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ABSTRACT 

The Aerodynamic Characterization Facility (ACF) of the Research and Engineering Education 

Facility (REEF) has requested a mounting and actuating mechanism in order to continue testing. 

This facility hosts an open subsonic wind tunnel with a maximum wind speed of 22 m/s. The 

design must be able to adjust pitch (-5° to +20°) and yaw (-10° to +10°) while the tunnel is in 

operation and maintain the specimen in the center of the air flow. The design features 105 degrees 

of a 25 inch radial arc with a 1 inch by 1 inch square shaped cross-section. The circular arc will be 

mounted in two locations in order to stabilize it during wind tunnel operation. Rollers with rubber 

coating and bearings will be used to reduce friction and help dampen vibrations. This arc will be 

actuated through a drive train consisting of a worm, worm gear, spur pinion, and gear rack on the 

back of the arc. A sting mount placed in the arc and held by set screws will be utilized to hold 

specimens in the center. Upon completion of the assembly, testing yielded failure of the gear to 

shaft set screw mounting mechanism. “D” shafts were used in order to make the set screws hold 

and this resolved all issues. The test mechanism is completed and ready to be sent to the sponsor. 
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1. Introduction 

Due the removal of the current model mounting system, the Air Force Research Lab has 

requested the production of an articulating robot arm to be used in a subsonic wind tunnel. The 

arm would allow research conducted at the facility to continue and will enable the researchers to 

manipulate the pitch and yaw of aircraft models in an active flow. The articulation of the robotic 

arm will be dictated by a stepper control unit that will be linked to a remote user interface. The 

yaw and pitch movements of the arm will be carried out through the use of two separate stepper 

motors. Any specimens held by the arm will be mounted utilizing a sting. The wind tunnel that the 

robot arm will be placed into is an open test section and is located at the Aerodynamic 

Characterization Facility (ACF) of the Research and Engineering Education Facility (REEF). The 

wind tunnel as the ability to generate wind speeds that can reach up to 22 m/s or approximately 50 

mph. The inlet of the wind tunnel has a square cross-sectional area that is 42” by 42”. 

1.1 Problem Statement 
The open wind tunnel located at the REEF center used by the Air Force Research Lab 

requires a mechanism in order to test specimens. The mechanism must be able to hold a specimen 

in the center of the jet flow and manipulate both the pitch and yaw during operation. The 

mechanism must maintain the specimen’s position in the center of the jet at the conclusion of any 

manipulation. 

1.2 Design Requirements  
 The goal of the project given to Senior Design Group #12 is the design and production of 

a cost effective mechanism that can hold and adjust the orientation of a specimen being tested in a 

subsonic wind tunnel. The sponsor of the project presented a set of objectives to be achieved by 

the robotic arm. The arm must be structural sound enough to withstand the maximum forces 

generated by the wind tunnel, 22 m/s. The arm must also be able to manipulate the orientation of 

the mounted specimen while the tunnel is operating at maximum velocity. During the manipulation 

of the specimen, the position of the specimen (center of mass) must not change. The two aspects 

of the specimen’s orientation that will be adjusted are the pitch (angle of attack) and the yaw (side 

slip). The pitch of the specimen should be able to be adjusted to any position between -5° below 
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center and 30° above center. The yaw of the model should be able to adjust 10° left or right of 

center position. The final objective set forth was that when the model is in the desired position the 

model must not move. The set of listed objectives include: 

 Arm able to withstand maximum force generated by wind tunnel 

 Arm able to operate at maximum tunnel velocity 

 Center of mass of specimen must not change 

 Adjustable pitch range of -5° to +30° 

 Adjustable yaw range of ±10° 

 Model must not move when in set position 

 

1.3 Design Constraints 
 While attempting to meet the objectives set forth by the sponsor multiple constraints had 

to be considered. The sponsor has requested that the user interface that will operate the robot arm 

will be run by a LabVIEW program. Using LabVIEW offers the opportunity to create an easy to 

use system, as well as having the ability for the system to report the angle that is actually at in 

comparison to the requested position. A second constraint in regards to the operation of the arm 

requires that the orientation of the arm should be within 0.25° of the requested orientation. When 

at any position the sting has the potential to deflect, the maximum deflection that is allowable is 

0.25”. To ensure validity of any results taken while using the system in addition to the structural 

integrity, the sponsor has required a factor of safety of 5. The final major constraint of the project 

is the operating budget; the team has been allotted $2,000 to complete the project. To assist with 

limitations of the budget and overall design, some components have already been provided by the 

sponsor. The listed constraints for the mechanism include: 

 User interface involves LabVIEW 

 0.25° orientation accuracy 

 Maximum Deflection of 0.25” 

 Factor of Safety of 5 

 $2,000 budget 
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2. Background and Literature Review 

2.1 Wind Tunnels 
Wind tunnels offer a cost effective way to test aerodynamic designs in a controlled 

environment. When a properly scaled model is placed in a wind tunnel, dimensionless numbers 

can be utilized to generate flows that are dynamically similar to conditions that would been seen 

by the full-size aircraft. The data recovered from testing would allow for modification and 

improvement before starting full-scale production.2 Wind tunnels operate by having a fan pull air 

into the entrance of the tunnel, often through screens and straighteners to help straighten the flow 

and reduce the turbulence. The cross sectional area of the tunnel is then reduced to increase the 

velocity of the incoming flow, which then proceeds to the test section. In an open circuit facility, 

once the flow has passed through the test section it continues to the diffuser and is discharged.1 

The facility that the robot arm will be utilized in is an open test section subsonic wind 

tunnel. In an open test section wind tunnel there are no walls bounding the flow immediately after 

the inlet contraction. This means that as the flow moves away from the test section entrance, the 

boundary layer of the flow will expand outward.2 This type of wind tunnel orientation is most often 

used for acoustic testing purposes. Figure 1 shows an example of an open test section open circuit 

wind tunnel that is housed at the same facility where the robotic arm will be used. 

 

Figure 1: General representation of an open test section wind tunnel. 
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 To achieve ideal results from testing, it is imperative that the model mounting system be 

minimally invasive. This is especially true for subsonic wind tunnels as the upstream adjusts to 

downstream objects and blockages.  A common method of model attachment is the utilization of 

a sting mount.2 This type of mount attaches to the rear of a model and provides minimal 

interference to the flow approaching the model. Figure 2 shows a model held by a sting mount as 

well as representation of the flow direction. Measurement devices may be placed on the end of the 

sting, such as an internal balance or strain gage, to provide data on the specimen during 

experimentation.3 

 

Figure 2: Example of a specimen held by a sting mount in a wind tunnel. 

 

 

2.2 Testing Facility 
The device is being requested by a division of the Air Force called the Air Force Research 

Lab. The University of Florida has a shared facility with the Air Force called the REEF center. 

This center is located in Shalimar, Florida. It is a research center that has various wind tunnels for 

different types of propulsion and aerodynamic testing. Our mechanism is going to be used in a low 

speed wind tunnel within this facility at maximum speeds of 22 m/s. The purpose of the testing 

remains unknown. Figure 3 shows the wind tunnel in the REEF facility that this mechanism is 

being designed for. The figure shows both the compressive intake that speeds up the air and the 

exist portion that has a motorized fan that draws air through the testing chamber.  
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2.3 Similar Mechanisms 
One already existing mechanism that accomplishes the same objectives is the mechanism 

that was previously used for the low speed wind tunnel. This mechanism was called “pitch-

plunger” by our sponsor Dr. M. Sytsma. Figure 4 shows this mechanism. The pitch poles adjusted 

the pitch of the mechanism while 

maintaining the specimen center and 

the yaw adjustment device rotated the 

specimen at its center of mass so its 

movement was left unchanged. 

