at the trailing edge of the missile. 

 
Figure 8 - Wiring Diagram for Sensors 1 & 2 

When the beam of light is broken, a signal is sent to the start/stop logic circuitry.  The 
output of the sensors stays low (no signal) until the beam of light is broken.  Likewise, the 
signal stays high until the entire object (2x4) has passed completely through the sensor. 

 
Figure 9 - Output Signal from sensors during timing sequence 

The timer is started when the trailing edge of the missile passes through the first 
sensor, and is stopped when the trailing edge of missile passes through the second sensor. 

 
Figure 10 - Start / Stop Logic Wiring Diagram 

 

Timer starts 

Timer stops 
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The 1MHz oscillator shown in figure 10 drives the speed of the counters.  By using a 
1MHz oscillator, the speed of the counter is accurate to 1μs.  The required accuracy is 70μs.  
There are several outputs, which is sent to the PC via the printer port.  These outputs include; 
done flag and reset from figure 10 and the shift, load, and data from figure 11. 

The done flag is used in the coding (programming) to determine when the process of 
starting and stopping the counters are complete.  The reset output simply resets the system to a 
“ready-state” which enables the system to start over. 

 
Figure 11 - Counter / Timer Wiring Diagram 

   Figure 11 shows the counter/wiring diagram.  Two counters are used (12 bits each), 
and three parallel to serial shift registers are used (8 bits each) to perform the actual timing 
function of the system.  When the signal from sensor one is sent through the start/stop logic, 
the counters begin counting. When the signal from sensor two is sent through the start/stop 
logic, the counting stops and the data from the counters is dumped into the shift registers.  
After the data is processed though the shift registers, it is sent to the printer port.  Once sent 
through the printer port to the pc, the data is used in the programming to calculate the speed of 
the missile.  A timer flow chart can be found in Appendix J. An overall layout of the wiring 
diagrams can be found in Appendix K. 
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10 DESIGN OF SENSOR SUPPORT ASSEMBLY 
In figure 12, the fiber optic lens holder is shown.  The lens, shown in black projects 

the beam of light to another lens on the opposite side of the structure.  A fiber optic cable is 
inserted into the back of the lens, and is connected to the sensor mounted on top of the 
structure, as shown in figure 13.  There are four holders like the one shown in figure 12, two 
for each sensor.  One holder houses the emitting fiber optic lens, while the other holder houses 
the receiving lens. The holder is able to slide up and down the rods shown in figure 13, in 
order to allow fine tune adjustments of the alignment. The thumb set screw (shown on right 
side) allows the emitter to be adjusted not only in the vertical direction, but also in a rotational 
direction.  Dimensional drawings for the holder can be found in Appendix L. The distance 
between sensor one and two is fixed, but the up and down motion of each sensor is able to be 
adjusted.  The receiver (figure 12) is set up in the same manner, with the freedom to move 
vertically and rotate. The thumb set screw secures the holder in place during testing. 

 
Figure 12 - Optical Lens Holder 

 For fiber optic sensors, the receiver is just a lens with fiber optic cables protruding 
from the back.  The receiver is inserted into the holder shown in figure 12, and the trailing 
wire is pulled off to the side.  The receiver holder is lined up directly across from emitter.  The 
fiber optic cable loops over the top of the structure and hooks up into the sensor.  Figure 13 
shows the sensor assembly structure.  The blue rods are set at a distance of 12in center to 
center, shown in the side view of the drawing.  The emitter and receiver holders slide up and 
down these rods to locate the light beam in the direct bath of the projectile.  The thumb set 
screw secures the sleeves in place by applying pressure to the rod. 

