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Common Abbreviations & Nomenclature 

AGL = above ground level 
APCP = ammonium perchlorate composite propellant 
ARRD = advanced retention and release device 
AV = avionics 
BP = black powder 
CDR = Critical Design Review 
CG = center of gravity 
CP = center of pressure 
EIT = electronics and information technology 
FAA = Federal Aviation Administration 
FMECA = failure mode, effects, and criticality analysis 
FN = foreign national 
FRR = Flight Readiness Review 
HEO = Human Exploration and Operations 
HPR = High Power Rocketry 
HPRC = High-Powered Rocketry Club 
L3CC = Level 3 Certification Committee (NAR) 
LCO = Launch Control Officer 
LRR = Launch Readiness Review 
MAE = Mechanical & Aerospace Engineering Department 
MSDS = Material Safety Data Sheet 
MSFC = Marshall Space Flight Center 
NAR = National Association of Rocketry 
NCSU = North Carolina State University 
NFPA = National Fire Protection Association 
PDR = Preliminary Design Review 
PLAR = Post-Launch Assessment Review 
PPE = personal protective equipment 
RFP = Request for Proposal 
RSO = Range Safety Officer 
SL = Student Launch 
SLS = Space Launch System 
SME = subject matter expert 
SOW = statement of work 
STEM = Science, Technology, Engineering, and Mathematics 
TAP = Technical Advisory Panel (TRA) 
TRA = Tripoli Rocketry Association 
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1. Summary of FRR Report 
1.1 Team Summary 

1.1.1 Team Name and Mailing Address 
Name: High-Powered Rocketry Club at NC State, Tacho Lycos 

Mailing Address: 911 Oval Drive, Raleigh, NC 27695 

Primary Contact: Ashby Scruggs (Email: alscrug2@ncsu.edu; Phone: (910)986-0180) 

1.1.2 Mentor Information 
Name: Alan Whitmore  
Email: acwhit@nc.rr.com  
Phone: (919) 929-5552  
TRA Certification: 05945/Level 3 
Name: James (Jim) Livingston  
Email: livingston@ec.rr.com  
Phone: (910) 612-5858  
TRA Certification: 02204/Level 3 

1.2  Launch Vehicle Summary 
1.2.1 Size and Mass 

The current leading launch vehicle design is 108.06 inches long with a diameter of 6 

inches. The mass of the leading launch vehicle design with the leading motor option is 

47.5 lbs. 

1.2.2 Motor Choice 
The current leading motor option is the Aerotech L1520T-PS. 

1.2.3 Official Target Altitude 
The official target altitude is 4420 ft. 

1.2.4 Recovery System 
The current leading design uses a duel-deployment recovery system using two 

PerfectFlite StratologgerCF altimeters, a Fruity Chutes 24" Compact Elliptical drogue 

parachute deployed at apogee, and a Fruity Chutes 120" Iris Ultra Compact main 

parachute deployed at 500 ft altitude. 

1.3  Payload Summary 
1.3.1 Bilateral Uptake Rover for Regolith Ice Transport Operations (BURRITO) 

The payload has been designated BURRITO, an acronym that stands for Bilateral Uptake 
Rover for Regolith Ice Transport Operations. The BURRITO rover will deploy from the 
payload bay of the launch vehicle on landing. Deployment will be completed by means of 
a pusher plate moving along two threaded rods, which will push the rover out of the 
payload bay. The rover itself consists of two parallel drive wheels powered by electric 
motors and mounted to a plywood chassis, as well as two stabilization wheels that deploy 
following removal from the payload bay. The rover will be radio-controlled by an operator 
who will drive it away from the payload bay toward a simulated ice recovery site. There, 
BURRITO will deploy its SICCU (Simulated Ice Collection and Containment Unit) system, a 
set of two scoops that will pick up a 10 mL sample of simulated ice. Once the sample has 
been scooped up, the operator will drive the rover away from the recovery site by 10 
linear feet.  

mailto:alscrug2@ncsu.edu
mailto:acwhit@nc.rr.com
tel:(919)%20929-5552
tel:(910)%20612-5858
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2. Changes Made Since CDR 

Table 2-1, below lists all changes made to the full-scale launch vehicle since CDR submission. 

Table 2-1 Launch Vehicle Changes Since CDR 

Description of Change Reason for Change 

The EggFinder TX has been 
relocated from the backside of the 
AV sled to inside the nosecone 
forward of the nosecone bulkhead. 

The threaded rods running through the length of the AV bay are likely to 
attenuate the range of the signal, so the transmitter has been moved into 
the nosecone to provide maximum range. As a side effect, the transmitter is 
much further from the altimeters with numerous bulkheads separating 
them, eliminating the need for shielding within the AV bay. 

The AV sled has been shortened 
from 10 inches long to 7.5 inches 
long. 

The removal of the transmitter allowed for a shortened sled.  

The piston ejection system has 
been replaced by a plug over the 
payload centering ring. 

Due to the coupler section joining the main parachute bay and payload bay 
being permanently attached on the main parachute side, the coupler piece 
of the plug would be stopped by the coupler and create a sealed section 
without inducing separation. As a result, a plug protecting the payload 
section of the rocket has been implemented. 

Ejection charges have been resized 
according to ejection test results. 

Section 3.5.7 details on the resizing of ejection charges. 

The LiPo battery for the Eggfinder 
TX has been replaced with a 9V 
battery, and the LiPo battery for 
the Eggfinder RX was replaced with 
3x AA batteries. 

The availability of 9V batteries compared to LiPo batteries was deemed 
enough of an advantage to switch to their use for the TX. The TX will be in 
the nosecone and inaccessible by the night before launch, so an external 
switch is necessary and reduces the importance of battery life. An AA battery 
holder was included in the RX Bluetooth case, and the ability to quickly 
exchange batteries was deemed suitable for the purposes of battery life. 

Nosecone Bulkhead design was 
changed 

The nosecone bulkhead now features 6 L-Brackets as opposed to the 
previous 4. This layout allows for more contact points to the bulkhead, which 
leads to increased security of the bulkhead. This decision was a cautionary 
measure rather than a necessary one. 
 

Nosecone Bulkhead Location was 
changed 

This was done to accommodate the threaded rods from the payload 
retention system. 

Table 2-2, below lists all changes made to the payload since CDR submission. 

Table 2-2 Payload Changes Since CDR 

Description of Change Reason for Change 

Chassis plates adhered with wood glue. 
Wood glue is sufficiently strong to bond two pieces of wood glue; 
simpler to apply than epoxy. 

Upper chassis plate made removable. See section 4.4.1  

Chassis plate holes altered and 
multiplied. 

See section 4.4.1 

Added L-shaped wood pieces to lower 

chassis plate. 
See section 4.4.1 

Divots drilled into drive motor axles.  See section 4.4.2 
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Caster wheel arms retained by servo 
arms. 

See section 4.4.2 

Electronics bay expanded and 

modified. 
See section 4.4.3  

Switch added to BURRITO electronics. See section 4.4.3 

Buck converter added to BURRITO 

electronics. 
See section 4.4.3 

Added disconnects to drive motors. See section 4.4.3 

Voltage indicators removed from 

design 
See section 4.4.3 

SICCU Gear Diameter Reduced Enable greater amount of clearance below the BURRITO 

SICCU Scoop Profile Geometry Changed Enable greater amount of clearance below the BURRITO 

SICCU Brace Added 
Increased SICCU reliability increased by ensuring proper gear-to-gear 

engagement 

Radial Supports span the entire 
payload bay and now located every 90-
degree offset. 

To minimize flexing of the lead screws and to ensure deployment 

Drive motor upgraded to a 205 oz-in 
motor 
Retention motor to 650 oz-in motor 

Needed additional torque to appropriate deploy and unlock the rover. 

Table 2-3, below, lists all changes made to the project plan since CDR submission. 

Table 2-3 Project Plan Changes Since CDR 

Description of Change Reason for Change 

Removal of Piston Ejection Test No longer necessary since piston ejection cannot be used. 
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3. Vehicle Criteria 

3.1 Launch Vehicle Mission Statement 
The mission of the launch vehicle is to safely reach the declared target apogee and return to 

the ground in a reusable condition. The mission of the launch vehicle is also to support the 

mission of the payload by safely landing it within the competition area. 

3.2 Launch Vehicle Mission Success Criteria 
Mission success is first defined as compliance with both the NASA SL requirements in section 

7.3 and the team derived requirements section 7.4. Success is further defined as follows in 

Table 3-1. 

Table 3-1  Launch Vehicle Mission Success Criteria 

Level of Success Definition 

Complete Success 

Launch vehicle recoverable 
Nominal launch vehicle takeoff and descent 

Rover is undamaged and fully functional following the flight of 
the launch vehicle 

Launch operations can be repeated the same day 

Partial Success 
Launch vehicle repairable 

Successful launch vehicle takeoff and descent 
Rover is repairable following the flight of the launch vehicle 

Partial Failure 
Launch vehicle repairable 

Successful launch vehicle takeoff and unsuccessful descent 
Rover is repairable following the flight of the launch vehicle 

Complete Failure 
Launch vehicle unrecoverable 

Rover unrecoverable 

3.3 Launch Vehicle Design 
The following are a collection of dimensions and their built counterpart. This proves that the 

rocket has been built in its entirety.  

3.3.1 Full Assembly 
The completed launch vehicle is shown below along with dimensions. All launch vehicle 

sections are connected to each other via shear pins or fasteners. Separation points are 

connected by shear pins, while non-separation points are connected by fasteners. 

Separations points are between the AV bay and fin can, and between the AV bay and main 

parachute bay. Non-separation points are between the main parachute bay and the 

payload bay, and between the payload bay and the nosecone. All sections do not have 

issues connecting, and no lubricant is needed.  
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Figure 3-1 Launch Vehicle Components 

 

Figure 3-2 Full Dimensioned Launch Vehicle 

 

Figure 3-3 Full Launch Vehicle 

3.3.2 Fin Can 
There are a few dimensional changes to the fin can from the originally planned design. 

The center centering has seen a slight shift to its position due to fin tab issues, but it is by 

an arbitrary amount. Additionality, the centering is now лΦтрέ as opposed to the original 

лΦрέΦ Other bulkhead sizes remain the same. Fins are the same size as planned.  

 

Figure 3-4 Dimensioned Fin Can 
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Figure 3-5 Fin Can Assembly 

3.3.3 AV Bay 
There were no major changes to the dimensions of the AV bay. A manufacturing error 

caused the body tube section to be рΦфпέ from the aft section of the coupler instead of 

the intended сέΣ but this should not be an issue. All bulkhead dimensions remain the 

same.  

 

Figure 3-6 Dimensioned AV Bay 

 

Figure 3-7 AV Bay 

3.3.4 Main Parachute Bay 
There were no dimensional changes to the main parachute bay. 
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Figure 3-8 Dimensioned Parachute Bay 

 

Figure 3-9 Parachute Bay 

3.3.5 Payload Bay 
The dimensions of the payload bay have not been changed. 

 

Figure 3-10 Dimensioned Payload Bay 

 

Figure 3-11 Payload Bay 
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3.3.6 Nosecone 
The nosecone bulkhead has moved further forward into the nosecone than originally 

designed. This is because space needed to be made to accommodate the lead screws from 

the payload retention system. These lead screws are inserted into the nosecone 

bulkhead. This system is described further in section 4.5.  

 

Figure 3-12 Dimensioned Nose Cone 

 

Figure 3-13 Nose Cone 

3.3.6.1 Nosecone Bulkhead 
Additionally, the design of the nosecone bulkhead was altered. The nosecone 

bulkhead now features 6 L-Brackets as opposed to the previous 4. This is seen in 

Figure 3-14. This layout allows for more contact points to the bulkhead, which leads 

to increased security of the bulkhead. This decision was a cautionary measure rather 

than a necessary one. The nosecone bulkhead is the main structural element holding 

the payload bay during recovery, so it is best to give that element a high factor of 

safety of 8. The downside of this design is the alignment issues that come with more 

contact points being introduced. Properly inserting the nosecone bulkhead is now 

more difficult, but not difficult enough to the invalidate the design. The process has 

become faster with practice.  
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Figure 3-14 Nose Cone Bulkhead 

3.3.7 Flight Reliability 

3.3.7.1 Body Tube Material 
The ǊƻŎƪŜǘΩǎ G12 fiberglass airframe will ensure the reliability and reusability of the 

launch vehicle. This composite material provides sufficient strength to bear flight 

forces. It is thick enough to negate common puncture and compressive forces. The 

body tube is rated for 27 ksi of compressive stress. The launch vehicle is only 

expected to experience 8.5 ksi of stress, giving the airframe a factor of safety of 3.17. 

Additionally, G12 fiberglass is resistant to moisture damage. This eliminates the 

chance that the airframe would be harmed by previous exposure to moisture.  