However, we could not recreate this 

device due to its price tag of 

approximately $180,000. Also, this 

mechanism was highly over designed 

for this wind tunnel and was capable 

of high frequency dynamic testing. 

The mechanism our group has been 

instructed to build is for static testing 

and does not require the same 

robustness and cost. 

Figure 3: This figure shows in the large intake 

(left) and motorized air drawing exit (right) 

Figure 4: Current sting mount mechanism 
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 Another mechanism design that is used to accomplish these movements, while also 

maintaining the center of mass in the center of the flow, is shown in figure 5. This device adjusts 

the pitch along the circular arc in the back. As it moves along that arc the center is maintained. 

The device can also roll along the sting shaft axis. Finally, this entire system is set on top of a turn 

table with the mechanism in the center. This way, when the table operates, the mechanism still sits 

in the center of the flow.  

 

Figure 5: Sting mount mechanism 
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3. Concept Generation 

3.1 Functional Analysis 
The process by which the mechanism will operate can be broken down into four distinct 

sections; the structure, the user interface to the controller, and the controller to the two different 

stepper motors. The structural portion of the mechanism will be responsible for withstanding the 

wind tunnel forces and mounting the test specimen. This part will be designed to be as aerodynamic 

as possible in order to minimize forces and vibrations.    

The mounting mechanism for the structural portion will be actively controlled by the user. 

Therefore a user interface will be required to enter commands for pitch and yaw that will feed into 

the stepper controller. There will be a user interface (UI) that consists of a command prompt in 

which the manipulations to the models alignment can be typed; these commands will be fed to the 

controller. 

Once the commands have been passed from the stepper controller to the stepper motors, 

they will initiate their operation. The two motors will be controlled independently, one changing 

the angle of attack and the other adjusting the yaw by controlling rotation of a turn table provided 

by the sponsor. The stepper motors will be connected to a torque amplification system in order to 

increase the torque produced by the motors. This will allow them to easily adjust the pitch and yaw 

through their full range of desired motion. Table 1 summarizes the functional analysis. 

Table 1: Functional Analysis 

Equipment Function 

Controller Used to pass command from user interface to respective 

stepper motors 

Stepper Motor Motor used to adjust the angle of attack (pitch) of the chosen 

mount design  

Stepper Motor/Turn Table A turn table (provided by sponsor) that has already been 

integrated with a stepper motor 

Structure Mounts the specimen and provides a structure for which the 

motors actuate to accomplish inputs 
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3.2 Previous Design Ideas 
Our first design concept was a simple sting mount with a recessed portion to allow the base 

to rotate about the centroid of our model. This design is extremely simple to produce as some bent 

medal tube, or some separate straight portions screwed together would produce a satisfactory 

product. This design is shown in figure 6. It is a very useful design for yaw calculations, as the 

rotation about the models centroid would prevent any translation in the flow field, ensuring 

accurate data. However, this design is only advantageous for very low angles of attack. Once the 

model is adjusted to some angle of attack, the model will be moved in the flow field as well as no 

longer rotate about its centroid. This would skew the data to the point that it is no longer useful. 

With these considerations and the input from our sponsor this design would require extra actuation 

in order to re-center the model in the air flow.  

 

Figure 6: Design Idea 1 
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In order to maintain the model location within the flow field, two more designs 

incorporating a circular arc was developed. This design is shown in figure 7. The arc design allows 

for the angle of attack (pitch), to be changed within the flow field without translating the model in 

any direction. By placing the pitch center of rotation in line with the same axis as the yaw rotation, 

the model can be adjusted during operating conditions without data corruption. Figure 8 illustrates 

the circular arc concept. As shown, the circular arc can be adjusted through a fixed point and 

maintain the models center.  

 

 

The arc design however is more complex to manufacture. The radius of the arc will have 

to be approximately 25 inches in order to stay out of the flow field. This would be very difficult to 

find off the shelf or machine, and will probably have to be custom made. The arc will be mounted 

on a turn table with a built in stepper motor. This would turn the arc on the horizontal plane, 

adjusting the yaw. The pitch would be adjusted by a stepper motor with some type of torque 

Figure 7: Design idea 2 Figure 8: Proof of arc design concept 
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amplification system. A worm gear would allow a fine degree of control and wouldn’t be back 

drivable, thus maintaining its position under a load.  

Similar to design two, design three utilizes an arc to maintain the model location during 

dynamic testing conditions. This design, shown in figure 9 was developed to help mitigate the 

amount of material in front of the model, and maintain designed flow conditions upstream. 

However, because subsonic fluid can sense the presence of a boundary ahead and adjusts, the arc 

would need to be properly spaced in the fluid in order to maintain fluid conditions. By placing the 

arc mounting mechanism at the rear of the arc, the amount of material in the arc is reduced. This 

reduction in the amount of arc used could result in significant cost savings if it must be custom 

manufactured. The arc would still require a radius of approximately 25 inches in order to have a 

sting that centers the model over the turn table. However, because more material would be in the 

flow, stronger motors would be required in order to adjust the pitch and yaw during tunnel 

operation. This would require more structure material, larger motors and higher costs. 

3.3 Selection of Optimal Design 
The criteria we chose to judge our different designs upon are shown in the decision matrix. 

The decision matrix is shown in table 2. Strength, cost, efficiency and complexity were the main 

evaluating factors. Each of these criteria were given a weight factor based on the scale 3, 6 and 9. 

Each design was then given a score of 1, 3, 7 and 9 based on its strength in each criteria category 

Figure 9: Design idea 3 



11 

relative to one another. The scores were multiplied and summed together to get a total score. The 

strength of the design was evaluated based on geometric principles and amount of flow that was 

located in the within the wind tunnel flow. Design #1 had approximately half of its supporting 

structure in the flow. This would induce more drag on the design relative to design number 2 and 

was given a score half of that than design # 2. Design 3 had majority of its design in the flow as 

well and would induce more drag than design 2 as well. The relative scores reflect this difference.   

Table 2: Decision Matrix 

Criteria Strength Cost Efficiency Complexity Total 

Weight Factor 9 6 9 6  

Design #1 3    27 3    18 3    27 7    42 138 

Design #2 7    63 7    42 9    81 3    18 180 

Design #3 3    27 3    18 7    63 3    18 125 

 The cost portion of the score was mainly determined by the section of the design that will 

shift the pitch, as the yaw of all three designs will be adjusted in the same manner. Designs #2 and 

#3 would require a very precise arc to be purchased or fabricated which could potentially cost 

double to triple what the mounting structure for design #1 would be comprised of. Also, design 2 

and 3 would require a technical form of actuation which also may be expensive. The relative scores 

of this are shown in the decision matrix. The complexity of the design and the cost of the design 

are interrelated and share the same general trend in the decision matrix; design #3 scoring the 

lowest and design #1 scoring the highest.   

The efficiency component of the decision matrix took multiple factors into account to 

produce its score. One big factor in this score was the amount of movements required. Design #1 

required 4 movements (2 for actuation and 2 for re-centering) while the other designs only required 

2 movements. Another consideration was the amount of flow interruption in comparison to 

stability. The mount must refrain from interrupting the flow before it reaches the test model and 

must maintain a stable unmoving position. Design #2 scored the highest on this portion as it is 

mostly kept out of the flow and requires only 2 movements. 