As seen in the top and front view in figure 13, there are 18 inches between the rods.  
Both the emitter and the receiver extend 2.5 inches from the center of the rod, so there is 13 
inches between the emitter and the receiver. 
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Figure 13 - Sensor support Assembly 

The structure shown in figure 13 is made solely out of aluminum (except for fasteners) 
to reduce the weight that contributes to an overhung load / cantilever beam.  
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11 ASSEMBLY DRAWINGS OF SENSOR SUPPORT STRUCTURE 
The assembly drawings for the sensor support structure can be found in Appendix M, 

while the assembly drawings for the emitter holder and receiver holder can be found in 
Appendices I and J respectively.  The sensor assembly is connected to a one by one-square 
tube shown in Appendix N, which allows the assembly to slide back and forth on the rail.  
Fully assembled drawings for the sensor assembly can be found in Appendix O. The material 
to be used for the structure is Aluminum 6061-T5.  The mass of the structure (not including 
yellow beam) shown in Figure 13 is approximately 3.5 pounds.  Knowing that the sensor 
assembly is set up according to figure 14, in which the square tube hangs out 8 feet from the 
cannon, the total deflection of the tube could be determined.  The tube is 1” by 1” with 1/8” 
thick walls and is constructed out of Aluminum 6063 T52.  The calculations for the deflection 
of the beam can be found in Appendix P.  The maximum deflection was found to be only 1.7” 
at the furthest point away from the cannon.  

 
Figure 14 - General Layout of cannon, sensor structure and target 
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12 WIRING BRACKETS 
The wiring brackets consist mainly of wire ties fastened around the aluminum square 

tube.  One wire tie is fastened loosely around the tube, while another tie is looped through the 
first tie and is fastened tightly to the bundle of wires.  This combination of two wire ties is set 
up every foot to ensure that the wires do not hang in the path of the missile.  This system is set 
up so that when the sensor assembly is extended fully (8ft) from the cannon, the bundle of 
wires is taut against the square tube.  When the sensor assembly is slid toward the cannon, the 
unsupported wire bundle hangs from the tube. 
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13 PROJECT SCHEDULE BUILD AND TEST 
The Gantt chart found in Appendix Q served as the schedule for which this project 

adhered to. The sensor assembly was completely fabricated by May 5th, the system was 
calibrated by May 21st, and final checks were performed by May 22nd. The project was fully 
completed by May 22nd for the Tech Expo.  The complete project report was due June 9th

13.1 BUDGET 
. 

All three sections of this project have been sponsored and supported by Clopay 
Building Products.  Clopay Building Products has committed to cover ALL of the costs for 
the design and build of the Garage Door Debris Impact Cannon.  Clopay Building Products 
also stated that it would donate any available parts or equipment that could benefit the build of 
the Garage Door Debris Impact Cannon.  Equipment and tools within Clopay Building 
Product’s machine shop include end mills, lathes, drill presses, welding equipment, sand 
blaster, grinders, sheet metal tools, and an assortment of fasteners. The group also used the 
College of Applied Science’s North Lab Machine Shop for some manufacturing of 
components.  These expenses were included in the final budget to be paid for by Clopay 
Building Products.  Clopay Building Products also donated the use of its computers, technical 
advice, and background information at no charge. 

 Once the written statement was signed by all parties (the students, University of 
Cincinnati, and Clopay Building Products) the floor space for the build was determined. The 
floor space ended up being Clopay Building Products Lab. 

 The preliminary budget for the total project was verbally stated as $10,000, leaving 
each individual of the group with a third of that amount ($3,333 The group and Clopay 
Building Products were confident that each individual could build their project within this 
limit, and were willing to help one another to ensure that the total cost of the project did not 
exceed the $10,000 budget. The Bill of Materials showing preliminary cost versus actual cost 
can be found in table 4. 

Bill of Materials / List of Purchased Components:  

Q
ty Item Preliminary Cost ($) Actual Cost ($) 

2 High Speed Sensors & Acces. 800 220 

1 Computer (Laptop) Donated by Clopay Donated by Clopay 

1 Computer Software 200 - 

- Wiring 100 50 

- Machine Shop Time TBD - 

- Misc Accessories 700 50 

- Structural Material 800 100 

1 Digital Timer 500 400 

 Total $3,100 $820  

 Allowable $3,333 $820 

Table 4 – Bill of Materials 
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14 FABRICATION OF SENSOR SUPPORT ASSEMBLY 
In order to assure that the distance between the sensors is as accurate as possible, and 

the same for both sides of the assembly, the four aluminum bars were machined as a unit. By 
treating all four parts as one unit, the accuracy, or error, would be the same for all four parts.  