3.3.7.2 Bulkhead Material 
Bulkheads were constructed of мκуέ aircraft grade plywood. This provides a step up 

in strength from normal plywood, included added moisture resistance. Additionally, 

aircraft grade plywood must past standards for strength, so there is little chance that 

the team would use a compromised piece of plywood. While it was more costly, it 

was imperative that we used to this material to ensure the integrity of the bulkheads. 

мκуέ plywood is used as the team has access to a laser cutter than can accurately cut 

plywood of this dimension. Any material thicker would be harder/impossible to cut 

accurately. Layers are help together using the layup process described in section 

3.4.3.  

3.3.7.3 Bulkhead Design 
Bulkheads were all designed to have the appropriate thickness to ensure that they 

are retained in their appropriate section. Increased thickness decreases bending due 

to deployment and increases surface area for epoxy to attach to. The appropriate 

thicknesses were determined through Finite Element Analysis and then verified 

using testing described in section 7.1 
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Figure 3-15 FEA on Fin Can Bulkhead 

Figure 3-15 is an example of FEA testing done to ensure the integrity of our 

bulkhead designs. The ultimate stress of ordinary plywood is 30MPa, so the design 

needs to keep bulkhead stress below that amount. Since the actual bulkhead is 

utilizing aircraft grade ply, this ultimate stress will be higher in the actual bulkhead. 

However, to ensure a high factor of safety, the ultimate stress of regular plywood 

was used as the standard.  

3.3.7.4 U-Bolts 
All shock cords are connected to U-Bolts that are secured into the bulkheads. The U-

Bolts are made of galvanized steel which as a yield strength of 1075 lbs. This more 

than enough to endure recovery loads. This yield strength also ŘƻŜǎƴΩǘ indicate 

complete failure. If a U-Bolt yields it will deform but it will not rupture. It will secure 

its respective shock cord. Additionally, U-Bolts have two points of contact to each 

bulkhead, mitigating the chances of a U-Bolt shearing out of bulkhead.  

3.3.7.5 Body Tube to Bulkhead Connections 

3.3.7.5(a) Epoxy 
The location of the bulkhead from the end of the body tube was measured and 

marked around the entire inside diameter of the body tube. Then, both the inside 

of the body tube and the circumference of the bulkhead were sanded with low 

grit sandpaper. Two-part epoxy was then applied around the inner circumference 

of the body tube. The bulkhead was then slid into place inside the body tube. 

Once the epoxy completely cured, fillets were applied to the contact areas 

between the bulkhead and fin can. Fillets consist of two-part epoxy mixed with 

404 silica filler. 
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The epoxy that was used is West System 105 epoxy with 206 slow hardener. This 

epoxy was chosen because of its ability to create high strength moisture resistant 

bonds as well as its extended working and cure time. The cured epoxy has a 

tensile strength of 7,300 psi and a compression yield of 11,500 psi.  

3.3.7.5(b) Bolts + L-Brackets 
The #8 bolts used to connect bulkheads to the body tube are rated to withstand 

1,200 lbf. The maximum expected load on the bulkheads is 900 lbf, so there is a 

factor of safety of 8 on all bolts securing bulkheads. 

3.3.7.5(c) AV Bulkheads 
AV Bulkheads are secured to each other via лΦнрέ steel rods that span the length 

of the AV bay coupler. The stainless-steel threaded rods used have an ultimate 

stress of about ~3400 lbs. Between the two threaded rods, this gives an ultimate 

stress of ~6800 lbs. This is more than enough strength to withstand recovery 

loads. Additionally, the tests shown in section 6.6.2 show that that the U-Bolts 

will not shear out during recovery.  

3.3.7.6 Fin Security 
Fins are initially secured into slots on the fin can using two-part epoxy. Then, epoxy 

fillets were added to both sides of the fins as well as at the leading edge of the fins 

where the fins join the body tube. These remove stress concentrations along contact 

surfaces to prevent fracturing or failure of adhesives. These connections will provide 

more than enough strength to secure fins during flight as the fins are not bearing a 

significant load.  

3.4 Launch Vehicle Construction 
3.4.1 Cutting Body Tubes 

Body tubes were cut using b/{¦Ωǎ drop bandsaw. A drop bandsaw allowed for clean and 

easy cuts as G12 fiberglass is a hard material to cut with less powerful tools. Body tubes 

were placed on the cutting area of the bandsaw, and then leveled using a telescoping 

stand. This ensured that body tubes were cut properly.  

To ensure that that all body tube sections were level, the body tubes were placed on a 

level surface of ground and then a bubble level was used to check if the tube stood 

straight. No body tubes needed to be fixed.  
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Figure 3-16 Drop Bandsaw 

3.4.2 Assemble Body Tubes and Couplers 
Three coupler pieces needed to be attached to body tubes. This was for the payload, 

parachute, and AV Bay. Contact areas on both the body tubes were premeasured. These 

sections were then sanded in order to roughen the surface to allow for a stronger surface 

bond. Two-part epoxy was applied to the end of the body tube and the coupler section 

was inserted. Care was taken to ensure that the coupler stood out 6 inches where 

applicable. Sections were laid horizontally to dry to prevent the pieces from slipping. 

3.4.3 Bulkhead Assembly  

3.4.3.1 Laser Cutting 
Each bulkhead layer was designed in SolidWorks. The CAD file was imported to a 

Universal Laser Systems VLS6.60 laser cutter. A single sheet of 1/8 inch aircraft-grade 

birch plywood was loaded into the laser cutter. As many layers as could fit  on a single 

sheet were cut at the same time. A team member observed the cutting process and 

checked the dimensions of each part following each cut. This process was repeated 

until all required layers were completed. The scrap plywood was saved in case 

smaller parts needed to be cut in the future.  

3.4.3.2 Layups 
After the layers had been laser cut, all faces were sanded with low grit sandpaper. 

This was done in order to create more surface area on the faces that were glued 

creating a stronger bond. Next, лΦнрέ dowel rods were cut to the thickness of the 

bulkhead. All layers of the bulkhead were then dry fit together using the dowel rods 

in order to ensure that the individual layers were lined up properly. Before the parts 

were glued, the vacuum bagging area was prepared. Vinyl was laid out over the 

surface to be used and peel ply was laid over that. Two-part epoxy was then mixed 

and applied liberally to each ƭŀȅŜǊΩǎ contact face. The layers were then stacked once 

again using the dowel rods for alignment. Another layer of vinyl was then placed 

over top and a seal was created using plumōŜǊΩǎ putty. A vacuum line was inserted 
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creating a vacuum under the vinyl. Each layup was then left to cure for 24 hours 

before removing it from the vacuum. 

 

Figure 3-17 Bulkhead/Centering Ring Layup 

3.4.3.3 Hardpoint Attachment  
Once the bulkheads finished curing, any required hardpoints, such as U-Bolts and L-

brackets, were attached. To do this, first, the installation points were measured and 

marked on the bulkhead. Appropriately sized holes were then drilled through the 

bulkhead with a drill press. For U-Bolt installation, a washer was installed on each 

end of the U-Bolt, then the U-Bolt was inserted into the holes on the bulkhead. The 

U-Bolt was then fastened using a washer and nut on each end and tightened using 

two adjustable wrenches. For L-Bracket installation, the bracket was aligned in the 

proper orientation over the hole. A bolt was then inserted through the hole, and two 

nuts were used to fasten the bolt. 

3.4.4 AV Bay Assembly 
The AV Bay assembly began by cutting to length one length of coupler and one length of 

outer body tube according to the dimensions in Figure 3-6. These sections were then 

bonded together using West Systems 2-part epoxy. After curing, the drill press was used 

to drill all necessary pressure ports into the AV bay switch band.  

3.4.5 Fin Can Assembly  
The fin can was the most difficult part of the rocket to assemble and needed to be done 

as a sequenced process. There were issues with the initial fin can ordered with Mad Cow 

rocketry in that the fin slots were too thin. The slots were 0.125 inches thick and the 

planned fin tabs would be 0.25 inches thick. Excessive sanding and effort were put into 

making the fin slots larger.  
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Initially, the forwardmost bulkhead was installed into the fin can. The location of this 

bulkhead was premeasured and then the contact area was sanded. Epoxy was applied to 

the contact area and the bulkhead was inserted.  

 

Figure 3-18 Fin Can Forward Bulkhead; Recovery Harness Point 7 

 

Figure 3-19 Motor Block and Motor Retainer 
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Once the epoxy completely cured, fillets were applied to the contact areas between the 

bulkhead and fin can. Fillets consists of two-part epoxy mixed with 404 silica filler. This is 

pictured in Figure 3-18. 

The motor tube was then marked and treated where the centering ring will be attached. 

Epoxy was then applied to that area and the centering ring was inserted. Fillets were 

applied to the forward side of the centering ring, but not the aft end. This is because these 

fillets would interfere with the fin tabs once inserted.  

 

Figure 3-20 Centering Ring Attachment 

Once the motor tube was attached to the fin can, the fins were inserted into the fin can. 
This were inserted into the aforementioned fin slots. Non-filled epoxy was applied to 
the contacts points between the fins and the motor and between the fins and fin can. 
Fins were held in place by a fin jig that the team constructed, pictured in Figure 3-20. 
This was left to set for 24 hours. After this had set, a fin had to repositioned. This is 
because it had become unaligned while setting. This was done using acetone. Once 
repositioned, it was re-epoxied to its respective contact points.  
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Figure 3-21 Fin Jig 

After this, fillets were applied to these same contacts. Additionally, fillets were applied 
to the center centering ring and the motor tube. These fillets were given 24 hours to set.  

The final bulkhead inserted was the aft most centering ring. This bulkhead was designed 

to be flush with the fin tabs, so its position did not need to be premeasured. After 

surface prep and epoxy application to the contact area, the bulkhead was pushed into 

the fin can until it was stopped by the fin tabs. After the piece was allowed to set for 24 

hours the bulkhead was filleted around the accessible contact areas.  

The motor retainer used for the launch vehicle was an Aero Pack 75mm retainer, which 

is mounted with adhesives. Before applying epoxy, the moto retainer was dry fit  to 

ensure that the retainer sat level with the motor tube. The contact point between the 

motor tube and the motor retainer was prepped, and epoxy was applied. After this 

piece current, fillets were added to the base of the motor container and the 

construction process was finished.  

3.4.6 Nosecone 

3.4.6.1 Coupler Attachment 
The nosecone was attached to the rest of the rocket via insertion of the nosecone 

coupler into the payload bay. Four holes were drilled through the coupler at 90-

degree angles to each other. A #8 nut was attached to the inside of each hole with 

metal JB-Weld. When the nosecone coupler was inserted into the payload bay, the 

holes in the coupler were aligned with matching holes in the payload bay. A #8 bolt 

was then screwed into each nut to secure the two sections together. 
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3.4.6.2 Nosecone Bulkhead 
The nosecone bulkhead features 6 L-brackets that are used to attach the nosecone 

bulkhead into the nosecone. These brackets use #8 bolts and nuts that pass through 

holes in the nosecone to secure the bulkhead. The bulkhead also has a U-Bolt that is 

used as one endpoint of the main parachute recovery harness. This U-Bolt is secured 

as described in section 3.4.3.3.  

3.4.7 Shear Pin and Fastener Mounts 
Shear pin holes were drilled through the body tube and coupler between the payload bay 

and main parachute bay as well as the AV bay and fin can. The holes were drilled using a 

hand drill with a 3/32-inch bit to fit  4-40 shear pins. Fastener mounts were drilled to fit  

#8 screws. Each hole was countersunk using a countersinking drill bit. 

3.4.7.1 Attaching Nuts  
Nuts on the inside of the airframe for fastener mounts are currently attached using 

metal JB-Weld. There were separation issues that occurred during flight; however, 

these did not compromise the integrity of the launch vehicle. These are shown in 

Figure 3-22. In order to make these mounts more secure, the nuts will be re-attached 

using two-part epoxy. 

 

Figure 3-22 Nut Detachment in Nose Cone 
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3.5 Recovery Subsystem 
3.5.1 Summary 

The recovery system is controlled by two PerfectFlite StratologgerCF altimeters. One 

altimeter acts as the primary flight computer, while the other is a redundant system. Both 

the altimeters and their respective batteries and switches are mounted on an avionics 

sled created out of laser cut оκмсέ birch plywood and supported by two parallel threaded 

rods. After the vehicle is mounted on the launch rail, the altimeters are armed using two 

independent screw switches, accessible from the outside through holes in the airframe 

large enough to fit  a screwdriver that also serve as pressure sampling ports for the 

altimeters.  