The cost was analyzed based on the amounts of material and additional equipment required. 

Designs 1 and 2 have more material due to the moment arm that extends to attach behind the object. 

Also, design 1 requires more motors in order to keep the objects center of mass stationary. This 
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would require significant more costs due to the stepper motor and encoder combination. For this 

reason, design 2 scored the best. It would only require one additional stepper motor and would 

require material just for an arc. 

Efficiency grading was developed based on how easily the mechanism will move. In design 

2, one movement covers both translation and centering. It also has just the sting mount in the 

flow. Design 3 has similar efficiency but has a large arc in the flow. Since the tunnel is subsonic, 

this would change results due to the fluid being able to adjust to the upcoming boundary. Design 

1 had the lowest efficiency because it would require 4 movements to accomplish the same task as 

designs 2 and 3 accomplish with 2 movements. This also ties into the complexity grading. 

Although design 1 is extremely simple, it has complexity in terms of keeping the mount centered 

in the flow. Design 2 has complexity about its arc, but generally does not interrupt the flow 

patterns. Finally, design 3 has a relatively large object in the flow. This would be hard to analyze 

and would require many assumptions. It would also require research beyond what is known. For 

this reason, it scored low.  

Overall, design concept 2 was the final selection. This was because it was the most 

optimized case of strength, cost, efficiency, and complexity. The next section will further analyze 

this design. In the next section, each of the different components will be analyzed along with FEA 

analysis and the programming logic required. 
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4. Final Design 

4.1 Design for Manufacturing 

4.1.1  Components 

The final design is comprised of many sub-assemblies that come together in order to 

complete the full assembly. The sub-assemblies comprise of the mounting system assembly, 

follower assembly, arc-sting assembly, and drive train assembly. Each of these are comprised of 

different parts that are joined and constrained by different methods. When joined together on the 

base plate, it is place onto the turn table to complete the final design. Figure 10 shows the complete 

design with each sub assembly labeled.  

Figure 10: Full assembly 
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4.1.2  Assembly 

The arc system was designed in methodical fashion to ensure ease of assembly upon 

delivery to the customer. There are sub-assemblies that can be constructed individually and then 

pieced together to complete the assembly process. The only tools needed are a press, to fit the 

bearings, a screwdriver, a set of allen wrenches, and JB weld. The bill of materials for the entire 

project can be found in appendix F. 

4.1.3  Bearings and Rollers 

The first step is to press-fit bearings into each section of the housing. Each bearing was 

selected so there would be no confusion as to where the bearing should be placed in the housing. 

Each bearing of appropriate size should be seated fully so the machined lip on the housing stops 

the bearing, and ensures proper shaft alignment. Detailed drawings of the bearings can be looked 

up using the part number found in appendix A. 

To assemble the rollers, the appropriate steel shaft and rubber roller should be matched up. 

The roller inner diameter will match the shaft diameter, and the length of the roller will be 

approximately 2 inches shorter than the shaft length. Again the sizes were selected such that the 

shafts can only go to the intended rollers. The roller should be slipped over the steel shafts and 

placed between the machined slits for the c-clips. Once the roller is in place, c-clips should be 

applied so the roller is set to a fixed position on the shaft. One important consideration, for the 

lower half inch inner diameter rollers, is that the rollers must be positioned with a half inch gap 

between each roller. This gap is to allow for the tracked section to navigate through the roller 

section. A detailed drawing of the rollers can be looked up by getting the part number in appendix 

A. 
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4.1.4  Main Mounting Housing 

The most important part of the design is the main mounting mechanism. This mechanism 

is comprised of polyurethane rollers, steel shafts, bearings, and an aluminum 6061 housing that 

holds it all together. Figure 11 shows the mounting system with each component labeled. The ½  

 

inch rollers and vertical rollers constraint movement in both the x and y direction. These are 

mounted on to shafts through form fit and c-clips. The shafts are then placed into the housing wall 

supports with bearings to minimize friction. A fully constrained housing is shown in figure 12 that 

shows an assembled view of the assembled housing.  

4.1.5  Follower Assembly 

The follower is constructed in a manner similar to the main housing system. However, it 

differs in the fact that it does not constrain vertical movement. The follower’s main use is for 

constraining torque and preventing low modes of frequency when the arc is being used at high yaw 

Figure 12: Housing exploded view Figure 11: Housing assembled view 
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angles. Figure 13 and 14 show both an exploded view and assembled view of the follower. The 

follower support assembly can be secured to the turn table base plate. Use the single 1/4-20 bolt 

on the bottom to bolt the structure to the plate. The follower will be placed behind the housing 

assembly, directly in line. There is only one hole in the plate where the follower assembly can be 

mounted. Note the follower assembly need to be aligned to the base assembly. This is done by 

aligning the edge of the plate and the edge of the square support rod. More information on the 

turntable can be seen in the data sheets in appendix B.  

 

 

 

 

4.1.6  Arc-Sting Assembly 

The arc-sting assembly is fairly simple and straight forward. There are 3 main components: 

the sting, the gear track, and the arc. The sting is form fitted into a mounting hole in the arc. Set 

screws in the side of the arc are used to secure the sting so that it has adjustable forward and 

backward movement. The set screws are standard 10-32 set screws. Figure 15 shows the exploded 

view of the arc sting assembly. Detailed drawings can be found in the appendix C.  

Figure 14: Exploded follower assembly Figure 13: Assembled follower 

assembly 
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4.1.7  Drive train assembly 

The motor housing assembly consists of three plates and three bearings. The plates are 

arranged in a manner that the bearings will all face toward one another. The plates can be bolted 

directly together as there are no components that are confined within the structure. The exploded 

view and assembled view of this assembly are shown in figure 16 and 17.  

 

Figure 15: Arc-Sting assembly 

Figure 16: Drive train exploded view 
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 With the motor housing and the bottom support assembly mounted to the turntable plate, 

the power train can be connected. The powertrain consists of the motor, motor shaft extension, 

shaft coupler, worm, worm gear, power transmission shaft, spur gear, and two shaft collars for the 

power transmission shaft. The first step is to mount the spur gear and work gears. Begin by sliding 

the power transmission shaft through the outside of the motor housing, place the worm gear in the 

motor housing assembly and slide onto the power transmission shaft. Continue sliding the power 

transmission shaft through the other side of the motor housing, and through one side of the bottom 

support assembly. Slide one shaft collar, the spur gear, then the other shaft collar onto the power 

shaft, then continue to push the shaft through until it is flush with the outside of the bottom support 

assembly. Secure the shaft in place with the two shaft collars by sliding each shaft collar to the 

side of the support housing, and they make contact with the bearings. Tighten the shaft collars in 

place once they are in place. Once the shaft is in place align the spur gear and worm gear so that 

the geared section is directly centered in each of their respective housings. When they are 

positioned, tighten the set screw on the gear hub.  

With the gears in place, the motor can be mounted to the motor housing assembly. There 

are four screws to mount the motor on the housing. The motor should be positioned so the 

connectors do not face the arc. Place the motor over the holes and bolt in place. With the motor 

mounted, slide the shaft coupler over the motor shaft, do not tighten the coupler yet. Slide the shaft 

extension into the housing through the bearing opposite the motor. Slide the worm over the shaft 

extension and continue to slide the extension until it seats against the motor shaft. Slide the coupler 

Figure 17: Drive train assembled view 



19 

over both the motor shaft and tighten the coupler to both shafts. Spin the worm gear such that the 

worm will mesh with the worm gear directly tangent to the shaft. When in position tighten the 

worm in place by the set screw. More detail on the power train assembly can be found in appendix 

C.  