 
Figure 15 - Fully assembled structure 

Four pieces of ¼”x1” aluminum 6061 were rough-cut to an approximate length of 
13.25 inches. The desired final length of the pieces is 13 inches. The four pieces, as shown in 
figure 16, were placed securely into the vice mounted to the Bridgeport Milling Machine 
located in the U.C. OCAS machine shop.   

 
Figure 16 - Rough cut pieces secured in vice 

Using a 1-inch diameter-milling tool, the side of the unit was squared up.  See figure 
17 for details. Once the right side of the unit was machined and squared away, the cutting tool 
was moved to the left side.  The left side of the unit was then machined until the electronic 
control display read 14.0000 inches. This meant that all four pieces were precisely machined 
to a length of 13 inches. 
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Figure 17 - Right side of pieces being machined 

Now that the pieces had all been machined to length, two holes 12 inches apart were 
drilled into the pieces.  It was extremely important that the center-to-center distance between 
the holes be equal to exactly 12.0000 inches.  Any deviation from the 12.0000 inch target 
distance would result in an error in the measurement of the projectile’s velocity.  A 27/64” 
drill bit was required because the holes were going to be tapped in order to accommodate a ½” 
threaded rod with 13 threads per inch. The desired location of the center of the first hole was 
½” from both edges of the piece, see figure 18 for details. 

 
Figure 18 - Location of hole relative to edge of part 

 Knowing the radius of the drill bit (0.2109 in), and the required distance from the 
edge (0.5 in), it was determined that the drill bit must be positioned 0.7110 inches from both 
edges.  The drill bit was “zeroed” in both the x direction (figure 19), and the y direction 
(figure 20).  The bit was moved 0.7110 inches in both directions as shown in figure 6.  Once 
the center of the drill bit was positioned ½” from both edges of the part, the hole was drilled 
(figure 21).  Once the first hole was successfully drilled, the table was moved exactly 12.0000 
inches (figure 22).  This would insure that the distance between the two holes would be equal 
to 12 inches. It should be noted that the table was actually moved further than 12 inches and 
then brought back to the 12-inch mark to make sure that the backlash of the table had been 
removed.  
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Figure 19 - Zeroed in the "X" direction  

 
Figure 20 - Zeroed in the "Y" direction 

 
Figure 21 – Drill bit located ½” from both edges 

 
Figure 22 - Drilling the holes 12 inches apart 

 

The next step in the fabrication process was to thread the two 27/64” holes that were 
machined.  The four pieces would again be treated as one unit, in order to assure that the 
threads were lined up properly.  The pieces were aligned in a vice located at the drill press, 
using a machinist’s square as shown in figure 23.   

 
Figure 23 - Aligning the parts 

Once the pieces were aligned properly, a ½” –13 tap was used to thread the hole.  As 
shown in figure 24, the tap was inserted into the chuck of the drill press and lowered into the 
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hole.  The chuck was then rotated by hand as a slight downward pressure was applied. 

 
Figure 24 - Threading the hole using the drill press 

Using the drill press as a guide assured that the threads would be cut straight, therefore 
preventing the chance of misalignment, which can occur when holes are tapped by hand.  
Both holes were threaded in this manner. 

The rods, which will be threaded into the previously discussed holes, were also 
threaded in using the same concept.  As shown in figure 25, the rod was placed in the drill 
press chuck, and the ½”-13 die was mounted in the vice. 

 
Figure 25 - Threading the rod using the drill press 

The next step in the fabrication process was to machine the stabilizer pieces, which 
would support and connect the two sides of the assembly.  These two pieces are 2”x1/4” and 
are 18 inches long.  The length and placement of holes in these two pieces does not need to be 
as precise as the first four parts that were machined.  These two pieces are merely support 
pieces, however they do affect the rest of the alignment of the assembly, so they were 
precisely machined. 