At apogee, the primary altimeter detonates a black powder charge separating the fin can 

and midsection. The redundant altimeter detonates another charge to achieve the same 

goal 1 second later in case of failure in the primary system. The two sections separate and 

descend under a Fruity Chutes нпέ Classic Elliptical drogue parachute tethered to the two 

sections by a 40 ft length of рκуέ tubular Kevlar shock cord and protected by two 

overlapped sheets of Nomex. Loops at the end of the shock cord are connected to U-bolts 

on bulkheads in the airframe by ѻέ quick links. The fin can is tethered by a permanent 

bulkhead, while the midsection is tethered by a bulkhead that is part of the AV Bay 

assembly. This bulkhead is held in place by a threaded rod and nuts compressing the 

bulkhead and a companion bulkhead on the opposite end of a length of coupler. This 

assembly contains the altimeter electronics and ejection charges and can be prepared 

separate from the rest of the vehicle during launch procedures. At 500 ft, the primary 

altimeter detonates a black powder charge separating the nosecone and midsection. At 

450 ft, the redundant altimeter does the same. Figure 3-23 shows the expected 

performances of the recovery system. 

 

Figure 3-23 Recovery CONOPS 
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The nosecone and midsection are tethered by an identical length of shock cord as the 

drogue recovery harness and uses the same ѻέ quick links to connect to bulkheads. The 

midsection is tethered to the AV bay bulkhead on this side, described earlier, while the 

nosecone is tethered by a removable bulkhead in the nosecone. This removable bulkhead 

is beyond the payload section, and as such a length of shock cord is routed through a hole 

in the payload bay centering ring to reach the bulkhead in the nose. Supporting this 

recovery harness is a Fruity Chutes мнлέ Iris UltraCompact parachute. The parachute is 

stored and deployed by a Nomex deployment bag. The payload bay is sealed off from 

ejection gases using a removable plug, a pseudo bulkhead that is puttied between the 

parachute and payload bay and attached to the shock cord with a U-bolt. 

3.5.2 Structural Components 

3.5.2.1 AV Bay Bulkheads 
Bulkhead assembly and structure are analyzed further in section 3.3. 

3.5.2.2 Avionics Sled 

 

Figure 3-24 AV Sled as Built 

Pictured above is the fully assembled AV sled, with all electronics and required 

hardware mounted. The sled is constructed out of laser cut оκмсέ birch plywood and 

wood glued together with the exception of the battery compartment cover on the 

left side. The sled is held in place within the AV bay by the threaded rods running 

through the length of the bay. The tilted pieces to the right hold the screw switches 

in place at a 90° angle to each other. The screw switches are attached to these pieces 

using мέ standoffs to elevate the screw switches and make them easier to locate and 

activate on the launch pad. The arced pieces holding these in place are slotted 

through holes in the sled and kept in place with bolts running through the tabs on 

the bottom side. The altimeters are mounted using ѹέ standoffs to ensure the 

pressure sensors, located on the bottom of the board, are given adequate space to 

properly measure the pressure in the AV bay. The altimeters are mounted in 

opposite directions so that the battery and switch wires could run through the space 
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between the altimeters, while e-match wires ran on the outside edge, making wiring 

slightly more convenient. The box to the left houses two 9V batteries for the 

altimeters. The top piece of this box is fit  onto the sides via the jigsaw cutouts and 

held in place once the batteries are connected via screws that extend through the 

base plate and terminate with nuts on the opposite side.  

 

Figure 3-25 Avionics Sled Dimension Drawing 

Figure 3-25 shows the assembled avionics sled as built with important dimensions 

included in inches. The sled without any additional electronics mounted is what is 

depicted. 

3.5.2.3 Quick links 
Quick links will be used to tether all body sections and recovery hardware to the 

recovery harness described in section 3.5.4. All quick links are at least ѻέ steel, rated 

upwards of 1200 lbs. Larger quick links are used to tether the vehicle sections due to 

the large U-bolts utilized, while more moderate quick links are utilized to attach 

parachutes and recovery hardware. 

3.5.2.4 Pressure Sampling Holes 
For the altimeters to properly detect the altitude of the vehicle at all points of the 

ǊƻŎƪŜǘΩǎ flight, pressure sampling holes are located on the AV bay body tube. These 

static ports are recommended by PerfectFlite, the altimeter manufacturer. The 

StratoLoggerCF altimeter user manual suggests placing these holes at least 4 to 5 

times the body diameter away from the nosecone shoulder, and using 4 holes at 90° 

intervals, especially for larger diameter rockets. These help to avoid any fluctuations 

in the read static pressure due to wind, angle of attack, or any turbulence or 
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irregularities produced by the body upstream of the static port. The holes are sized 

according to the following equation, provided by the ǳǎŜǊΩǎ manual1: 

Ὠ Ὀ Ὀz ὒzz Ȣπππψ  

Where d is the diameter of the switch hole, D is the inner diameter of the AV bay, 

and L is the interior length of the AV bay. With an inner diameter of рΦттрέ and an 

interior length of млΦрέΣ d is approximately фκонέΣ and as such all static ports are this 

size. The ports are aligned to the sled within the AV bay to allow for two of the 

neighboring static ports to serve as access to the primary and secondary screw 

switches which activate the altimeters. 

3.5.3 Parachute Selection 
The vehicle uses a Fruity Chutes нпέ Classic Elliptical parachute for drogue recovery, and 

a Fruity Chutes мнлέ Iris UltraCompact parachute for main recovery. These parachutes 

have been chosen based on team availability, descent time, drift, and kinetic energy 

performance. Vehicle descent speed under parachute can be calculated using the 

terminal velocity formula below2. 

ὺ  
ς Ὣ ά

ὃ ὅ ”
   

In the equation above, m is the burnout mass of the launch vehicle, g is the acceleration 

due to gravity,  ́ is the density of air, A is the area of the parachute, and CD is the 

coefficient of drag of the parachute. While the area and drag of the vehicle sections 

themselves do contribute to the velocity at which they fall, their contribution is negligible 

in comparison to the parachute. The current launch vehicle as built has a burnout mass 

of 1.342 slugs.  

3.5.3.1 Drogue Parachute 
The нпέ Classic Elliptical was chosen as the drogue parachute for its high descent 

speed and team ownership, in accordance with TDR 3.3. The нпέ Classic Elliptical has 

a reference area of 3.14 ft2 and a CD of 1.47, causing the vehicle to descend at a 

steady state speed of 88.0 fps. This descent speed allows the vehicle to descend at 

a fairly rapid rate, reducing descent time and wind drift while still complying with 

TDR 3.2 ς drogue descent velocity shall be less than 100 fps. 

3.5.3.2 Main Parachute 
The Fruity Chutes мнлέ Iris UltraCompact has been chosen for the main parachute 

primarily for its wind drift, descent time, and kinetic energy performance. The мнлέ 

Iris UltraCompact has a reference area of 78.4 ft2 and a CD of 2.11, resulting in a 

descent rate of 14.72 fps. In addition, the team already possesses a Fruity Chutes 

 

1 SLCF. http://www.perfectflite.com/SLCF.html. Accessed 29 Feb. 2020. 
2 Fluid Friction. http://hyperphysics.phy-astr.gsu.edu/hbase/airfri2.html. Accessed 7 Nov. 2019. 
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мнлέ Iris UltraCompact parachute, conserving funds as with the drogue parachute 

and satisfying TDR 3.3.  

3.5.4 Recovery Harness 
The recovery harnesses are плΩ x рκуέ Kevlar shock cord. This shock cord is rated for loads 

upward of 2000 lb, and current mass and acceleration predictions suggest a maximum 

load of 300 lb in the case of 40 ƎΩǎ on the midsection and fin can during main deployment 

. The drogue shock cord has a bowline knot tied in each end as well as a loop one third of 

the way along its length. The drogue parachute and two Nomex cloths are attached by a 

single quick link to this loop. The shorter end of the shock cord is attached by quick link 

to the midsection, while the longer end is attached to the fin can. This causes the 

midsection to hang above the fin can during drogue descent. This prevents the fin can 

from collapsing the main parachute upon deployment and reduces the risk of entangling 

shock cord and shroud lines at main deployment. The main shock cord is fed through the 

hole in the payload centering ring and terminated in a bowline knot to which a quick link 

is affixed and tethered to the nosecone bulkhead. Approximately сέ from the aft most 

point of the payload centering ring is another loop to which the plug is tethered. 

Approximately сέ from this loop is another loop to which the deployment bag for the 

main parachute is attached by quick link. Another ммΩ from this loop is the loop to which 

the main parachute itself is tethered, placed here in order to create at least a shroud ƭƛƴŜΩǎ 

distance between the two loops to ensure the main parachute fully deploys from the 

deployment bag. The other end of the shock cord again terminates in a bowline knot 

which is tethered to the midsection. 

3.5.5 Avionics 

 

Figure 3-26 Recovery Electronics Diagram 

The diagram above illustrates the components housed within the AV bay and how all of 

them are wired to each other. The dashed green box contains all the components of the 

primary altimeter recovery system. This system contains the competition altimeter which 

will record the ǘŜŀƳΩǎ official apogee, as well as all the components necessary for the 

required recovery events. The altimeter has 4 pairs of terminal screws that are connected 

to a 9V battery, a screw switch, and 2 E-matches. One E-match is in the drogue 

compartment and triggered at apogee, while the other is in the main parachute 

compartment and triggered at 500 ft. A fresh, tested battery is installed with each flight 

to ensure the altimeter has enough power to detonate both charges and record flight 

data.  
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The dashed grey box houses the secondary altimeter recovery system, which is nearly 

identical to the primary system, with the black powder charges being the only difference. 

The drogue charge is programmed to detonate one second after apogee, while the main 

charge is set to detonate at 450 ft. Both systems are independently capable of safely 

recovering the launch vehicle, and as they are not connected in any fashion this creates a 

redundancy in the system. If any one component is to fail, the other system will activate 

in its place and allow for safe recovery. 

3.5.5.1 Altimeters 
The ǾŜƘƛŎƭŜΩǎ recovery events are controlled by two PerfectFlite StratoLoggerCF 

altimeters, one primary altimeter and one redundant altimeter. The primary 

altimeter serves as the nominal operation point for the recovery procedure and act 

as the ǘŜŀƳΩǎ competition reporting altimeter. The primary altimeter detonates its 

drogue charge at apogee and its main charge at 500 ft AGL, while the secondary, 

redundant altimeter delays its detonations by one second and 50 ft respectively. 

These delays are implemented to prevent the simultaneous detonation of both 

charges and result in over pressurization of the parachute cavities. The 

StratoLoggerCF is precise, with prior team flights using two StratoLoggers having a 

measured apogee difference less than 10 ft. The team already owns multiple 

StratoLoggers, which satisfies requirement TDR 3.3 ς the launch vehicle shall use 

recovery devices that the team owns. The StratoLoggerCF allows for programming 

an apogee delay in seconds as well as main deployment in 1 ft increments. These 

factors make the StratoLoggerCF suitable as both a primary and redundant altimeter.  

 

Figure 3-27 StratoLoggerCF Wiring Schematic 

Figure 3-27 shows the wiring of the PerfectFlite StratoLoggerCF altimeter. 

3.5.5.2 Screw Switches 
Two screw switches are mounted on the avionics sled as described in section 3.5.2.2. 

Each screw switch is independently connected to the switch terminals on one of the 

altimeters. Each of the screw switches is accessible via a screwdriver and the 

Pressure Sampling Holes described in section 3.5.2.4. This allows for the entire 

vehicle to be assembled and brought to the pad without a continuous connection 

between an E-match and a power source. Once the vehicle is on the launchpad and 
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in the upright position, a team member may arm the altimeters using a screwdriver. 

These switches protect team members from premature black powder charge 

detonations and conserve battery life for the altimeters. Screw switches may also be 

tightened significantly in order to ensure that altimeter power is retained despite 

any flight forces or jostling of the AV bay or launch vehicle. 

3.5.5.3 Batteries 
Both altimeters are powered by fresh 9V batteries for each flight. Before each flight, 

an unused 9V battery is tested to ensure a voltage of at least 9V, before being 

connected to the system and enclosed in the battery compartment of the AV sled. 

The battery compartment of the sled is designed to create a tight fit  such that as 

long as the lid of the compartment is on, there shall be no way for the batteries to 

become disconnected from their connectors, ensuring uninterrupted power 

regardless of flight or external forces. The model of battery used has been tested 

with the ǘŜŀƳΩǎ altimeters as detailed in section 7.1 to ensure proper battery life, 

lasting at least 3 hours without issue. 

3.5.5.4 Redundancy Features 
The recovery electronics system contains two separate recovery systems within. 

There are two entirely independent altimeters, screw switches, 9V batteries, drogue 

e-matches, and main e-matches. If any one component of a system were to fail, the 

second system would be just as capable of safely recovering the launch vehicle. In 

addition to this, the redundant altimeter is connected to slightly larger black powder 

charges. In the event the primary recovery system function as designed and the 

charges are detonated, but body sections fail to separate, a larger charge on the 

redundant system increases the chances of the system properly separating upon the 

redundant ŎƘŀǊƎŜΩǎ detonation. The use of two separate systems creates 

redundancy that protects against component failure, while the larger charges on the 

redundant system protect against miscalculations or aberrations in the force 

necessary to separate the sections. 