 After the power transmission assembly is in place, the vertical rollers can be put into 

position. Simply slide the each of the four rollers into one of the four bearings pressed at the base 

of the bottom support structure.  

4.1.8  Complete assembly 

An overall assembly can be seen in figure 18. The follower assembly consists of three 

plates, one square support rod, two vertical rollers, one horizontal roller, and six bearings. Again 

the rollers should be placed in their respective positions before bolting the structure together. With 

the rollers in place, bolt together the side and bottom plates with the 1/4 -20 screws. Once secured, 

Figure 18: Complete assembly exploded view 
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the support rod can be bolted to the bottom plate. It is imperative that the support rod and the 

bottom plate be aligned such that the sides are parallel. This is easily achieved by placing the 

support and the rod in their side just before the bolt is tight. Doing so will allow the table to align 

the support. More information on the follower assembly can be found in appendix C.  

4.1.9  Time for assembly 
In order to assemble the arc system we allotted two weeks to test fit each component and 

build the sub-assemblies. This was done to ensure when the entire system was constructed, there 

would be no issues. The physical labor required to construct the entire assembly was approximately 

seven hours, thirty-one hours if the epoxy cure time for the arc is included. Bolting the sub-

assemblies, constructing the rollers, and fitting the bearings took three hours. Gluing the gear rack 

to the arc took an hour of labor, plus a full twenty-four hour cure time. Lastly wiring the motors 

and zeroing the unit took three hours. The assembly of the entire system took less time than 

expected. The test fitting that was performed throughout the machining process ensured an easy 

assembly.  

4.1.10 Design Optimization 

The design implemented is the optimum design for the REEF facility wind tunnel. The 

requirements of achieving adjustable pitch and yaw, while maintaining a fixed position in the 

tunnel jet stream or impeding the incoming flow, was achieved.  A few of the parts that were 

utilized could have been milled from one solid piece of aluminum instead of the bolted design that 

was chosen. However, this would have raised cost, and in the event of a catastrophic failure of that 

component, resulted in more expensive repair. The bolted option gave more benefit for little 

additional complexity.  The only additional components that would increase the functionality of 

the arc would be an inclinometer at the tip of the sting to ensure accuracy. Any other additional 

components would unnecessarily complicate the system.  
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4.2 Analysis 
 

4.2.1  Calculations 

Geometric analysis 

Before any other analysis could be completed, geometric analysis had to be completed in 

order to size the mechanism correctly. It was a constraint to have most of the mechanism outside 

of the flow. Since an arc was the mounting mechanism chosen, this means that throughout its entire 

actuation motion (-5 to 20 degrees), it must not imping on the flow field. The arc was analyzed in 

its most extreme condition plus 10 degrees for safety. This would be 30 degrees since this would 

place part of the arc into the flow as shown in figure 19. Using equation 1, and a jet half-width of 

20 inches, the radius of the arc was calculated to be 24.4inches. This was rounded up to 25 inches 

for simplicity and clearance.  

 

 𝑟𝑎𝑑𝑖𝑢𝑠 =
𝑙

cos(35)
= 24.4 𝑖𝑛𝑐ℎ𝑒𝑠 ~ 25 𝑖𝑛𝑐ℎ𝑒𝑠   (1)  

 

Figure 19: Geometric Analysis 

Assumptions 

Before any of the structural analysis could be completed, the flow around the body had to 

be analyzed. Utilizing some conservative assumptions, the flow around the body could be analyzed 
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in order to obtain lift and drag forces. The assumptions used to obtain the lift and drag forces are 

shown in table 3. Appendix D shows all of the Mathcad calculations completed to arrive at 

maximum lift and drag forces. Results of the flow analysis are shown in table 4.   

 

                                     Table 3: Assumptions for calculations 
 

 

 

 

 

 

 

                                                 

                                               Table 4: Results of significant calculations 

 

 

 

Gear Analysis/Motor Selection 

 Because there was limited budget, motor sizing and gear train construction had to be simple 

yet effective. Once the assumptions were complete and a conservative force was estimated on the 

arc design, a gear train could be constructed. With use of a gear train to amplify torque, a smaller 

motor could then be selected. 

 Since there was a considerable 15lb force on the sting at 25 inches away, the system was 

going to experience a lot of torque in order to actuate through an attached plastic gear track. A 

worm gear was selected for this purpose and because it is not back drivable. A worm was attached 

to a worm in a single start 50:1 ratio. The worm actuated the worm gear attached to the shaft with 

a plastic spur. This spur mated with the track on the back of the arc. Calculation for the torque 

amplification can be found in the appendix D. Stress analysis calculations are also completed in 

the appendix in order to make sure the plastic gear would not fail.  

# Assumptions 

1 -Maximum flow blockage of 10% 

2 -Coefficient of lift (CL) = 2 

3 -Coefficient of drag (CD) = 1 

4 -Multiplication factor of 1.5 for 

unsteady loads 

Variable Value (units) 

Max Lift 12 (N) 

Max Drag 60 (N) 

Max Moment 38 (N*m) 



23 

 Once the gear train was sized, the motor could be selected. A few components to consider 

when selecting the motor was the power, RPM, and torque available in the motor. The specification 

sheet for the selected motor can be found in appendix B. This motor has torque curves that allow 

for calculation of RPM throughout the system. Using these RPM values, life-cycle could be 

determined for the plastic gears once the surface strength has been determined. RPM calculations 

can be found in appendix D. Surface strength calculations and life cycle analysis will be discussed 

later on. 

  

4.2.2  Stress Analysis 

The main concern for failures due to over stressing components came into consideration 

for sting mount deflection and the spur gear teeth. The sponsor required that the sting deflect no 

more than 0.25 inches. Larger deflections would add error into the desired angle of attack and 

could cause modal vibrations to occur at a lower frequency. The spur gear teeth could fail because 

they are plastic and would fail before the hardened steel and brass gears do. FEM was performed 

on the arc-sting design in order to show deflection and stresses seen by on the assembly.  

Arc-Sting design 

 One requirement in the project was to design a sting mount that deflected no more than 

0.25in and had at least 3 factors of safety for dynamic forces. Finite element analysis was run in 

Creo Simulate on the arc and sting together in order to determine the maximum forces and 

deflection seen by the assembly. A 15 lbf was placed axially and perpendicular to the tip of the 

sting to be conservative in the FEA. The arc sting assembly was constrained by the housing and 

follower in the FEA shown in figure 20. The deflection chart is shown in figure 21.  The maximum 
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                         Figure 20: FEM Stress Analysis- Von Mises stresses 

forces seen on the sting is approximately 10 ksi with a max allowable of 32 ksi. This gives over 3 

factors of safety. The maximum deflection is about 0.1 inches while the max allowable was 0.25 

inches. This design gives over 2 factors of safety and meets the sponsor requirement.  
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                            Figure 21: Displacement Analysis 

 

Spur Gear Stress Analysis 

 The plastic spur gear that mates with the arc will experience the most force amongst all of 

the gears. It is also made of plastic unlike the other gears. There is a possibility of 15lbf loaded on 

a tooth at a time. Bending and surface strength had to be analyzed on the teeth in order to ensure 

integrity of the system. The bending strength calculations found that the tooth had a factor of safety 

of 1.5 when tip loaded with 15lbf. This factor of safety also has a 1.5 factor of safety built in for 

unexpected dynamic loads. When the surface strength was analyzed, it was found that the surface 

would remain intact for approximately 105 cycles when performing gear analysis on it. The 

calculations for the bending and surface strength of the design can be found in appendix D. 