The two cross member pieces were machined using the same method as discussed 
earlier for the four pieces.  The two support pieces were rough cut to approximately 18.25 
inches and then secured into the milling machine.  After the first side was squared up, the 
opposite side was then machined until the pieces were 18” in length. 

The new 3/16” drill bit was zeroed in both the “X” and the “Y” direction, and the 
center of the drill bit was brought in ½” in both directions.  After the first hole was drilled, the 
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bit was moved one inch in the “X” direction, and another hole was drilled.  The bit was then 
moved 17” to the other end and another hole was drilled.  The bit was then moved 1” in the 
negative “X” direction and a fourth hole was drilled.  Figure 26 shows the arrangement of the 
cross member support beams while being drilled.   

 
Figure 26 - Drilling the support beams 
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15 CALIBRATION OF PROPULSION SYSTEM 
The propulsion system designed and built by Bill Berger was calibrated using the 

Speed Measuring System.  The purpose of the calibration was to determine the relationship 
between the air pressure in the tank and the velocity of the missile.  Obviously, as the pressure 
increases the velocity should also increase.  The desired range of velocity for the missile, as 
stated by Clopay, is from 50 ft/s to 150ft/s.  

The initial stages of testing were performed to find the required pressure, which would 
yield a velocity of 50 ft/s.  (DASMA and ASTM requires that the garage door be impacted by 
a 7 to 9 foot 2x4 at a speed of 50 ft/s, in order to be approved for use in hurricane prone 
areas.)  The 2x4 was fired ten times at 30.0 PSI giving an average velocity of approximately 
54 ft/s.  Since 54 ft/s is slightly higher than the required 50 ft/s, the 2x4 was fired 10 more 
times at a lower pressure of 28.0 PSI.  The average velocity of the 2x4 fired at 28.0 PSI was 
measured to be 48 ft/s.  The pressure was then fine tuned between 28.0 PSI and 30.0 PSI in an 
effort to determine the pressure required to fire the 2x4 at 50 ft/s.  While fine-tuning the 
system, it was concluded that charging the propulsion system to 29.8 PSI would consistently 
result in the desired 50 ft/s velocity of the 2x4.  See Appendix R for calibration data. 

Once it was verified that 29.8 PSI would propel the 2x4 at 50 ft/s, the pressure was 
increased and the calibration of the propulsion system was continued.  The cannon was fired 
ten times each at the following pressures: 35, 40, 45, 50, 55, and 60 PSI.  The average velocity 
for each pressure was then calculated, and plotted against the firing pressure as shown in 
Figure 28.  As seen in the Calibration graph, the 2x4 attained a velocity of 106 ft/s when the 
propulsion system was charged to 60 PSI.   

Calibration Graph
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Figure 27 - Graph of Calibration Data 

Testing concluded at this point due to safety concerns, and the inability of the target to 
withstand any impacts at higher speeds.  A particular pattern was observed during testing.  It 
was noticed that for every additional 5 PSI added to the propulsion system, the velocity would 
increase approximately 10 ft/s. Based on this observation, the data collected, and knowing that 
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the propulsion system has the capability to be fired at 120 PSI, it was predicted that the 
propulsion system could easily propel an eight-foot 2x4 at speeds greater than 150 ft/s. 

The calibration graph shown in figure 28, and the data shown in Appendix R, will be 
used by Clopay Building Products as a reference for all future testing.  The data collected is 
only valid for the 2x4 used during testing.  The 2x4s used in the “real” tests will react 
differently inside the barrel and will most likely not have the exact same weight.  It is 
predicted that the difference in the behavior of the separate 2x4s will be insignificant, and the 
calibration graph will still be useful in predicting the velocity at certain pressures. 
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16 ACCURACY OF TIMER 
The required accuracy of the timing system, as stated by DASMA / ASTM, is 2.0% of 

the actual velocity.  This accuracy would yield an error of +/- 1.0 ft/s at 50 ft/s and an error of 
+/- 3.0 ft/s at 150ft/s.  Clopay required the accuracy of the timer to be 1.0%, which would 
yield an error of +/- 0.5 ft/s at 50 ft/s and an error of +/- 1.5 ft/s at 150ft/s.   