3.5.6 Tracking Device 
The launch vehicle is located using an Eggfinder GPS. The system consists of a standard 

Eggfinder Transmitter TX with the included stick antenna and a 9V battery, transmitting 

to a Bluetooth Eggfinder RX dongle. The transmitter is located in the nosecone forward 

of the nosecone bulkhead, with a screw switch accessible from outside the vehicle. The 

transmitter and attached battery are attached within the nosecone using strips of hook 

and loop fastener against the inner wall of the nosecone. The switch is mounted directly 

against the inner wall with electrical tape to make the screw easily accessible. The 

transmitter is paired with a receiver, programmed to the same frequency of 913 MHz on 

ID 3. The transmitter operates on a transmission power of 100 mW, satisfying 

requirement NASA 2.22.9. The transmitter has demonstrated a range of at least 3000 ft, 

maintaining connection throughout the ascent of the vehicle demonstration flight. Even 

if the range does not exceed the apogee of the flight, the receiver should be able to 

reacquire signal during descent given that the vehicle shall descent within 2500 ft of the 

launch pad. The receiver is mounted in a plastic case which also houses a 3x AA battery 
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holder and Bluetooth module. The receiver is paired to the phone of a team member on 

the field recovery team via Bluetooth. The GPS data is then plotted using the app Rocket 

Locator on the phone. The app plots the ǾŜƘƛŎƭŜΩǎ location on satellite imagery as well as 

giving the ǾŜƘƛŎƭŜΩǎ distance, altitude, and an azimuth line from the current location to 

the vehicle. The ǾŜƘƛŎƭŜΩǎ latitude and longitude are also available in the logs of the app. 

A redundant tracking device is not included in the vehicle due to the tracking device 

serving as a secondary method to visual identification of the vehicle during descent. 

Additionally, another tracking device would have to be located in close proximity to the 

current tracking device, increasing the likelihood of interference between the 

transmissions of both devices. 

3.5.6.1 Sensitivity to Transmitters 
The locating transmitter will be located 60 inches from the nearest e-match or 

altimeter, severely limiting the effect of radio transmissions on premature 

detonations. The altimeters are also by design not sensitive to RF radiation, though 

additional barriers help increase the level of confidence in this lack of sensitivity. 2 

bulkheads and the entirety of the payload system as well as 2 pairs of threaded rods 

help to attenuate the effect of RF radiation in the AV bay. 

3.5.7 Ejection Charge Sizing 
Black powder charges were sized according to the ideal gas equation, shown below: 

PV= mRT 
  

   

Where P is the pressure produced by the black powder gas, V is the volume of the cavity 

it fills, m is the mass of black powder in the charge, R is the gas constant, and T is the 

combustion temperature of black powder. With a сέ inner diameter for both sections, 

and a length of 7 inches in the drogue compartment and 21 inches in the main 

compartment, this gives a volume of 197.9 in3 and 593.8 in3 respectively. Rocketry forums 

recommend 15 psi as an appropriate separation pressure for most rockets, with tighter 

fits possibly requiring 20 psi. In order to reach 20 psi, the drogue charge was initially 

projected to be 2.0 grams and the main 6.1 grams. An experienced team member 

suggested upping the drogue charge to 2.5 grams, which team decided to do. Upon 

preliminary ejection testing, both charges were deemed to be excessive, especially the 

main charge. The charges were subsequently downsized to 2.3 grams and 5.5 grams 

respectively, creating a pressure of 22.5 psi and 17.9 psi respectively. These charges were 

also deemed to be appropriately sized following the ground ejection test detailed in 

section 7.1. In order to create redundancy against miscalculations and aberrations in flight 

conditions, the redundant charges are slightly larger than the primary ones. These charges 

were arbitrarily determined to be 2.7 grams and 6.0 grams for the drogue and main 

redundant charges respectively.  

3.6 Mission Performance Predictions 
3.6.1 Launch Day Target Altitude 

The ǘŜŀƳΩǎ declared launch day target altitude is 4,420 feet. 
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3.6.2 Flight Profile Simulations 
Once the full-scale vehicle was assembled and measured, the models in RockSim were 

updated to more accurately predict the flight performance of the launch vehicle. 

Primarily, the total mass and center of gravity location were overridden in the RockSim 

file. From information collected from www.weatherunderground.com the atmospheric 

conditions were updated in RockSim to reflect the conditions expected at the launch site, 

this data is discussed further in section 5. The altitude plots from these simulations can 

be seen below in Figure 3-28. The altitude predictions were verified using the Barrowman 

Equations and is discussed further in section 3.6.3. 

 

Figure 3-28 RockSim Altitude Predictions of As-Built Launch Vehicle 

The simulated thrust curve of the Aerotech L1520T that was used for all simulations can 

be found below in Figure 3-29. 

 

Figure 3-29 Aerotech L1520T Thrust Curve 

http://www.weatherunderground.com/
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From Figure 3-28 it is noted that simulations were conducted across a range of pre-loaded 

wind conditions that RockSim offers. From these simulations the predicted apogee of the 

full-scale vehicle is 3,775 feet, a rail exit velocity of 70.1 feet per second, and a maximum 

velocity of 497 feet per second or Mach 0.45. These values comply with NASA 

requirements 2.16 and 2.227, respectively. 

3.6.3 Altitude Verification 
The altitude mentioned in the previous section was verified using .ŀǊǊƻǿƳŀƴΩǎ 

equations. From this set of equations, the calculated apogee was 3,649 feet. This gives a 

percentage difference of 3.5% compared to RockSimΩs value of 3,775 feet. This minimal 

difference ensures the accuracy of the predicted apogee. 

3.6.4 Stability Margin Simulation 
The center of gravity and final mass of the launch vehicle were updated in RockSim so 

that the stability margin of the launch vehicle could be accurately predicted. Fortunately, 

all changes were relatively minor, and no major impact was made on the launch ǾŜƘƛŎƭŜΩǎ 

stability margin. However, the final mass of the vehicle ended up being nearly 3 pounds 

heavier than expected. Estimates before the assembly of the vehicle predicted the 

stability margin to be 2.18 calibers, once the vehicle was fully assembled it was 

determined that the stability of the assembled vehicle was 2.15. The stability was again 

measured on the launch vehicle once the motor was inserted into the vehicle and it was 

then determined that the true stability of the vehicle on rail is 2.17 calibers which 

complies with NASA requirements 2.14. The final CG and CP locations are shown in Figure 

3-30. 

 

Figure 3-30 CG and CP locations of the Final Launch Vehicle as Built 

3.6.5 Kinetic Energy at Landing 
Kinetic Energy can be calculated using the following equation, where KE is the kinetic 

energy of the object, m is its mass, and V is its velocity3: 

ὑὉ  
ρ

ς
άὠ    

 

3 Kinetic Energy ς The Physics Hypertextbook. https://physics.info/energy-kinetic/. Accessed 7 Nov. 2019. 
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At landing, the vehicle will be descending under the main parachute. Thus, the velocity 

under main shall be used to calculate the kinetic energy for each section as seen in the 

table below. The mass of each section was weighed on a scale as built. 

Table 3-2 Kinetic Energy at Landing 

Section Mass Main Velocity 
Kinetic Energy 

at Landing 

Nose cone .5532 slugs 14.72 ft/s 60.0 ft-lbs 

Midsection .3916 slugs 14.72 ft/ s 42.4 ft-lbs 

Fin can .3792 slugs 14.72 ft/s 41.1 ft-lbs 

With the heaviest section of the launch vehicle descending with a kinetic energy of 60.0 

ft-lbs, the vehicle has a large margin between this value and the maximum as given by 

requirement NASA 3.3.  

3.6.5.1 Alternative Calculation Method  
Kinetic energy at landing was also calculated using RockSim as a method of verifying 
the results of hand calculations. The RockSim model has been mass-locked to the 
rocket in its fully assembled and ready-for-launch status. The descent velocity as 
calculated by RockSim under no-wind conditions has been used with the mass of 
each body section as described above to calculate the kinetic energy. 

Table 3-3 RockSim Kinetic Energy at Landing 

Section  Mass  Main Velocity  Kinetic Energy at Landing  

Nose cone  .5532 slugs 15.39 ft/s  65.5 ft-lbs  

Midsection  .3916 slugs 15.39 ft/s  46.4 ft-lbs  

Fin can  .3792 slugs 15.39 ft/s  44.9 ft-lbs  

The table above tabulates the kinetic energy of each section and shows only a minor 

increase from hand calculations. There is approximately a 0.7 ft/s difference 

between the RockSim and hand calculated descent rates due to the method by which 

RockSim determines the descent velocity of parachutes. RockSim accounts for the 

spill hole of the parachute and uses an assigned CD rather than determining it based 

on manufacturer ratings. Even with a slightly higher descent rate, the nose cone 

descends with a margin of approximately 10 ft-lbs. 

3.6.6 Descent Time 
Descent time has been calculated as a necessary component of the wind drift calculations 

and is detailed further in the following section. 

3.6.7 Wind Drift 
Wind drift calculations were done by assuming that the rocket traveled straight up to the 

projected apogee, deployed its drogue parachute, immediately started descending at 

terminal velocity under drogue, deployed the main parachute at 500 ft, and immediately 

accelerated to terminal velocity under the main parachute. From apogee to landing, the 
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rocket is assumed to travel in a single direction at constant speed equal to the wind 

condition. While not wholly accurate to actual performance, this model covers the time 

between recovery events well. Assuming the rocket immediately reaches terminal 

velocity at apogee will reduce descent time by a few seconds, while assuming it 

immediately reaches terminal velocity at main loses a second or two, as the main 

parachute takes a second or so to fully deploy and accelerate the rocket. Assuming the 

rocket travels at wind speed in a single direction is also a worst-case scenario. 

Given the distance between apogee, main deployment, landing and the rate at which the 

rocket is falling between these locations, the descent time of the rocket can be simply 

calculated as such, where t is the descent time, ᾀ is apogee, ᾀ  is main deployment 

altitude, ὺ is descent rate under drogue, and ὺ  is descent rate under main4: 

ὸ  
ᾀ ᾀ

ὺ

ᾀ

ὺ
   

The selected parachutes along with an apogee of 4420 and main deploy altitude of 500 

give a descent time of 79 seconds using the equation above. Multiplying this descent 

time by the speed of a given wind condition gives the distance traveled by the rocket 

constantly sustaining these winds, as seen in the table below.  

Table 3-4 Descent Time and Drift Distance 

Wind 
Speed 

Apogee 
Descent 

Time 
Drift Distance 

0 mph 4420 ft AGL 79 s 0 ft 

5 mph 4420 ft AGL 79 s 576 ft 

10 mph 4420 ft AGL 79 s 1151 ft 

15 mph 4420 ft AGL 79 s 1727 ft 

20 mph 4420 ft AGL 79 s 2303 ft 

In 20 mph winds, the worst-case scenario considered, the vehicle is projected to descend 

in 79 seconds, 11 seconds less than the required maximum, and cover 2303 ft, 

approximately 200 ft less than the required maximum. Given these numbers, this 

parachute combination is satisfactory and leaves a large enough margin to remain robust 

to uncertainty. 

3.6.7.1 Alternative Calculation Method  
In order to verify the validity of hand calculated results, wind drift calculations were 
also performed using RockSim. A test case was run for each wind speed setting listed 
in the table below, assuming a constant wind speed throughout the flight. RockSim 
models position two dimensionally, so the vehicle is assumed to be launched into 
the wind at a 5° angle and drift in the direction of the wind after apogee. Drift 

 

4 Equations of Motion ς The Physics Hypertextbook. https://physics.info/motion-equations/. Accessed 7 Nov. 2019. 
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distance is calculated by finding the difference between the range at apogee and 
range at landing data points provided in the details of the flight. Descent time is 
similarly calculated, using the time at apogee and time at landing data points. This 
finds the descent time and wind drift of the rocket assuming descent starts directly 
above the launch pad. 

Table 3-5 RockSim Descent Time and Drift Distance 

Wind 
Speed 

Apogee 
Descent 

Time 
Drift Distance 

0 mph 4420 ft AGL 67 s 0 ft 

5 mph 4420 ft AGL 67 s 490 ft 

10 mph 4420 ft AGL 66 s 976 ft 

15 mph 4420 ft AGL 66 s 1443 ft 

20 mph 4420 ft AGL 63 s 1855 ft 

The table above shows the results of the RockSim calculations. Drift values begin to 
drastically decrease in comparison to the hand calculations as wind speed increases. 
This is likely a combination of the previously mentioned faster descent time in 
RockSim from parachute calculations and the fact that wind speed can in some cases 
increase the vertical descent speed with the RockSim model. As such, RockSim 
calculations provide a large margin for satisfying requirements NASA 3.10 and NASA 
3.11. RockSim produced a result of 23 seconds of leeway in descent time and over 
600 ft of space in drift distance at the highest considered winds. 
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4. Payload Criteria 

4.1 Payload Mission Statement 
The payload mission is the collection of a suitable sample size of simulated lunar ice from a 

location near the launch vehicle landing site by a remotely controlled rover following the 

deployment of said rover from the launch vehicle. Following sample collection, the rover is to 

move a set distance from the sample collection area as per the requirements of the NASA 

Student Launch Competition. 