4.2.3  Design for reliability 

This arc-actuation mechanism is expected to be used to complete testing at the REEF 

center. In order for proper testing and operation to occur, the life cycle of this mechanism must be 

analyzed in order to ensure long-lasting life. The spur gear and polyurethane rollers were analyzed 
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for their life cycle due to the fact that they could eventually creep and cause deformation. A suitable 

prediction for the amount of cycles expected from the mechanism were drawn from the analysis. 

Calculations for the plastic spur gear and rollers can be found in appendix D. 

 Lifecycle Analysis- Spur Gears 

The plastic spur gears are most 

suspect for wear over time since they will 

see the largest applied forces on a small 

areas of the teeth. The maximum allowable 

bending stress and surface strength were 

analyzed and compared to standards in order 

to determine a suitable life cycle for the spur 

gear teeth. These calculations are shown in 

appendix D. The max allowable bending 

stress is used for bending failure while 

surface durability calculations are used for 

life cycle analysis. Knowing the life cycle 

can aid in inspection checks and give an approximation for when parts should be replaced. The 

calculations yielded a maximum allowable force of 20lbf and approximately 4 kgf/mm2 for surface 

strength. This gives about a 1.3 factor of safety on the bending stress and approximately 105 cycles 

when comparing to figure 22.  

 Lifecycle Analysis- Polyurethane Rollers 

 The polyurethane L167 rollers have an elastic modulus of 1.8 ksi and a tensile strength of 

5 ksi. When considering the horizontal rollers, there are 3 load sharing rollers which breaks up a 

maximum possible load of 20lbf. This gives each horizontal roller approximately 7 lbf of vertical 

force. Assuming a contact area of 0.5 inches by 0.05 inches and using a vertical force of 7lbf, each 

roller experiences 0.3 ksi. This results in over 10 factors of safety for the max strength and 5 factors 

of safety for escaping the elastic region. Also, because the material is flexible, large forces would 

increase the surface area and lessen the stress seen. Following the same logic, there are 3 vertical 

rollers with a max force being only 15lbf and a 1in by 0.05in cross section. The horizontal rollers 

would fail first. Due to the drastic factors of safety on the rollers, it is assumed that the gears would 

Figure 22: Number of allowed cycles 
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fail first. A good plan for managing the rollers would be to inspect each time the spur gear is 

inspected. Search for wear and deformation over time and determine a suitable changing period. 

Therefor 105 cycles is the limiting factor on the mechanism due to the gearing system. Calculations 

are shown in appendix D.  

Failure Modes 

 Because this design has areas of concern for failure, all of the potential failure modes and 

preventative measures must be considered. Using a FMEA (Failure Mode Effect Analysis), failure 

modes could be analyzed for their potential causes, effects, and solutions. Also analyzed by the 

FMEA is the severity, occurrence, and ability of early detection. The product of these three 

variables gives an RPN that represents the overall concern level. The concerns are listed in order 

from greatest to least important. The FMEA can be found in appendix E. The most critical failure 

modes with the highest RPN include: 

 Destruction of flexi-rack 

 Destruction of spur gear 

 Loose gear connections 

 Loose flexi-rack attachment 

4.3 Programming Logic Design 
The function of this project is to secure a test specimen in the center of the wind tunnel 

flow. The system must be able to move the specimen in the pitch and yaw directions during tunnel 

operation. This system utilizes multiple software and hardware. Figure 23 displays the system’s 

operational flow. 

 

Figure 23: Operational Flow 

The user interface is developed through LabVIEW. LabVIEW is also responsible for much 

of the logic application. It processes and compares the entered and current position values with 
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data returned from the controller. It then sends commands to the controller for movement and 

program execution. The motor drivers for the system are internal to the Galil controller. Each one 

communicates with a motor to actuate the system. The stepper motor for pitch movement is 

equipped with an encoder which will feedback the motor’s position to the controller. The controller 

will then send this information to LabVIEW to be processed. If the system movement is valid, a 

message will be returned to the user that movement is complete and the user will be able to enter 

new values. 

The functional diagram in appendix E displays the program flow. It is important to note that a 

programming emergency stop will be connected into the entire system so that the program can be 

aborted at any time. 

4.4  Assembly Instructions 
The arc system consists of four main assemblies, the arc structure, roller support housing, 

power train, and the follower. To construct the arc, first use a high strength epoxy to bond the 

flexible gear track to the arc. Ensure the track has a quarter inch of clearance on both sides of the 

arc to allow proper translation while in the 

support structure. Once the epoxy has cured, fit 

the sting by placing the shaft through the milled 

hole in the end of the arc. Use the provided set 

screws to secure the sting in place. Figure 24 is an 

exploded view of the arc. 

The roller support housing is the most 

critical force bearing assembly within the 

assembly. It is a combination of two housings, a 

top roller support housing and a bottom roller 

support housing. The bottom support assembly 

consists of three main plates, ten bearings, and 

two rollers on half inch shafts. The two side plates 

are placed on the bottom plate such that the bearings are facing inward, towards the other plate. 

Without screwing the plates in place, place the half inch roller assemblies in their respective 

bearings. With the rollers in place, use the 1/4-20 bolts provided and screw down the side plates 

Figure 24: Arc-Sting Assembly 
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to the bottom plate. It would be a good idea to use a semi-permanent thread lock adhesive, to 

ensure the bolts do not back out while in use. Once the side plates are secured with the rollers in 

place, the bottom support assembly is complete. The top support assembly is constructed almost 

the same way as the bottom support assembly. The assembly consists of three plates, eight 

bearings, and two horizontal rollers on quarter inch rollers. The vertical rollers are not placed into 

the support structure until both the top and bottom support structures are assembled and ready to 

be fastened together.  

 

Note: the power transmission gears must be placed within the bottom support, before the 

vertical rollers, or the top support can 

be connected. The vertical rollers can be placed by hand into their bearings on the bottom support 

structure. Lastly the top support can be lowered onto the vertical shafts, and the bolts can start to 

be threaded. Keep the bolt loose to allow movement to integrate the arc. Figure 25 is an exploded 

view of the support structure. 

The power train consists of the mechanical gears and motor used for arc manipulation, as 

well as their respective housings. The motor housing assembly consists of three plates and three 

Figure 25: Housing assembly 
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bearings. The plates are arranged in a manner that the bearings will all face toward one another. 

The plates can be bolted directly together as there are no components that are confined within the 

structure. The powertrain consists of the motor, motor shaft extension, shaft coupler, worm, worm 

gear, power transmission shaft, spur gear, and two shaft collars for the power transmission shaft. 

The first step is to mount the spur gear and work gears. Begin by sliding the power transmission 

shaft through the outside of the motor housing, place the worm gear in the motor housing assembly 

and slide onto the power transmission shaft. Continue sliding the power transmission shaft through 

the other side of the motor housing, and through one side of the bottom support assembly. Slide 

one shaft collar, the spur gear, then the other shaft collar onto the power shaft, then continue to 

push the shaft through until it is flush with the outside of the bottom support assembly. Secure the 

shaft in place with the two shaft collars by sliding each shaft collar to the side of the support 

housing, and they make contact with the bearings. Tighten the shaft collars in place once they are 

in place. Once the shaft is in place align the spur gear and worm gear so that the geared section is 

directly centered in each of their respective housings. When they are positioned, tighten the set 

screw on the gear hub.  