The timing system works as a basic stopwatch, with the sensors acting as the start and 
stop buttons.  The most important aspect of the sensor support structure is the distance 
between the sensors.  The theoretical distance should be exactly 12.0000 inches, and any 
deviation in this distance will result in an error in the velocity measurement.  After the sensor 
support structure was assembled, the distance between the sensors was measured at thirty 
random locations in an effort to get an average center-to-center distance.  See Appendix S for 
measurement data. The average measurement for the right side of the structure was found to 
be 12.0045 inches, and the average measurement for the left side was found to be 12.0026 
inches.  The allowable tolerance for the distance between the sensors was calculated to be +/-
0.085 inches as shown in Appendix I. 

The accuracy of the timer was calculated by using the same uncertainty calculation 
used to determine the tolerances of the support structure.  The measurement results shown in 
Appendix S were analyzed, and the shape of the light beam emitted from the fiber optic lens, 
as shown in figure 28, was evaluated.  As seen in figure 28, the emitted light beam has a 
conical shape, which increases in diameter as the distance between the emitter and the 
receiver increases.  Knowing this, the distance between the emitting optic lenses can be 
increased or decreased slightly without affecting the accuracy of the timing system.  However, 
the distance between the receiving optic lenses must remain as close to 12.0000 inches as 
possible in order to achieve accurate readings.  Knowing that the average distance between 
sensors on the left side is 12.0026 inches, and the average distance on the right is12.0045 
inches, it was decided to place the receiving optic lenses on the left side of the structure.  

 
Figure 28 - Sensor layout depicting path of light emitted from sensors 
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The uncertainty calculation was performed, evaluating the left side of the structure as 
the critical side.  The uncertainty equation is shown in figure 29. As shown in the equation, 
the left side only was used to evaluate the accuracy of the timing system. 

Figure 29 - Uncertainty Equation 

 

By using the values measured for the left side of the structure the accuracy of the timer 
was calculated to be 0.7% as shown in Appendix T.  The true accuracy of the timer is well 
under the required accuracy of 1%, and only contributes to an error of +/- 0.34 ft/s at 50ft/s. 

Using the data shown in Appendix R, the accuracy of the propulsion system was 
calculated to be 0.54ft/s, which gives an accuracy of 1.1%.  The accuracy of the propulsion 
system is separate from the accuracy of the timer, and does not contribute to the error in the 
velocity measurement.  The accuracy of the propulsion system simply means that if the 
system were fired at 30.0 PSI repeatedly, the corresponding velocity would fall in the range of 
54 +/- 0.54 ft/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Uncertainty Equation: Uv/v = √((UΔt/tavg)^2 + (Ux/xavg)^2) 
Uv/v = Calculated accuracy of timer (unknown) 

∆tavg = 0.0067 s time taken to travel one foot at 150ft/s = 0.0067 s  (worst case scenario) 

xavg = 12.0026” distance between sensors (average value of 30 measurements for left side) 

UΔt = 0.000047 Uncertainty of time interval (from original uncertainty calculation) 

Ux = 0.0073 Uncertainty of distance (3 standard deviations of left side distance measurements) 
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17 CONCLUSIONS 
All three sections of the project have been built, tested, and certified that they all met 

the required proof of design specifications.  The three sections include; the propulsion and fire 
control designed and built by Bill Berger, the aiming and support structure built and designed 
by Tony Turco, and the missile speed measuring system built and designed by Andrew 
Mathers.  Upon completion of the project, the cannon and all related equipment was handed 
over to Clopay Building Products Inc., and put into service.  

Table 1 shows the required specifications versus the actual specifications of the timing 
system.   

 

 

 

 

 

 

 

 

As shown, the sensors have a response time of 0.010milliseconds, which is faster than 
the required 0.015millisecond response time.  A cantilevered beam attached directly to the 
barrel of the cannon supports the sensor support structure and therefore eliminates any 
footprint resulting from the sensor structure. 