4.2 Payload Success Criteria 
Payload success is defined firstly by the requirements set forth by the NASA Student Launch 

Competition as defined in section 7.3 as well as the team derived requirements set forth by 

the team derived requirements defined in section 7.4. Additional success criteria as well as 

levels of success and failure are further defined below in Table 4-1.  

Table 4-1 Payload Success Criteria 

Level Project Aspect Human Aspect 

Complete Success 

Successful sample recovery, 
rover movement, and payload 

deployment 
Recoverable rover 

Unimpeded payload 
deployment and operation 

No near misses and/or injuries 
to team members and/or 

spectators related to 
operational or non-operational 

factors 

Partial Success 

Successful sample recovery, 
rover movement, and payload 

deployment 
Rover repairable 

Payload deployment or 
operation impeded or 

otherwise delayed during 
operation 

Near miss incidents involving 
team members and/or 

spectator related to operational 
or non-operational factors 

Partial Failure 

Failure to recover required 
sample 

Payload fails to deploy 
Repairable damage to rover or 

deployment 
Rover repairable 

Minor team member and/or 

spectator injuries treatable with 

basic first aid due to operational 

or non-operational factors 

Complete Failure 

Deployment system fails in a 
manner that leads to severe 

airframe damage 
Unrecoverable rover 

Severe team member and/or 
spectator injury due to 

operational or non-operational 
factors 
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4.3 BURRITO Design 
The design for the payload vehicle is a rover with two coaxial, independently motorized wheels 

utilizing a plywood body and standard wheels. Because of its two-wheeled design, the rover is 

designated BURRITO: Bilateral Uptake Rover for Regolith Ice Transport Operations. The two drive 

wheels are each driven by their own motor; these motors and their shared battery are housed 

inside the BURRITO chassis. The control systems of BURRITO consist of a microcontroller relaying 

signals from a radio receiver to the rƻǾŜǊΩǎ motor controller and servos. The control electronics 

are housed in a box in the center of the rover chassis called the electronics bay. To maintain 

stability while driving, the BURRITO features two spring-loaded arms with caster wheels attached 

to them. These arms deploy from the ǊƻǾŜǊΩǎ back end such that, when the rover drives forward, 

the caster wheels prevent the body from rolling backward. On the underside of the chassis, the 

simulated ice collection device, designated SICCU, is mounted, with its servos placed inside the 

chassis. A model of the BURRITO design (as-built) can be seen in Figure 4-1, Figure 4-2 and Figure 

4-3. Figure 4-1 shows the stowed configuration of the rover, viewed from the front. Figure 4-2 is 

an exploded view of the BURRITO that shows the subsystems of the rover. Figure 4-3 shows the 

major dimensions of BURRITO, in inches. 

 

Figure 4-1 BURRITO Front View, Spring-Loaded Caster Wheels Stowed5 

 

5 άHitec HSB-9380TH Servo μ о5 /!5 aƻŘŜƭ [ƛōǊŀǊȅ μ DǊŀō/!5Φέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ 
https://grabcad.com/library/hitec-hsb-9380th-servo-1. [Accessed: Dec-2019]. 
ά[нфуb | 3D CAD Model Library | Grŀō/!5Φέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ https://grabcad.com/library/l298n-7. 
[Accessed: Dec-2019]. 
άCǊ{ƪȅ ·уw ǿκƻ ŀƴǘŜƴƴŀǎ μ о5 /!5 aƻŘŜƭ [ƛōǊŀǊȅ μ DǊŀō/!5Φέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ 
https://grabcad.com/library/frsky-x8r-w-o-antennas-1. [Accessed: Dec-2019]. 
άCƛƭŜǎ ς Resources ς AndyMark IncΦέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ https:// www.andymark.com/pages/resources-
files?prefix=STEP%20Files/. [Accessed: Dec-2019]. 
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Figure 4-2 BURRITO Exploded View with Labelled Subsystems 

   

Figure 4-3 BURRITO Front View with Dimensions in Inches 

4.3.1 Chassis Structure 
.¦wwL¢hΩǎ chassis is constructed out of birch plywood plates, which were laser cut to 

shape and adhered together using wood glue. This kind of plywood structure has been 

 

άBlank Hub with 0.125 in. DimpleΦέ [Online]. Available: https://w ww.andymark.com/products/hub-
aluminum-blank-with-125-
dimple?via=Z2lkOi8vYW5keW1hcmsvV29ya2FyZWE6OkNhdGFsb2c6OkNhdGVnb3J5LzVhZjhhYjY0YmM2
ZjZkNWUzNmYyMzM1ZA. [Accessed: Dec-2019]. 
ά!ǊŘǳƛƴƻ ¦bh ŀƴŘ a9D! нрсл μ о5 /!5 aƻŘel Librarȅ μ DǊŀō/!5Φέ ώhƴƭƛƴŜϐΦ !Ǿŀƛƭŀble: 
https://grabcad.com/library/arduino-uno-and-mega-2560-1. [Accessed: 11-Dec-2019]. 
ά[aнрфс μ о5 /!5 aƻŘŜƭ [ƛōǊŀǊȅ μ DǊŀō/!5Φέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ ƘǘǘǇǎΥκκƎǊŀōŎŀŘΦŎƻƳκƭƛōǊŀǊȅκƭƳнрфс-
5. [Accessed: 1-Mar-2020]. 
ά{ŜǊvo Hitec HS-55 | 3D CAD Model Library | DǊŀō/!5Φέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ 
https://grabcad.com/library/ servo-hitec-hs-55-1. [Accessed: 1-Mar-2020]. 
άмκпέ .ƻǊŜ он LƴŎƘ {ƘŀŦǘ aƻǳƴǘ tƛƴƛƻƴ DŜŀǊǎΦέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ ƘǘǘǇǎΥκκǿǿǿΦǎŜǊǾƻŎƛǘȅΦŎƻƳκл-250-1-
4-bore-32p-shaft-mount-pinion-gears. [Accessed: 1-Mar-2020]. 
ά{Ŝǘ {ŎǊŜǿ {ƘŀŦǘ /ƻǳǇƭŜǊǎΦέ ώhƴƭƛƴŜϐΦ !Ǿŀƛƭable: https://www.servocity.com/ set-screw-shaft-couplers. 
[Accessed: 1-Mar-2020]. 
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used in previous years in the avionics bays of rockets and is thus capable of sustaining the 

high accelerations of launch while remaining lightweight. The plates that make up the 

ŎƘŀǎǎƛǎΩ sides have rectangular teeth that allow them to interlock with one another, 

forming a robust structure once glued or bolted together. Each of the plates consists of 

two лΦмнрέ thick layers of plywood, bonded together with wood glue. The plates feature 

holes cut such that the motor shafts, servo gears, caster wheel arms, and parts of the 

electronics bay can protrude from the inside of the structure. Triangular, patterned holes 

on the front, top, and back sides form a truss-like structure that removes some of the 

weight of the chassis without sacrificing significant amounts of strength. These holes have 

an added benefit of creating a small amount of visibility and access to the BURRITO 

internals, easing the process of any repairs. To allow greater access to the inside of the 

chassis, the two side plates and upper plate of the chassis are bolted on, rather than glued 

in place. The bolts attach adjacent plates together via L-brackets at the corners of the side 

plates. This was be helpful during construction, as it would have otherwise been 

impossible for the motors to be attached and wired into place. The structure consists of 

a total of 8 separate plate pieces; the rendering in Figure 4-4 shows the plates assembled 

into the chassis. 

 

Figure 4-4 BURRITO Chassis Assembled 

4.3.2 Drivetrain 
The drivetrain of BURRITO consists of two wheels 4.35 inches in diameter, each powered 

by a DC electric motor. The selected wheels are manufactured by Andymark, and feature 

άǇƭŀŎǘƛƻƴέ wedgetop treads, whose malleability allows the wheels to maintain a large 

contact area with the ground, providing high traction. The selected motors are 350 RPM 

Premium Planetary Gear Motors from Actobotics; these meet the torque and rotational 

speed requirements for the ǊƻǾŜǊΩǎ operation. The mathematical rationale for these 

motors is detailed in the section about the powertrain selection calculations 

όάǇƻǿŜǊǘǊŀƛƴέ referring to only the motors and battery). 

Between the wheels and the motors are modified nylon washers. As BURRITO is launched 

while resting on the face of one of its wheels, the loads of launch would normally transfer 

through the thin axle of the connected motor, potentially causing damage. The nylon rings 

provide a buffer for the ǊƻǾŜǊΩǎ weight to rest on; they serve to take compressive loads 

off the ƳƻǘƻǊǎΩ axles. Additionally, the washers have a low coefficient of friction of 0.06 
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when placed against the aluminum wheel hubs, allowing the motors to spin freely while 

BURRITO drives.6 The distance created by the thickness the washers also ensures that the 

bolts that partially protrude from the wheel hubs do not collide with the rover chassis. 

Both motors are powered (through a motor driver) by the same battery, a DRIVE 11.1V 

20C 3S LiPo battery with a capacity of 4000 mAh. It was calculated that this capacity would 

be enough to carry the rover the maximum possible distance to the ice recovery site, with 

some leftover capacity. The selection of a LiPo battery was ideal due to the high energy 

density of this type.7 The same battery also supplies power to the control electronics of 

BURRITO and the servos (through a buck converter). The sizing and selection of the 

battery is detailed in the powertrain selection calculations in section 4.3.3. Figure 4-5 

shows BURRITO with only its powertrain and some structure to illustrate the arrangement 

of these parts. 

 

Figure 4-5 BURRITO Powertrain 

On the backside of the rover are two spring-deployed arms with caster wheels on their 

ends. The purpose of these is to provide stability when the rover drives forward; without 

them, .¦wwL¢hΩǎ chassis would rotate backwards, preventing forward driving. The arms 

are connected to spring-loaded hinges, such that, once deployed, the arms can retain 

their position with some flexibility. A pair of small Hitec HS-55 servos prevent the spring 

hinges from deploying the caster wheels early; their arms (also known as άƘƻǊƴǎέύ block 

the outward movement of the caster arms. Each arm is 3D-printed such that, when the 

rover is stowed, a small tab contacts the adjacent ǎŜǊǾƻΩǎ horn and holds the caster arm 

in position. When the caster wheel arm deploys, a separate tab on the ŀǊƳΩǎ underside 

prevents it from extending too far; each arm holds a caster wheel such that they swivel 

as the rover turns. Figure 4-6 and Figure 4-7 show the retracted and deployed 

configurations of one of the caster wheel arms. 

 

6 άaŀǘŜǊƛŀƭ /ƻƴǘŀŎǘ tǊƻǇŜǊǘƛŜǎ ¢ŀōƭŜΦέ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ 
http://atc.sjf.stuba.sk/files/mechanika_vms_ADAMS/Contact_Table.pdf. [Accessed: Jan-9-2020]. 
7 ά[ƛtƻ Ǿǎ bƛaIΥ /ƻƳǇŀǊƛǎƻƴ ƻŦ ¢ǿƻ aƻǎǘ tƻǇǳƭŀǊ .ŀǘǘŜǊȅ ¢ȅǇŜ ƻƴ ¢ƘŜ aŀǊƪŜǘΦέ !ath²Φ ώhƴƭƛƴŜϐΦ 
Available: https://blog.ampow.com/lipo-vs-nimh/#LiPo_vs_NiMH_Weight. [Accessed: Jan-9-2020]. 
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Figure 4-6 BURRITO Caster Wheel Arm Stowed 

 

Figure 4-7 BURRITO Caster Wheel Arm Deployed 

4.3.3 Powertrain Selection Calculations 
An online sizing tool was used to determine the motor and battery specifications required 

for BURRITO.8 The following series of equations were taken from the tutorial page on this 

tool; these equations detail how to produce the battery and motor specifications from 

rover characteristics.9 

Though BURRITO was intended to operate on a relatively flat competition field, it was 

unknown exactly how much resistance the rover would encounter to its forward 

movement. The online motor sizing tool suggested that a decent approximation of the 

 

8 roōƻǘǎƘƻǇƳŀǎŎƻǘΣ ά5ǊƛǾŜ aƻǘƻǊ {ƛȊƛƴƎ ¢ƻƻƭΦέ wƻōƻǘ{ƘƻǇΣ нлмоΦ ώhƴƭƛƴŜ]. Available: 
https://www.robotshop.com/community/blog/show/drive-motor-sizing-tool. [Accessed: Dec-2019]. 
9 ŎōŜƴǎƻƴΣ ά5ǊƛǾŜ aƻǘƻǊ {ƛȊƛƴƎ ¢ǳǘƻǊƛŀƭΦέ wƻōƻǘ{ƘƻǇΣ нлмпΦ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ 
https://www.robotshop.com/community/blog/show/drive-motor-sizing-tutorial. [Accessed: Dec-2019]. 
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resistance from driving could be obtained by modelling the rover as accelerating on an 

incline of a specified angle, based on the assumption that the traction between the 

wheels and the surface was perfect. The following equation was then used to produce a 

worst-case estimate for the required stall torque (e.g. maximum torque) of the drive 

motors. 
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In the above equation, R is the radius of the wheel, M is the mass of the rover, a is the 

desired acceleration of the rover, g is the acceleration due to gravity, and  ̒is the angle 

of the incline, e is the efficiency of the motors, and N is the number of motors. 