With the gears in place, the motor can be mounted to the motor housing assembly. There 

are four screws to mount the motor on the housing. The motor should be positioned so the 

connectors do not face the arc. Place the motor over the holes and bolt in place.  

 

With the motor mounted, slide the 

shaft coupler over the motor shaft, do not tighten the coupler yet. Slide the shaft extension into the 

housing through the bearing opposite the motor. Slide the worm over the shaft extension and 

Figure 26: Drive train assembly 
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continue to slide the extension until it seats against the motor shaft. Slide the coupler over both the 

motor shaft and tighten the coupler to both shafts. Spin the worm gear such that the worm will be 

positioned so that it meshes with the worm gear directly tangent to the shaft. When in position, 

tighten the worm in place by the set screw. Figure 26 illustrates a completed power train. 

Lastly the follower assembly is critical for the arc to avoid bending while the model is in a 

side slip condition. The follower assembly consists of three plates, one square support rod, two 

vertical rollers, one horizontal roller, and six bearings. Again the rollers should be placed in their 

respective positions before bolting the structure together. With the rollers in place, bolt together 

the side and bottom plates with the 1/4 -20 screws. Once secured, the support rod can be bolted to 

the bottom plate. It is imperative that the support rod and the bottom plate be aligned such that the 

sides are parallel. This is easily achieved by placing the support and the rod in their side just before 

the bolt is tight. Doing so will allow the table to align the rollers and the rod itself. Figure 27 is an 

exploded view of the follower assembly. Figure 28 shows the complete assembly.  

Figure 27: Follower assembly 
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4.5 Operating instructions 

4.5.1  Operation 

Due to the design of this project, the user only need interact with the LabVIEW interface 

that has been created specifically for this system. In the event the Galil controller is reset or 

replaced (the program burned into the memory would be lost) we have provided a secondary 

LabVIEW VI which will re-download and burn the program to the Galil once more. The main 

Figure 28: Full Assembly 
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interface, pictured in Figure 29, is what the user will be using to operate the system. The following 

list describes the operation window: 

 

Figure 29: LabVIEW UI 

 

- (1) starts the program so the interface will be usable.  

- (2) is a user entered connection string (this string will change per the computer being used, it is 

suggested to always use the 115200 setting because that is the faster processing), the displayed 

example is for serial connection, if network connection is to be used an IP address must be given 

to the controller and entered into the connection string box 

- (3) will display the library version being run by the controller once a connection has been made, 

this is so that the user will always be sure of what library they have if any changes need to be made 

- (4) will display the connected port (or IP address) and controller name if the connection is 

successful 

***it is important to note that 3 and 4 will be empty if there is no connection 

- (5) is an indicator linked to the connection status of the controller, in the example the controller 

connection has been successful and so the indicator is green, if there is no connection or a 

connection effort has been unsuccessful the indicator will be red 
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***it is important to note that the functions of 6, 7, and 8 apply to both rows of objects displayed, 

one row applies to the pitch movement and the other applies to the yaw movement 

- (6) is a data entry field for the desired position of the specimen in degrees, there are separate data 

fields for each pitch and yaw 

- (7) is a button to send the angle entered to the program for processing, it is important to note that 

the value is not sent just by entering it into the field, this prevents the program from having to be 

restarted for each movement and also helps to prevent accidental mistypes, when the button is 

clicked it will light up (bright green) and will remain pressed until the program has processed the 

value entered 

- (8) is an indicator to display the status of the angle sent for processing, this indicator will always 

display red until an angle is entered, processed, and returned as valid, once an angle is returned 

valid and until the motion in the respective direction is complete the indictor will display bright 

green 

***it is important to note that new angles can’t be entered until the motion in both directions is 

complete and/or the angles entered are returned invalid 

- (9) is the system reset, this will return the specimen to 0deg pitch and 0deg yaw 

- (10) will display an operational message to the user, these messages have been set in the program 

and will display depending on the status of the system, some examples are listed: 

-motion has been completed, angle entered is invalid, system has been reset 

- (11) is the emergency stop button, it is important to note that this only stops the system program, 

it is important to incorporate an electrical kill switch into the entire system, this emergency stop is 

wired into each stage, therefore it can stop the program at any point 

- (12) displays error codes returned by the system, this is separate from operational messages which 

are returned based on the system programming, error codes are returned by the controller and/or 

software. Once the system movement has been completed, new position values can be entered. 
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4.5.2  Troubleshooting 

In this section, we will discuss possible failure modes and troubleshooting methods in order to 

resolve these issues. We will break down these issues into a few different modes in order to direct 

you to the appropriate solution diagram. The troubleshooting diagrams shown in appendix E 

should aid the user in solving issues. They break down issues into mechanical and electrical issues 

and then provide practical solutions. If issues are not resolved through these diagrams, the user is 

instructed to call the manufacturer.  

4.5.3 Regular Maintenance 

In order to ensure proper lifecycle of the assembly, there should be regular maintenance 

checks and actions. The maintenance and actions required are broken down by hours of use in the 

following table 5. Many of the parts such as gears and rollers are given a life cycle based on a 

particular amount of use. As shown in the reliability section, they can endure up to 105 cycles. If a 

shaft rotates at an RPM of 30, this equates to an approximate life cycle of 138 continued hours of 

use. Recommendations for replacements begin at 50 hours in order to be safe and plan for future 

possible failures. Maintenance and checks include visual inspections, part replacement, 

lubrication, and alignment checks.  

Table 5: Maintenance by hours of use 

Hours of Use: Action Required: Purpose: 

Every Use 

Visual inspection  Use of damaged equipment 

Gear and bearing lubrication Facilitates arc movement 

Check wire connectivity Ensures proper communication 

Check gear connections 
Ensures rigid connection for 
actuation 

0-10 
Lubricate Smooth actuation 

Alignment Check Looks for shaft and roller alignment 

10-50 
Lubricate Smooth Actuation 

Check for gear wear Protects against failure 

50-100 
Consider purchasing spare plastic gear parts In case of failure 

 Continued Inspections Visual Wear inspection 

100+ Consider purchasing spare rollers and flexi-rack Connection might begin to detach 
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4.5.4 Spare Parts 

Of the parts that were purchased for the completion of the prototype, there are few extra of 

excess parts.  There will be leftover machine screws of varying sizes and thread count.  In addition 

to this, there are extra lengths of steel rod stock in varying diameters and leftover flexible gear 

track.  If there is any failure of the consumer off the shelf parts they can easily be replaced from 

McMaster, Grainger or QTC. The complete purchase orders are in D. If anything needs to be 

purchased for additional parts, the bill of materials can be found in appendix F. 