In order for the timing system to have the ability to measure very high-speed 
projectiles, it had to have a resolution of at least 67 microseconds.  The actual resolution was 
much faster due to the application of a high-speed oscillator chip in the timing circuit. The 
overall accuracy of the timing system was calculated to be 0.7% or +/-0.35ft/s at 50 ft/s.  The 
cost of all timing system components was $816.23, and the entire cost (all three sections) of 
the cannon came to $6,850.00, which is under the $10,000 budget. 

The new, on-site Garage Door Impact Test Cannon has the ability to accurately aim 
within +/- 3” of the desired target, features a variable velocity control system capable of 
propelling a 2x4 at speeds from 50 to 150 ft/s, and also offers a timing system to accurately 
measure the velocity of the projectile to within 0.7% of actual speed.  The Garage Door 
Impact Test Cannon successfully tests garage doors to the DASMA / ASTM specifications. 

The cannon will be used to pre-test garage doors before they are sent to Florida for 
approval.  With the impact test cannon in-house, Clopay can avoid multiple test submissions 
to Florida.  Therefore, the approval of the door will be assured by sending down doors that 
have already been tested.   

 

SPECIFICATIONS REQUIRED ACTUAL 

Response Time 0.015ms 0.010ms 

Foot Print (in use) 3ft^2-4ft^2 0 

Foot Print (storage) <1ft^2 0 

Resolution of Timer 67µs 1µs 

Accuracy +/- 1.0% +/- 0.7% 

Cost <$3,300 $816.23 

Table 5 - Required vs. Actual Specifications for Timing System 



SPEED MEASURING SYSTEM FOR IMPACT TEST CANNON 

 33 

18 RECOMMENDATIONS  
During testing it was discovered that ambient light affects the response of the sensors.  

At times, even when the 2x4 clearly tripped both sensors, the sensors would not send a signal 
to the timing circuit.  By fabricating a hood type device to block all light the sensors, the 
sensors would work properly and repeatedly.  
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APPENDIX A - SURVEY 
 

Customer Survey: 
Speed Measuring System for Clopay Garage  

Door Debris Impact Cannon 
 

A group of students from the University of Cincinnati’s Mechanical Engineering 
class is attempting to develop a cannon to be used to perform impact tests on garage 
doors.  Please take 10 minutes to take the survey and return it to the student. 

                   
Please rank the following criteria in order of importance, 1 being the least 

and 7 being the most important. These questions are concerning the timing system 
of the cannon. 

 

   1 Cost 

   2  Size 

   3 Ease of storage 

   4 Ease of use 

   5  Meets all ASTM / DASMA specifications 

   6 Accuracy 

   7 

a) Under $5000 

Ability to test all size Clopay doors 

 

Please answer the following questions related to the timing system of the cannon.  If 
the desired solution is not listed, please enter a value in the “other” space. 

 
1.  What is an acceptable cost for the overall cannon project? 

b) Under $10000 
c) Under $15000 
d) Other   

 

2.  What is a recommended foot print for the timing system while being used? 
a) 1-2 foot squared 
b) 2-3 foot squared 
c) 3-4 foot squared 
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d) Other   
 

3.  What is an acceptable footprint for the timing system while being stored? 
a) Less than 1 foot squared 
b) 1-2 foot squared 
c) 2-3 foot squared 
d) Other   

 

4.  What is the range of sizes for Clopay doors? 

 Height 8 ft  

 Width 

a) One touch operation 

20ft  
 

5.  What is an acceptable mode of operation? 

b) Automatic measurement 
c) Computer interface 
d) Other   

 

6.  What is the recommended accuracy for the timing system? 
a) +/- 1.5 ft/s 
b) +/- 1ft/s 
c) +/- 0.5 ft/s 
d) +/- 0.15ft/s 

 

Please answer the following questions with 5 being the best answer and 1 being 
the worse. 