As the motors needed to run for a specified time, the power they consumed had to be 

estimated to determine the capacity of the required battery. The first property 

determined was how fast the motors would need to spin to maintain the desired rover 

speed. The following equation determined the rpm of the motor that would produce the 

needed velocity for the rover. 
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In the above equation,  ̟is the rotational speed (in rad/s) of the required motor (this is 

normally converted to rpm), while u is the voltage of the ƳƻǘƻǊΩǎ power source and R is 

the radius of the attached wheel. 

Not only did the rotational velocity of the motors need to be known, but the time the 

battery needed to operate for had to be determined. The following equation determined 

the time of operation based on the ǊƻǾŜǊΩǎ speed and the distance it had to travel. 
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In the above equation, t is the time the rover must operate for, D is the distance the rover 

must travel, and V is the desired speed for the rover. 

Once the needed rotational speed and time of operation were obtained, the following 

equation was used to determine the capacity of the battery needed to supply the motors 

with power. 
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In the above equation, c is the amp-hour capacity of the battery needed, T is the torque 

of the motors being used, ̟  is the rotational speed of the motors, V is the voltage of the 

battery, and t is the time the battery needs to operate for. It should be noted that the 
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capacity c is per motor, meaning that the total capacity needed for BURRITO would be c 

multiplied by the number of motors.10 

The amount of current the battery needed to supply each motor was also determined, 

using the following equation. 

Ὅ
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In the above equation, I is the current required per motor, T is the torque of each motor, 

 ̟is the rotational speed of the motors, and V is the voltage of the battery. The current, 

like the capacity, is also per motor, meaning that the battery will need to supply enough 

current for both motors combined. 

The sizing tool used the equations to determine the motor and battery specifications the 

rover would need to have. In order to correctly determine the battery size, a battery 

needed to be preselected so that its mass could be added to the total mass of the rover 

in the calculations. Likewise, motors needed to be preselected so that their weight would 

be included. The preselected battery was the Hyperion G5 50C 3S 4000mAh LiPo Battery, 

as it exceeded previous estimates for the capacity required and fit  well inside the chassis 

of BURRITO. The preselected motors were the family of Premium Planetary Gear Motors 

by Actobotics, as many of them shared the same mass and only varied in their torque 

and rotational speed, making selection more flexible. 

With the preselected components in place, Table 4-2 was used to add up the weights of 

the components for BURRITO; the total mass from this was then used with the 

aforementioned equations in the online tool to determine if the batteries and motors 

were of the correct specification. It should be noted that the total mass at the end of the 

table is not the same as the ǊƻǾŜǊΩǎ as built mass; these calculations were completed 

prior to actual assembly of the rover. The ǊƻǾŜǊΩǎ as-built mass is 4.76 lbs (note that this 

includes the added weight of the SICCU system and the interface plate for retention 

whereas original estimates did not). 

Table 4-2 List of Weights for Final Rover Components  

Product Name Weight (lbf) 

(2x) 350 RPM Premium Planetary Gear Motor 0.4 

Hyperion G5 50C 3S 4000mAh LiPo Battery 0.65 

(2x) 4" Plaction Wheel 0.98 

(2x) Blank Hub 0.3 

HiLetgo L298N Motor Driver 0.01 

(2x) 1" Diameter Rigid Caster Wheel 0.04 

(2x) Spring Hinge 0.06 

 

10 ŎōŜƴǎƻƴΣ ά5ǊƛǾŜ aƻǘƻǊ {ƛȊƛƴƎ ¢ǳǘƻǊƛŀƭΦέ wƻōƻǘ{ƘƻǇΣ нлмпΦ ώhƴƭƛƴŜϐΦ !ǾŀƛƭŀōƭŜΥ 
https://www.robotshop.com/community/blog/show/drive-motor-sizing-tutorial. [Accessed: Dec-2019]. 
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FrSky Taranis Compatible Receiver X8R 0.04 

(2x) Planetary Gear Motor Mount A 0.04 

(Birch Plywood) 0.25 

TOTAL 2.77 

Once the weight of the rover was known, the other characteristics of the design could be 

entered into the online calculation tool. Table 4-3 outlines the inputs that were used for 

the final design. Some of the inputs were left to their default values provided by the tool; 

this was done to remain consistent with the ǘƻƻƭΩǎ estimates for motor efficiency and 

rover traction. The speed of the rover was assumed to be 4 mph, slightly above walking 

speed, such that driving the rover would not take up significant time. The maximum 

distance was taken to be 2550 ft, approximately the farthest distance a rocket could land 

from a recovery site based on the field map for the Student Launch competition. The 

speed and distance combined yielded an operating time of 7.24 minutes. It should be 

noted that the estimated distance was higher than in the requirements established for 

the rover; the higher estimate was considered more accurate and resulted in the addition 

of range buffer that was assumed to account for some of the additional power draw of 

driving over rough terrain. 

Table 4-3 Final Rover Design Calculation Inputs  

Variable Name & Units Value Default? 

Total weight, lbf 2.77 N 

No. of drive motors 2 N 

Radius of wheels, in. 2.175 N 

Velocity, ft/s 5.87 N 

Maximum incline, deg 20 Y 

Supply voltage, V 11.1 N 

Desired acceleration, m/s2 0.2 Y 

Desired operating time, s 7.24 N 

Total efficiency, % 65 Y 

The tool returned specifications which were compared against the preselected battery 

and motors; they are listed in the Table 4-4. 

Table 4-4 Final Rover Design Calculation Outputs  

Variable Name & Units Value 

Motor rotational speed, rpm 309 

Motor stall torque, oz-in. 26.9 

Max current (total), A 1.10 

Battery capacity (total), mAh 2674 

The resulting rotational speed and torque specifications were well within the capabilities 

of the 350 RPM Premium Planetary Gear Motor from Actobotics, whose stall torque is 



 

2020 NASA Student Launch | Tacho Lycos 51 

 

79.2 oz-in11. The preselected Hyperion battery also exceeded the required specifications 

by a large margin, with a maximum current of 100 A and a capacity of 4000 mAh.12 Though 

the battery model was later changed to the DRIVE instead of the Hyperion brand, the 

output voltage and capacity. With large margins in both motor specifications and battery 

specifications, the final design for BURRITO was deemed capable of traversing even the 

maximum distance possible from the ice recovery sites. 

4.3.4 Electronics 
The electronics of BURRITO consist of a microcontroller connecting a radio receiver to a 

motor speed controller and four servos; the microcontroller and servos are powered by 

a buck converter. The microcontroller, receiver, motor controller, and buck converter are 

all housed in a protective casing to shield the components from dirt and moisture. This 

casing, known as the electronics bay, is 3D printed out of ABS, ensuring a perfect fit  with 

the plywood chassis of the rover and the electronics inside. The bay has a removable lid 

such that the electronics are easily accessible; this lid is bolted into place on each corner 

to prevent accidental opening during operation. The electronics bay also features holes 

on all sides that allow power and signal wires to be connected between the battery, 

motor, servos, and the components inside the bay. Additionally, the underside of the 

electronics bay holds the LiPo battery in place within the chassis. The bay itself is bolted 

to the ŎƘŀǎǎƛǎΩ upper plywood plate on its corners and is removable to allow access to the 

battery. Figure 4-8 shows the arrangement of components inside the electronics bay; the 

lid has been separated from the bay and flipped 180° position to show the attached 

electronics. 

 

Figure 4-8 BURRITO Electronics Bay Interior 

 

11 άорл wta tǊŜƳƛǳƳ tƭŀƴŜǘŀǊȅ DŜŀǊ aƻǘƻǊΦέ {ŜǊǾƻ/ƛǘȅ, 2019. [Online]. Available: https://www.servocity.com/350-
rpm-premium-planetary-gear-motor. [Accessed: Dec-2019]. 
12 άHyperion G5 50C 3S 4000mAh LiPo BatteryΦέ wƻōƻǘ{ƘƻǇΣ нлмфΦ ώhƴƭƛƴŜϐΦ !Ǿŀilable:  
https://www.robotshop.com/en/hyperion-g5-50c-3s-4000mah-lipo-battery.html. [Accessed: Dec-2019]. 
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The microcontroller is an Arduino Uno. The simplicity of the ¦ƴƻΩǎ programming 

language, along with the availability of online tutorials for connecting it to motor and 

servo systems, made the Arduino an ideal choice for the simple control application of 

BURRITO. The motor controller is the L298N Motor Driver, a commonly used chip with 

the ability to power two motors from the same power supply. Because it utilizes an H-

bridge circuit, it can drive the connected motors forward as well as in reverse.13 The radio 

receiver is an FrSky X8R, which operates on the same band (2.4 GHz) as the compatible X-

Lite transmitter the team already owns. The X8R features 8 PWM channels, more than 

enough to control two motors and four servos. The buck converter is an LM2596, capable 

of receiving and outputting a wide range of voltages. 

The Arduino Uno is wired such that it receives signals from the X8R and translates those 

signals to movements in the servos and the motors, going through the L298N to send 

motor signals. The connections between the Arduino Uno, X8R, servos, and L298N Motor 

Driver transmit PWM (Pulse-Width-Modulation) signals. As for power transmission, the 

DRIVE 11.1 V battery directly connects to the L298N Motor Driver and the LM2596 buck 

converter. The L298N transfers power to the drive motors on command, while the buck 

converter regulates the voltage down to 7.0 V so as not to damage the connected Arduino 

and servos. Figure 4-9 illustrates this setup in the form of a flow chart. 

  

 

Figure 4-9 BURRITO Electronics Flow Chart 

 

13 5ŜƧŀƴΣ ά!ǊŘǳƛƴƻ 5/ aƻǘƻǊ /ƻƴǘǊƻƭ ¢ǳǘƻǊƛŀƭ ς L298N | PWM | H-.ǊƛŘƎŜΦέ HowToMechatronics, 2019.  [Online]. 
Available: https://howtomechatronics.com/tutorials/arduino/arduino-dc-motor-control-tutorial-l298n-pwm-h-
bridge/. [Accessed: Dec-2019]. 
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The following scenario illustrates exactly how data flows through the electronics systems 

to drive the rover. First, the operator of BURRITO moves the left stick of the radio 

transmitter upward. The signal of this movement is received by the X8R, which causes it 

to activate the corresponding channel out of the 8 that it has. A wire carries a PWM signal 

from this channel to the Arduino Uno. The Arduino ¦ƴƻΩǎ software interprets the PWM 

input using its onboard program; it then sends a PWM output on three different output 

pins to the L298N Motor Driver. Upon receiving the three signals, the L298N translates 

the PWM input to a voltage output and direction for the left motor. Because the signals 

are received on the left side of the [нфуbΩǎ inputs, the voltage output is applied to the 

left motor. The PWM signals on two of the pins carry information on which direction the 

motor should rotate, and the third determines how quickly the motor should spin. As the 

operator moves the left stick up, the left motor rotates forward. This process is largely 

the same for operating the servos in the SICCU ice collection system and the caster wheel 

deployment system but does not require the medium of a motor driver. The servos for 

the scoops of the SICCU collection system are actuated by moving the left and right 

controller sticks to their left and right. The servos for the caster wheel deployment system 

are moved by flipping a switch on the back of the controller. 