4.6 Design for Economics 
To complete the subsonic articulating robotic arm a wide variety of parts in varying 

quantities had to be purchased.  The items purchased were predominantly for the construction of 

the physical system and could be broken into four general categories; raw metal, gearing, consumer 

off the shelf parts and motors/drivers/encoders.  Of the four categories the raw metals took up the 

largest percentage of the team’s budget with 34%, this was comprised of three aluminum 6061 

plates of varying size and thickness.  The next largest section was the consumer ready parts that 

were purchased from either Grainger or McMaster-Carr.  The items that fit into this category were 

assorted rollers, shafts, screws and bearings, which took up the largest portion.  The motor category 

of the budget was able to be kept lower due to the sponsor’s prior ownership of resources. The 

budget breakdown is seen in figure 30. The sponsor provided the team with a Galil DMC-40x0 

motion controller, costing $2,295, and a Velmex B4800TS motorized rotary table.  The remainder 

of the budget used was taken up by the gears used for articulation and the total tax/shipping on all 

items.  The grand total of all the items listed above came out to be $1,316.23, being well within 

the original budget allotted to the team of $2,000. Figure 31 shows the breakdown of the entire 

budget. 
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Figure 31: Budget Analysis based on total budget 

Comparing the mounting system produced for the design project to market products is 

complicated. Figure 32 shows an overall breakdown of the pricing. Mounting systems to be used 

in wind tunnels are usually custom designed to the specifications of the wind tunnel and the type 

of testing that will occur.  Based upon general information given by the faculty advisor for the 

team, quotes for these systems can reach $100,000 or higher.  The existing model used at the 

facility is approximately $80,000.  The price tag for the system can be broken into three parts; 

$40,000 for the actuators, $30,000 for the drivers and $10,000 for the metal necessary to construct 

it.  The price of the prototype produced by the senior design team, as mentioned earlier, is 

$1,316.23.  Even if this number is adjusted to include price of components donated by the sponsor, 
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Figure 30: Budget Analysis based on budget spent 
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approximately $3,611, the total comes out to be much less than the mechanism currently in use. 

Appendix A shows all purchase orders made for this project. 

 

 

      Figure 32: Price Comparison for prototype 

 

$1,316 $3,611

$80,000

$0

$20,000

$40,000

$60,000

$80,000

$100,000

Team #12 Prototype Adjusted Cost
Prototype

Sponsors Current
Mechanism

C
o

st

Mechanisms

Mechanism Price Comparison



39 

5. Prototype Testing 

5.1 Unloaded testing 
Unloaded testing was performed on the arc mechanism on Friday 4/3/2015. The arc moved 

with no issues. There was smooth motion with no interruptions. The gears meshed quietly and 

smoothly as well. The motor was moved at a variety of speeds and tested the different pitch and 

yaw boundaries. The boundary conditions seemed to be successful as the motor did not actuate 

past those boundaries during testing. A picture of the mechanism during testing can be seen in 

figure 33. 

 

         Figure 33: Testing of pitch and yaw of mechanism unloaded 

5.2 Load testing 
The arc was tested at a few different progressive loading conditions. Because there was no 

way to simulate the wind tunnel conditions for testing, point loads were used at the end of the sting 

in order to simulate high lift and drag forces on the tested specimen. Due to the issue that only 

static testing can be performed, the modal vibration analysis could not be tested. It was calculated 

that due to the mechanisms heavy weight and minimal air flow disruption design that it would 
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suffice under low speed wind conditions under 22m/s. Four different loaded conditions were 

attempted by hanging a 3lb, 5lb, 8lb, and 10lb weight at the end of the sting. The quality of the 

arcs movement was then analyzed. Table 6 below summarizes the results. 

Table 6: Testing summary 

Test Run Load Applied Results Action Taken Problem Solved? 

1 3lb Actuation smooth and 

successful 

N/A N/A 

2 5lb Actuation smooth and 

successful 

N/A N/A 

3 8lb Occasional worm gear 

slipping on shaft 

Tightening Yes 

4 10lb Worm gear full slip Use of D-shaft Yes 

 

 The initial tests of 3lb and 5lb were successful. The mechanism ran quietly and smoothly 

the entire time of actuation. The arc was moved the full positive 20 degrees and -5 degrees with 

no complication. Once the testing for the 8lb weight occurred, the worm gear began slipping on 

the shaft. The meshing still occurred but no torque was transferred to the drive shaft because of 

the occasional slipping. The group then tightening down the set screw with a large allen wrench in 

order to get more torque on the set screw. This solved the slip issues at 8lbs. Once the 10lb testing 

began, the worm gear slipped 100% of the time during actuation. A different solution other than 

tightening had to be used in order to solve the issue. The shafts were then sanded in the location 

of the set screw to form a “D” spot on the shaft. This would prevent the set screw from slipping 

and provide a flat surface for mating with the shaft. Re-testing with this modification yielded 

positive results. 

 All other aspects of the testing resulted as expected. The aligned was ensured and smooth 

actuation occurred. Another way to solve the slipping gear issue would be to key the shafts and 

the gears. This would put the torsional force on a hardened key and would prevent slipping. 

Lubrication should constantly be applied to the mechanism’s gears every few uses in order ensure 

frictionless gear mating and actuation.  
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6. Environmental, Safety, and Ethics 

Considerations 

Because this model has several moving parts and is in a very dynamic environment, there 

are always associated risks. Ensure the gears and rollers are clear of any obstructions, and hands 

are not on the mechanism during operation. Also because grease and lubrication are going to be 

used on the gears, proper disposing of materials is important so that pollution doesn’t occur from 

the lubricants. The rollers and gears could produce a pinching/ crushing hazard that could result in 

injury. While the tunnel is in operation if any point on the mechanism were to fail, the sting, 

support arm, base plate, it could result in a loss of control of the model and mechanism. In the 

event of a catastrophic failure where a total separation of the model from the arc were to occur, 

the model and resulting broken pieces would create a projectile hazard.  The group has also been 

given several thousand dollars’ worth of equipment. These items must be incorporated in the 

design, or be returned to the sponsor. Also, all work must be given to the sponsor in order to follow 

creation of the design since it is not a privately owned design by the team. 
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7. Project Management 

7.1 Schedule 
In this section we discuss how the work was divided and on what time scale throughout the 

semester. A Gantt chart for the final section of the year is also provided in order to provide a 

realistic time scale for particular actions and efforts taken by the group. Also, improvements in 

time management will be discussed along with a more realistic fabrication time from ideation to 

prototype.  

Work Breakdown Structure 

 Throughout the semester, the work break down structure was divided up into many smaller 

sections. The Gantt chart provided in each paper expanded upon the breakdown structure. Table 7 

shows the overall breakdown structure and approximate time taken to complete each portion. Only 

the main headings are discussed here and individual Gantt charts must be looked at in order to gain 

more detailed breakdowns.  

Table 7: Overall Work Breakdown Structure 

Tasks Time for completion 

Initial Design Formation 3 weeks 

Design Specifications 2 week 

Preliminary Design 2 weeks 

Calculations 2 weeks 

Design Adjustments 4 weeks 

Finalize Design  4 weeks 

Machining and Purchasing 10 weeks 

Assembly and Prototype Testing  2 week 

Total Time 30 weeks 

 

 The overall design time took about 30 weeks. This is the combination of the two semesters 

excluding breaks. The breakdown assumes no overlaps in time sections. As seen in the table, the 

machining and purchasing portion took over two months to complete. This was a far too extended 
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period of time and was because of being inappropriately prepared. Realistically, this should not 

take more than 3 weeks. If all drawings are prepared along with purchase orders, the process should 

be much quicker than taken. Also, design adjustments and finalizing the design took longer than 

it should have. In order to reduce this time, the group should have consulted the advisor and 

sponsors more often. Realistically, these portions could been a week or 2 shorter. Overall, if 

working efficiently, the project should take no longer than 20 weeks.  

Gantt chart 

 The Gantt chart provided shows the breakdown and work percentages complete up until 

this point. It will show that the project is mostly complete with few tasks remaining. The remaining 

tasks include final testing adjustments, presentations, and delivering to the sponsor. This Gantt 

chart is shown in figure 34.  