 

 
1. How satisfied are you with the current design of the timing system? 

1  2  3  4  5 

 
2. Are you satisfied with the accuracy (+/- 2%) of the current timing system? 

1  2  3  4  5 

 
3. Are you satisfied with the response time of the sensors on the current timing 

systems? 

1  2  3  4  5 
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APPENDIX B – SURVEY RESULTS 
 

 

 

 
 
 
 
 

Performance Objectives 
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APPENDIX C – QFD DECISION MATRIX 
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APPENDIX D – CONCEPT SKETCHES 
 



WEIGHTED OBJECTIVE METHOD 
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APPENDIX E – WEIGHTED OBJECTIVE METHOD  
 

 
 

 



ASTM / DASMA SPECIFICATIONS 
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APPENDIX F – ASTM / DASMA SPECIFICATIONS 
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APPENDIX G – SENSOR SPEC SHEETS 



SENSOR SPEC SHEETS 

Appendix G2 
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Appendix G3 
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APPENDIX H – SENSOR AND ACCESSORY COSTS  
 

  

 

 
 

 

 

 

 

 

 

 

 

 

LI Model / Part Number  Price* Quantity Ext. Price In stock 

1 Q23SN6FPY  $72.00 2  $144.00 YES 

Part Number: 46462  

Description: Q23 Series: High Speed Plastic Fiber Optic Sensor 

2 PIL46U  $37.00 2  $74.00 YES 

Part Number: 34080  

Description: FIBER PIL46U ASSY (Optical lenses and fiber optic 
cable 

TOTAL:  $218.00   
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APPENDIX I – UNCERTAINTY CALCULATIONS 
    

Uv/v = √((UΔt/tavg)^2 + (Ux/xavg)^2) 
 

Where: 
Uv/v = (0.5/50) = 1% = 0.01 

∆tavg = time taken to travel one foot at 150ft/s = 0.0067 s  (worst case scenario) 

xavg = distance between sensors = 12 in 

UΔt = Uncertainty of time interval 

Ux = Uncertainty of distance 

 
Assuming the relationship: 

 UΔt/∆tavg = Ux/xavg 

 
By solving for UΔt: 

UΔt = 0.00056 Ux and 

Ux = 1800 UΔt 

 

Plugging UΔt back into the original equation: 
UΔt = 0.000047 

 

Knowing that UΔt = √ (Ut1
2 + Ut2

2), and that Ut1
2 = Ut2

2: 
UΔt = √ (2) * Ut  

0.000047 = √ (2) * Ut 

Ut = 0.000067 or 67 μs 

 

Since Ux = 1800 UΔt: 
 Ux =1800 (0.000047) 

    Ux

 

 = .085 in 
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APPENDIX J – TIMER FLOW CHART 
 

 

 

First Sensor 
Tripped 

 

Second Sensor 
Tripped 

 

Timer Starts 
 

Timer stops 
 

Binary Counter 
Counts “1” 
every µs 

 

Binary 
Count Sent 
to Visual 
Basic Logic 

 

Binary Count 
Converted to 
Time 

 

Time Inverted – 
giving Ft / s 

 

Output Displayed in 
Integrated Excel 
Spreadsheet 

 



OVERALL LAYOUT OF WIRING DIAGRAM 
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APPENDIX K – OVERALL LAYOUT OF WIRING DIAGRAM 
 



ASSEMBLY DRAWINGS OF FIBER OPTIC LENS HOLDER 

Appendix L1 

APPENDIX L – ASSEMBLY DRAWINGS OF FIBER OPTIC LENS 
HOLDER 

 

 
 

 
 



ASSEMBLY DRAWINGS OF SENSOR ASSEMBLY 
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APPENDIX M – ASSEMBLY DRAWINGS OF SENSOR ASSEMBLY 
 

 
 

 



ISOMETRIC VIEW OF SENSOR ASSEMBLY 
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APPENDIX N – ISOMETRIC VIEW OF SENSOR ASSEMBLY 
 

 

 
 

 



FULLY ASSEMBLED VIEW 
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APPENDIX O – FULLY ASSEMBLED VIEW  
 

  