Figure 4-10 is a schematic showing the electrical layout of the BURRITO systems. The five 

channels connected from the X8R receiver to the Arduino Uno carry the signals received 

from the ƻǇŜǊŀǘƻǊΩǎ remote controller. After the Arduino interprets these signals, ports 

connected to the servos and the motor controller command the movement of the servos 

and motors. It should be noted that a switch controls power flow from the battery; this 

must be flipped to the άƻƴέ position prior to launch. 
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Figure 4-10 BURRITO Electronics Schematic 

4.3.5 SICCU Mounting 
In order to maintain .¦wwL¢hΩǎ clearance off the ground, a large portion of the SICCU 

system is mounted inside the chassis of the rover; namely the servos. The servos selected 

for SICCU are just thin enough to fit  between the drive motors and the battery, and short 

enough to be sandwiched between the upper and lower plates of the chassis. Both of 

these ŎƘŀǎǎƛǎΩ plates feature cutouts such that the servos are constrained from shifting in 

all directions. Additional cutouts allow enough room for the servo signal and power wires 

to loop back into the electronics bay. Another pair of cutouts allow gears to transmit 

rotation from the servos to the scoops below. The rendering in Figure 4-11 shows how 

the SICCU system will interface with the structure of the BURRITO chassis; the front 

chassis plate has been removed for visibility. 
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Figure 4-11 BURRITO Interface with SICCU 

4.3.6 SICCU 
The SICCU consists of four major subsystems being the scoop, the arm, gear system and 

the servo. Together, they function in concert to provide the capability of acquiring and 

retaining a sample of simulated lunar ice. The entirety of the system with the chassis of 

the rover can be seen in Figure 4-12. The governing dimensions of the SICCU System can 

be seen in Figure 4-13 and Figure 4-14. 

 

Figure 4-12 Angled View of SICCU 
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Figure 4-13 Dimensioned SICCU Profile 

 

Figure 4-14 Dimensioned SICCU Side 

4.3.6.1 Scoops 
The scoops are made from лΦтрέ Schedule-40 PVC pipe. This pipe has been cut axially 

and deformed such that the width has increased while the depth decreased. This 

was done for the purpose of ensuring a suitable internal volume while maintaining 

favorable clearance for the BURRITO relative to the terrain and can be seen in Figure 

4-15. The front and rear ends of the scoops are cut at an angle to better facilitate 

the fit  of the BURRITO in the payload bay as seen in Figure 4-16. 
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Figure 4-15 Angled Profile View of SICCU Scoop 

 

Figure 4-16 Side View of SICCU Scoop 

4.3.6.2 Arm 
The method for connecting the scoop to the gear to the arm is through an aluminum 

arm that is made up of two parts being the Arm Shell and the Arm Tab. The Shell is 

a лΦутрέ section of лΦрέ channeled aluminum. This portion of the arm functions to 

provide structural strength while the scoop digs. The Arm Shell also as serves as the 

attachment point between the arm and the gear via JB Weld. The Arm Tab is a мΦпрέ 

piece of лΦрέ aluminum bar. The Arm Tab serves as the mechanical member 

attaching the Scoop to the rest of the arm. The Arm Tab and Arm Shell are pinned to 

each other at two positions лΦорέ apart. 

 

Figure 4-17 Profile View of the Arm 
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4.3.6.3 Gear System 
The gear system is the critical subsystem of the SICCU due to its role in delivering the 

power to the rest of the SICCU. The components are as follows the Cover, the Gears, 

the Brace, and the Rod. The Cover is made of 3D-Printed PLA and serves to keep the 

Rod aligned and in-place. The exposed gear is a лΦнрέ Bore 32 Pitch Shaft Mount 

Pinion Gear with a pitch diameter лΦрέΦ This gear is engaged with the interior gear 

that is a 32P, 25T 3F Spline Mount Servo Gear with a pitch diameter of мέΦ The Brace 

is made of two aluminum bars that a are мΦнέ long. It has a лΦнрέ hole and лΦлфέ hole 

drilled through both bars that are лΦсрέ apart. The Brace serves to keep the two 

gears properly engaged. Connecting all of these components together is a лΦнрέ 

threaded rod. 

 

Figure 4-18 Gear System 

4.3.6.4 Servo 
The Servo is a HiTec D951TW model and was chosen due to its high-torque 

capability. According to the manufacturer since the servos are operated at ~7.0V it 

is specified to have ~486 oz-in of output.  

 

Figure 4-19 SICCU Servo 
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4.4 BURRITO Construction 
The following subsections describe how BURRITO progressed from a design to a working payload 

vehicle. The manufacturing processes involved are covered, as well as the design changes that 

resulted from issues with construction. 

4.4.1 Chassis Structure 
Construction of the chassis began with the CAD models of the vehicle chassis. A 2-D sketch 

of each piece to be laser cut was created at 1:1 scale, and laser cut out of мκуέ aircraft-

grade birch plywood. Each plate of the chassis was created using two nearly identical 

sheets of cut plywood, with the inner and outer plates differing slightly to provide wells 

in which certain components sit and are prevented from moving such as the motors, 

servos, and caster wheel hinges. 

Each of these near identical plates was glued to its mate using wood glue, and the front, 

back, and bottom plates were glued to each other along their jigsaw piece connections 

using wood glue. 

In order to access and install the drive motors, the left and right plates had to be made 

removable and installable over the drive motor. These side plates were installed using L-

brackets bolted to the bottom plate. Bolts were fastened through the side plates to the 

L-brackets, and nuts were used to hold them in place. Holes were countersunk on the side 

plates to prevent the bolts from interfering with wheel movement. Figure 4-20 shows the 

L-brackets that held the side plates to the bottom plate. 

 

Figure 4-20 An L-bracket securing the BURRITO Plates 

The top plate of the chassis was initially intended to be glued together along with the 

front, back, and bottom plates, but this concept was modified after considerations were 

made to the modification or repair of components. Having the top plate permanently 

affixed would have made removal of certain components such as the drive motors 

impossible, in addition to greatly increasing the complexity of wiring components 

together inside the chassis. As a result, the design was modified to make the top plate 

removable. The top plate was affixed to the rest of the rover using L-brackets bolted to 
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the side plates. The top portion of the L-bracket had a bolt adhered with JB Weld to it 

such that the threaded end stands straight up, shown in Figure 4-21. The top plate, with 

corresponding holes, was fit  over these bolts and into the jigsaw edges, then held in place 

with nuts threaded on the freestanding threads of the bolts. This made the nuts easily 

accessible with a wrench if the top needed to be removed from the rover. 

 

Figure 4-21 L-Bracket with adhered bolt 

Small L-shaped pieces were cut out of spruce and glued on the two sides of each of the 

SICCU gear bracket, which served to keep the gears powering the scoops mechanically 

connected to one another. This was done because the slots originally cut for the gear 

brackets were too large and the brackets would rotate within the slots. The L-shaped 

wood pieces provided structural filler to prevent such movement. The wood pieces can 

be seen on either side of the gear bracket in Figure 4-22. 

 

Figure 4-22 Shaped Wood to Hold Gear Bracket in Place 

When it was decided that additional servos were needed for the caster wheel system, as 

well as when the SICCU was installed, additional holes were drilled into the bottom plate 

of the chassis. 

During installation of the battery and electronics bay, extensions to the hole that held the 

electronics bay were made so that power wires coming from the battery and routing to 

the Arduino ¦ƴƻΩǎ barrel port had enough room to pass. 
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4.4.2 Drivetrain 
Construction of the drivetrain began after the rover chassis was completed. The drive 

motors were held in place by holes cut in the wooden chassis and by bolts on the motƻǊǎΩ 

front faces.  Connectors were soldered onto the ƳƻǘƻǊΩǎ power tabs after it was 

determined that a breakable connection to the electronics bay was needed. Divots were 

drilled into the keyed portion of the motor axles for reasons explained in the following 

paragraphs. Both the bolts holding a motor in place and a divot drilled in its axle can be 

seen in Figure 4-23. 

 

Figure 4-23 DC Motor Mounted to Chassis 

It was determined that a divot needed to be drilled in the motor axles because the wheels 

relied on a set screw using friction to stay attached. It was found that the wheels could 

be pulled off the axle easily, so divots were drilled into the axles so that the set screws 

would set inside them. By doing so, the divots prevented the set screws, and thus the 

wheels, from sliding off their axles. 

The wheels themselves were built from a primary wheel part bolted onto a hub by three 

bolts. At the center of this hub was a 0.5-inch diameter hole that accommodated an axle 

adapter. The axle adapter had holes for set screws on each end of it. The one inside of the 

hub had a 0.5-inch long set screw placed in it that was long enough to go through both 

the axle ŀŘŀǇǘŜǊΩǎ hole and a corresponding hole drilled into the side of the hub. This 0.5-

inch set screw prevented the axle adapter from sliding into or out of the wheel. At first, 

adapter movement into the wheel was rendered impossible when the 0.5-inch diameter 

hole was not drilled deep enough; this prevented proper installation of the axle adapter. 

This problem was remedied when new hubs were ordered that featured a 0.5-inch 

through-hole. 

In the initial design, nylon washers that provided a slick surface and axial support for the 

wheels were to be laser cut from a larger section of material. Instead, existing washers 

were purchased and then drilled to have holes that could accommodate the protruding 

heads of the bolts holding the motor in place. The washers were also cut on a scroll saw 

such that the set screws that retained the wheels to the axles could be accessed once the 
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wheels were slid into place and the set screws were positioned over the divots in the 

motor axles. Figure 4-24 shows the wheel assembly, along with the nylon washer 

surrounding the axle adapter and the black set screw used to attach the wheel. 

 

Figure 4-24 Wheel Assembly with Nylon Washer 

During manufacturing of the caster wheel system, it was realized that the payload bay of 

the rocket would not be capable of holding the caster wheel arms closed due to its 

diameter being larger than assumed. As a result, it was decided that small servos needed 

to be added such that their arms could hold the caster wheel arms shut against the force 

of the spring hinges. Since the servos to deploy the caster wheels were added after the 

chassis was already laser cut, 3D-printed supports were needed to provide a surface for 

the servos to mount to. These were printed on the ǘŜŀƳΩǎ Rostock Max V2 3D printer, 

and featured holes such that the servos could be bolted onto them and the parts 

themselves could be bolted into the lower plate of the chassis. Once new holes were 

drilled in the chassis, the small servos were attached in place next to the caster wheel 

arms. One of the two caster deployment assemblies is shown in Figure 4-25. 

 

Figure 4-25 Caster Wheel Deployment Assembly 

To create the arms that held the caster wheels, a CAD model of the caster wheel arms 

was sent to the ǘŜŀƳΩǎ Rostock Max V2 3D printer and printed. After the first attempt 

resulted in support material filling a necessary slot, the parts were split in two in CAD. 

These parts, however, were of low quality when printed due to their small size. It was also 

realized at this time that small servos would need to retain the caster wheel arms, so the 

shape of the arms had to be altered to facilitate this. For the next iteration of these arms, 
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the files were sent to a correspondent with access to a high-resolution 3D printer with 

dissolvable supports. The resulting parts were stronger and had more precise shapes. 

Once it was demonstrated that these arms could be held back by the caster deployment 

servos, the caster wheels were bolted along with washers to the ends of the arms. The 

spring hinges were bolted on one end to the caster arms, and on the other end to the 

lower chassis plate. One of the two completed caster wheel assemblies is shown in Figure 

4-26. 

 

Figure 4-26 Deployed Caster Wheel 

During initial ordering of the parts, the Hyperion G5 11.1V 4000mAh LiPo battery was 

replaced by the DRIVE 11.1V 4000mAH LiPo battery. This was because the Hyperion 

batteries were out of stock; the replacement was acceptable due to the two batteries 

having the same output. 

4.4.3 Electronics 
The electronics bay and lid were 3D printed on a Rostock Max V2 3D printer. The lid was 

the first element modified for manufacturing and was redesigned to included chamfered 

sides which increased the internal volume of the electronics bay. The previous design was 

flat and allowed components to protrude through the top unprotected. Once the new lid 

was printed, the electronic components were placed in the electronics bay, with the 

Arduino Uno, L298N motor driver, and X8R receiver placed farther apart than originally 

intended to increase available volume for wired connections. Initially, the Arduino and 

motor driver were mounted using standoffs within the electronics bay. However, due to 

the lack of space within the electronics bay, the standoffs on the motor driver (and, once 

introduced, the buck converter) were removed. The motor driver was attached with a 

piece of packing foam sandwiched between it and the underside of the lid; this prevented 

the protruding points of the ŎƻƳǇƻƴŜƴǘΩǎ pins from being damaged when the driver was 

bolted in place.  

Another design modification was the addition of the LM2596 buck converter. It was 

discovered that the Arduino needed a lower voltage than provided from the direct battery 

connections and that Arduino did not provide the power necessary to drive the servos. 

The buck converter reduced the battery-supplied 11.1 V to 7 V, which was usable by both 
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the Arduino and servos. It was mounted to the electronics bay lid in the same fashion at 

the motor driver. Initially, it was mounted using standoffs; these were removed for the 

reasons stated already. 