 

Figure 34: Gantt chart for final term 

7.2 Resources and Allocation 
This team utilized many resources in order to complete a variety of tasks. Resources 

differentiated depending on which portion of the project we were on. For example, the resources 

utilized for machining were not the same resources used for purchasing and design. The listed out 

resources and their respective purposes are show in table 8. Resources utilized were the sponsor, 

advisor, vendors, college of engineering machine shop, and school faculty. Each individual 

member of the group was a resource for a particular aspect of the project as well. This way, each 

member had a specific responsibility and was an expert for a particular design aspect in the project. 

The way each resource was allocated is shown in the table. 
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           Table 8: Resource Allocation 

Resource Purpose 

COE Machine shop All machining and assembly aid 

HPMI Machine shop Water-jet of arc 

Keith Larson’s Machine Shop Some machining and assembly aid 

Vendors  Technical purchased equipment information 

Sponsor/ Advisor Aid in design and manufacturing 

Jacob Kraft Mechanical Design Lead 

Caitlan Scheanwald Electrical Design Lead 

Justin Broomall CAD Designer 

Andrew Baldwin Purchasing and Procurement Lead 

7.3 Procurement 
With the design fully assembled and in testing phase, all purchases have been complete. 

The purchase orders can be seen in appendix A and are organized by vendor. Multiple vendors 

were used throughout the procurement process. Different vendors offered different material 

options, prices, delivery times, and scheduling. The different vendors are shown in the table 9 

below and are organized by type of product purchased. As shown above in figure 31, the project 

was approximately $700 under budget. Table xx below shows each of the vendors, the type of 

product purchased from them, and approximate delivery time. In order to contact any of the 

vendors, please refer to the appendix purchase orders. 

Table 9: Vendors Used and Approximate Delivery Time 

Vendor Product Type Delivery Time 

Anaheim Automation Motor Components 1-2 weeks 

Mc-Master Carr Mechanical Components Next day at FSU 

Grainger Shaft couplers 1 week 

Stock Drive Products Gear Components 2 weeks 

QTC Gears Flexible Gear Track 1 week 

Tallahassee Metal Fabrication Raw Materials 1 week 

 

7.4  Communications 
Communications were split up into two different categories, bi-weekly meetings and team 

meetings. Bi-weekly meetings were done with the sponsor, advisor, and instructors. Team 

meetings occurred between the group members. The main form of communication among staff 
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members and the advisor was email while the team mostly used group texting and a Facebook 

group. 

Biweekly Meetings 

 These meetings were usually set up through email at the beginning of the semester for the 

sponsor and instructors. A weekly reminded was sent out by the group leader to ensure that these 

meetings were still going to occur. The sponsor meetings usually entailed design specifications 

and changes. They occurred in a procedural manner, starting with updates and then with plans for 

future action. Instructor staff meetings were procedural in the same manner. The purpose of the 

instructor staff meetings was to help the team avoid bad time management and to ensure that 

progress is being made. The combination of both of these types of meetings aided in the progress 

and development of our final assembly.  

Team Meetings 

 Team meetings occurred multiple times during the semester. The team had multiple forms 

of communication. For quick questions and concerns, group text messages were sent out because 

responses were quick. For scheduled plans to meet, the team used email in order to find a time 

everyone was available. This system worked well since email was checked a few times a day by 

all group members. The Facebook group was used to keep track of all the deliverables and 

documents completed throughout the semester. The team had an efficient system and benefitted 

from it. 
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8. Conclusion 

8.1 Summary 
The goal of this project is to create a mounting mechanism for AFRL’s REEF center in 

Shalimar, FL. This mounting mechanism must be able to adjust a specimen’s pitch and yaw in a 

low speed, open test-section, wind tunnel with maximum speeds of 22 meters per second. The 

pitch and yaw must be able to achieve a range of -5 to 20 degrees and -10 to 10 degrees respectfully.  

The specimen must remain in the same 3 dimensional location at the end of actuation. The 

mechanism must be a cost effective solution since the maximum budget allotted is 2,000.  

Several other designs were considered and analyzed for feasibility. The decision matrix 

helped the team decide that the best option for actuation was a circular arc with an attached sting 

mount for holding the mechanism. This design was chosen because it was able to actuate pitch 

while maintaining the central location of the model. Adjusting the yaw through use of a turn table 

beneath the body’s center of mass allowed the location to remain the same as well. The issues with 

this design were fabrication and actuation methods. 

Analyzing the optimum chosen design allowed the team to design an effective mounting 

system, choose an actuation system, and select a material. The arc was designed to be 105 degrees 

of a circle with a radius of 25 inches. This allows the arc to be actuated outside of the flow while 

maintaining its capability to operate the full range of motions. Aluminum 6061 was chosen upon 

stress and deflection analysis. The stress and deflection analysis in Creo illustrated a factor of 

safety of approximately 10 and a deflection less than the quarter inch constraint. Max deflection 

was shown to be approximately 0.14in. Drawings and dimensioning of the design are shown in 

appendix C.  

A designed control system for the arc-mechanism was designed using LabVIEW. LabVIEW 

had a built in command library that communicated with the Galil controller used in the project. 

The inputs included a prompting of desired pitch and yaw angles. The arc moved one dimension 

at a time and actuated until completion. An emergency stop button was implemented in order to 

stop the arc in its exact location. The display window in LabVIEW will display a prompt when 

finished with actuation. 
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The team performed well under budget. It was determined that these types of constructs cost 

upwards of $100,000 dollars. It was designed in approximately $1500 dollars out of the allotted 

$2,000 dollars. Overall, the team made a cost effective mechanism that will provide useful to the 

sponsor. It completes all design constraints and is ready to be handed over to the sponsor.  

A few recommendations I would make for incoming juniors include: practice time 

management, practice leadership, exercise connections, and give forth your best effort. Time 

management is often an issue for a lot of engineers as procrastination is prevalent in the major. 

Time management and starting things early make senior design a breeze compared to what it feels 

like for those who wait until the last minute. Leadership skills are required or will be learned by 

select members of our group. It is absolutely necessary to have a single focal point. All of the 

friends and connections you’ve made until senior year are helpful. Utilize the connections as it 

will make some tasks easier. 

8.2 Future Modifications 
 There are a few modifications and adjustments the sponsor can make in order to make the 

design more efficient. One modification would be to insert a shaft into the turn table so that an 

encoder can be used. The encoder would provide feedback to the controller and allow for 

movement checks. These would ensure that the motor is in the right location when actuation is 

complete. A vibration damping base is going to be built into the mechanism by the sponsor as well. 

 Another modification that could be made would be to place a gyroscope at the end of the 

sting to provide a final feedback at the end of actuation. This would feed back to the controller so 

that the motors can adjust if needed. The purpose of this item would be in case there was deflection 

at the sting or slipping of a gear on their attached shafts. The system would then be able to detect 

imperfect movement and send an error message or adjust.  

 Finally, the arc could be made more aerodynamic. Doing this would reduce the 

asymmetrical vortices the device is going to shed as it is placed into higher wind speeds. By placing 

a wedge or point on the square cross section, it would more easily cut into the wind stream and 

possibly reduce vibration the mechanism might see. A counter weight could also be placed on the 

end of the arc in case the motor does not have enough power to actuate the arc effectively. 

However, tests have shown that this is not an issue. The main modifications that can be added to 

the device would ensure more accuracy in actuation 
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