 

APPENDIX P – BEAM DEFLECTION CALCULATIONS 
 

D = Deflection = -PL3 / 3EI 

Where: 

P = Force = 3.5 

L = Length of beam = 96” 

E = Modulus of Elasticity = 106 PSI 
I = Moment of Inertia = 1/12 (W4-w4) = 1/12 (14-0.754) = 0.05679 in

The deflection of the beam is equal to:       D = 1.74”

4 

 



GANTT CHART 
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APPENDIX Q - GANTT CHART 

  



CALIBRATION DATA 

Appendix R1 

 

APPENDIX R – 
 

CALIBRATION DATA 



SENSOR STRUCTURE MEASUREMENT DATA 
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APPENDIX S – SENSOR STRUCTURE MEASUREMENT DATA 
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APPENDIX T – 
    

U

TIMER ACCURACY CALCULATIONS 

v/v = √((UΔt/tavg)^2 + (Ux/xavg)^2) 
 

Where: 
Uv/v = Calculated accuracy of timer (unknown) 

∆tavg = time taken to travel one foot at 150ft/s = 0.0067 s  (worst case scenario) 

xavg = distance between sensors = 12.0000 in 

UΔt = Uncertainty of time interval 

Ux

U

 = Uncertainty of distance 

 
From Appendix I: Uncertainty Calculations: 

Δt

∆t

 = 0.000047  

avg = 0.0067 

 
xavg was found by averaging the 30 values taken from measurements of the center-to-
center distance between the right and left sensors: 

Average measurement for right side: 12.0045” 

Average measurement for left side: 12.0026” 

 
Since the average measurement for the left side is smaller, that value was used to 
evaluate the accuracy of the system.  The receiving side of the sensor must then be 
located on the left side of the structure: 

xavg =  12.0026 

 
Ux was found by finding the standard deviation of the 30 measurements for the center-
to-center distance: 

Std Dev for left side = 0. 0024 

 
Ux 

Constants 

is equal to the Standard Deviation by multiplied three to achieve a Six Sigma 
application: 

3 Std Dev (left) = 0.0073 

 



TIMER ACCURACY CALCULATIONS 

Appendix T2 

 

 

Plugging all values back into the original equation and solving for Uv/v: 
Uv/v = √((UΔt/tavg)^2 + (Ux/xavg)^2) 
 
∆tavg = 0.0067 s   

xavg = 12.0026” 

UΔt = 0.000047 

Ux = 0.0073  

 
Uv/v = 0.007 or 0.7% Calculated accuracy of timer  

 

 

 

 

 

 


	Abstract
	Introduction
	Problem Statement
	Interview analysis
	Survey analysis

	proof of design / project objectives
	Alternative Designs
	Weighted Objective Method for concept selection

	Selection of Method
	selection of sensors
	allowable tolerances
	selection of timing system
	Design of Power supply for circuit
	Design of start/stop logic and counter
	Design of sensor support assembly
	assembly drawings of sensor support structure
	Wiring brackets
	project schedule Build and test
	Budget

	Fabrication of sensor support assembly
	Calibration of Propulsion System
	accuracy of timer
	Conclusions
	Recommendations
	References
	appendix A - Survey
	appendix b – survey results
	appendix c – qfd decision Matrix
	appendix d – Concept Sketches
	appendix E – Weighted objective method
	appendix F – astm / dasma specifications
	appendix G – Sensor spec sheets
	appendix H – Sensor and accessory costs
	appendix I – Uncertainty calculations
	appendix J – Timer Flow Chart
	appendix K – Overall Layout of wiring diagram
	appendix L – Assembly Drawings of Fiber optic lens holder
	appendix M – Assembly Drawings of sensor assembly
	appendix N – Isometric view of sensor assembly
	appendix O – Fully assembled view
	appendix P – beam Deflection calculations
	APPENDIX Q - Gantt chart
	appendix R – 5TCalibration Data
	Appendix S – Sensor structure measurement data
	appendix t – 5TTimer Accuracy Calculations