When it was found how many wires needed to reach outside the electronics bay to reach 

the battery, servos, and Arduino, a rectangular hole was cut to allow these wires to be 

routed. When it was found that the Arduino barrel port was inaccessible to a power plug, 

the upper plywood plate was modified so that there was a larger hole around the barrel 

port. Additionally, a power switch was deemed necessary so that the power to the whole 

rover could be toggled without disconnecting and reconnecting the battery. A 0.5-inch 

diameter hole was bored into the electronics bay lid, and a rotary power switch was 

mounted and connected via directly soldering wires. The rotary power switch was 

selected as it was less likely to be switched on or off accidentally. The modifications to 

the electronics bay and the plywood chassis can be seen below. 

 

Figure 4-27 Holes in Electronics Bay Lid 

Drive motor power was provided to the motors from the motor driver via quick-

disconnects, shown in Figure 4-28. A permanent connection was not used, as it would 

prevent the electronics bay from being removed if needed. 

 

Figure 4-28 Quick Disconnect attachments 
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Within the electronics bay, power to the buck converter and motor driver were provided 

by multi-threaded wires soldered or screwed into place, and power to Arduino Uno was 

provided by a barrel-jack connector. Any signal connections between components were 

achieved through Dupont-style jumper cables. Wire connections were all cut-to-length as 

needed to reduce excess volume. The antennas of the receiver protruded through a hole 

in the lid, which had to be widened after printing. The arrangement of wires and 

components inside the electronics bay can be seen in Figure 4-29. The electronics bay was 

successfully bolted closed on all four corners with the components inside. Once closed, 

the bay was successfully bolted on all four corners to the upper plate of the chassis. 

 

Figure 4-29 Open Electronics Bay 

It should be noted that the voltage indicators were removed from the design; this was 

because there was no justifiable need for them. The rover would be fully charged prior to 

launch, and the amount of distance it would need to travel could not be controlled. As 

such, the driver of the rover would be working with a full battery with a set distance to 

travel. The amount of remaining charge could not give the driver any information to act 

on, as they would try to drive the distance no matter how large it was. 

4.4.4 System Integration 
The designed plate for connecting the rover to the retention system was successfully 

installed on .¦wwL¢hΩǎ left drive wheel. Figure 4-30 shows how this plate protrudes 

through the spokes of the wheel and fastens to the other side. 
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Figure 4-30 Placement of Retention Plate 

  



 

2020 NASA Student Launch | Tacho Lycos 67 

 

4.5 Payload Integration Design 
The payload retention system consists of three primary sub systems which will be covered in the 

following order: mechanical latch, rover interface, and radial supports. Following the predicted 

maximum of 40 ƎΩǎ and the initial rover weight of 6 pounds, the system has been built to withstand 

a minimum of 360 lbf. The following sections will break down each component of the system, as 

built, how it has performed under testing. 

4.5.1  Mechanical Latch 

4.5.1.1 Base Plate and Guide Tracks 

 

Figure 4-31 Base Plate Design 

The dimensions of the guide tracks and retention plate, as well as the rest of the 

payload retention and deployment systems have stayed within 0.01 inches of the 

reported values during the design phase. All components were 3D printed to size, 

modeled specifically off the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ specifications or sent to b/{¦Ωǎ MAE 

precision machine shop. The inside wall of the guide tracks were tapped, and four 

C4-40 bolts were threaded through the taps and into the PLA base plate, securing 

the guide tracks to the retention plate.  

4.5.1.2 Linear Actuated Locking 
As previously stated, all dimensions have stayed consistent to the those presented 

within the CDR documentation to 0.01 inches. Figure 4-32 shows a side view of the 

retention plate. Most of the load during main chute ejection is transferred through 

the guide tracks and an additional 0.2 inches of PLA was included to the thickness of 

the retention plate underneath the tracks to offer additional support. A second 

modification was made to the plate in order to connect the retention plate to the 

electronics bay of the overall system. This modification can be seen on the bottom 

of the ǇƭŀǘŜΩǎ sideview in Figure 4-32, which shows two holes sized to fit  quarter inch 

dowel rods that were used to secure the two components. The red circles within the 
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following images denote problem areas that had to be addressed during the 

manufacturing of the system and are covered within section 4.6. 

 

Figure 4-32 Retention Plate Side View 

 

Figure 4-33 Retention Plate Front View 

4.5.2 Rover Interface 
The most complex piece of the retention system can be seen in Figure 4-34 and Figure 

4-35. This component is permanently fixed to the rover and is only fixed to the rocket 

throughout the flight phase. The piece was machined from an aluminum block the two 

2.25-inch legs fit  through the spokes in the BURRITO and the C4-40 holes through the legs 

allow for a locking άǊƛƴƎέ to be placed on the aft side of the rover wheel, securing the 
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plate to the rover. The bottom left sub-image in Figure 4-34 also depicts two pairs of 

additional C4-40 holes, that secure two square locking brackets to the retention plate that 

can be seen in Figure 4-35.  

 

Figure 4-34 Rover Interface Drawings 

 

Figure 4-35 Assembled Rover Interfacing Plate 

The gear racks protrude .365 inches (0.615in including the thickness of the bracket) 

through the locking brackets. The retention motor provides significant resistance and 

the retention gear is unable to rotate on its own accord. Therefore, there is no possible 

way for the rover to become unlatched in an open environment and this is further 

reinforced with the confined environment from the payload body tube and additional 

supports. 

4.5.3 Supports 

4.5.3.1 Radial Supports 
The design of the radial supports has stayed consistent with what was presented in 

the CDR. The individual pieces of the radial supports were cut with a laser cutter 
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from 1/8th inch aircraft grade birch plywood. The individual pieces were then glued 

together with wood glue and an assembled CAD model can be viewed in Figure 4-36. 

 

Figure 4-36 CAD of Radial Support 

4.5.3.2 Centering Ring 
The centering ring is the last form of radial support, which also allows for utilization 

of three inches of space of the coupler section at the aft end of the payload bay. The 

centering ring itself was constructed of four layers of the birch plywood. Each of the 

laser cut layers had three slots to interface with the PVC extrusion, and a slot for the 

shock cord. Two of the layers had pre-cut holes where the lead screws are fixed into 

place. The CAD model depicting the finalized design for this system is displayed in 

Figure 4-37. 

 

Figure 4-37 Payload Centering Ring 

4.5.4 Payload Deployment 

4.5.4.1 Drive Plate 
The deployment mechanism works off a linear actuated system, where a motor 

drives a gear train that turns two nuts pushing the rover and the integration systems 

towards the aft end of the payload bay body tube. The model shown in Figure 4-38 

shows  
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Figure 4-38 Drive Plate Dimensions 

Figure 4-39 shows how each of the gears are mounted and how the system is 

connected to the lead screws that drive the system out of the body tube. The hub of 

the nut is slid through the drive plate and is secured to the system through two set 

screws on each of the external gears. The mid gears were secured from a bolt 

bonded into the motor table. The drive gear (hidden behind motor table) is mounted 

by two set screws into a 0.5-inch coupler that is friction fitted to the drive gears bore. 

The two holes at the bottom of Figure 4-39 show were quarter inch dowel rods will 

secure the drive plate to the electronics bay. The only change from the CDR is that 

the motor table was widened at the top to allow the mid gear mounting rods to 

attach to the table. 

 

Figure 4-39 Gear Mounting 

4.5.5 Electronics Bay 

4.5.5.1 Overall Design 
Outside of the drive motor at the forward end of the integration system, all other 

electronics are contained within the electronics bay. These electronics include the 
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power supply, retention motor, Bluetooth module, the Sparkfun Redboard 

microcontroller, and the Ardumoto motor shield.  The orientation of the 

components within the electronics bay are displayed in their final states and can be 

seen in Figure 4-40. 

 

Figure 4-40 Electronics Bay 

The image also displays how the electronics bay component is connected to each of 

the forward and aft plate. Not depicted in the image is the battery, which is secured 

to the bottom of the electronics bay via a hook and loop strip and a zip-tie is wrapped 

around the entire system. It should also be noted that the electronics bay is not an 

open system and has a lid that is also secured into place through the zip-tie. 

4.5.5.2 Programming 
The programming of the electronics has also stayed consistent with the CDR 

documentation. The team will utilize an application called BLE Terminal, available in 

the apple store or google play store. The Redboard has been loaded with a code that 

changes the operational states of each of the independent motors. The commands 

presented in Table 4-5 can be entered into the BLE Terminal application to deploy 

and unlock the retention system. 

Table 4-5 Deployment Commands 

Command Operational State 

0 Motor 1 OFF 

1 Motor 1 OUT 

2 Motor 1 IN 

3 Motor 2 OFF 

4 Motor 2 UNLOCK 

5 Motor 2 LOCK 

Figure 4-41 shows the general logic that controls the deployment system. Once the 

rocket has successfully landed and the recovery team approaches the rocket, a 
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member can connect to the integration system via Bluetooth communication and 

the BLE Terminal application on their smart phone. Once connected, the commands 

listed in Table 4-5 will be utilized to control the deployment procedure which will be 

covered in the payload deployment construction section. 

 

Figure 4-41 Deployment Sequence Logic 

4.6 Payload Integration Construction 
4.6.1 Mechanical Latch 

The slot cut in each of the guide tracks was slightly too large for the shoulder bolt 

(discussed in the Linear Actuated Locking section), which allowed the gear racks to slightly 

rotate about the axial axis of the guide tracks and can be seen in Figure 4-42.  

 

Figure 4-42 Initial Plate Iteration 
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This play in the system caused a higher frictional force between the unlocking mechanism 

and the guide tracks, which prevented the system for operating as intended. To minimize 

the rotation in the system, two shims were created for each side of the slot. The largest 

shim, located on the long side, depicted as shim 1 in Figure 4-43, was 3D printed and 

sanded down to a friction fit  before being wedged into the guide tracks. On the short side, 

additional shims made up of two sheets of an aluminum soda can and denoted as shim 2. 

 

Figure 4-43 Guide Track Design 

The inside channel of the guide tracks was also lined with lithium grease to reduce as 

much friction as possible and provide less strain on the retention motor. 

 

Figure 4-44 Gear Rack with Spacers 

The first modification, as denoted in Figure 4-42, was to add a spacer to fill the 0.125-inch 

gap that existed between the top face of the shoulder on the shoulder bolt and the upper 

face of the guide track channel. This gap also contributed to the rotational play of the gear 

rack system and allowed the gear racks to move vertically (axially within the rocket). The 

addition of these spacers and the shims as discussed in the previous section significantly 

reduced the amount of άǿƻōōƭŜέ that was initially in the system. The actual spacers are 

shown in Figure 4-44 and the improvements to motion of the gear racks can be seen in 

Figure 4-45. The offset angle relative to the horizontal is dramatically reduced, which can 

be noticed by comparing Figure 4-45 to Figure 4-42. The second modification made was 

to tap a set screw hole in the locking gear in order to fix it in place with the shaft coupler 

of the retention motor. There was no way to access this set hole and an access port was 
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drilled through the retention plate. This hole was created approximately at the location 

of the circle numbered ΨнΩ in section 4.5.1.2 

 

Figure 4-45 Image depicting reduced motion in gear racks 

The third modification, depicted in section 4.5.1.2, was a reduction in the length of the 

gear racks from 2in to 1.5in in order to reduce weight. The final modification to this part 

of the retention system was to swap the 104 oz-in retention motor for a 650 oz-in motor. 

After loading the BURRITO into the payload bay for the first time, it was determined that 

the additional friction from the cantilever effects of the rover were too great to overcome 

and that this motor adjustment was necessary for successful deployment. 

4.6.2 Rover Interface 
The only modification to this design from the proposed plan in CDR is the locking άǊƛƴƎέ. 

In the CDR, it was stated that there would be four legs on the retention plate and that 

the plate would be secured to the rover by two bolts running through a pair of legs. 

However, the geometry and available spacing did not accommodate this course of 

action. The alternative was to create two arced pieces that fit around the legs and would 

secure the plate to the rover by screwing a 4-40 through each side of the locking rings 

and through the legs of the plate. Each piece is a 55 degree arc that was water jetted by 

the machine shop. This is shown by an image of the updated CAD model in Figure 4-46 

and the finalized piece in Figure 4-47. 
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Figure 4-46 Updated rover plate model with finalized locking rings 

 

Figure 4-47 Image depicting the assembled rover interface plate secured to the rover 
wheel 

4.6.3 Supports 

4.6.3.1 Radial Supports 
The initial design for these supports included two pairs of the supports shown in 

Figure 4-36 instead of lining the entire payload bay to save weight. These supports 

would have been placed flush with the centering ring and where the ǊƻǾŜǊΩǎ forward 

wheel would rest during the flight phase. However, it was discovered from 

preliminary deployment testing that the lead rods would not be able to support the 

weight of the rover when the system reached the approximate halfway point of 

deployment. There were two modifications that had to be performed to ensure that 

the flexing of the rod would be reduced to a negligible amount. The first was to 

increase the number of supports, such that the supports span the entirety of the 

payload bay. However, these supports only mitigated the flexing if the rocket landed 

with the lead screws horizontal relative to the ground. A second modification called 
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for the system to be supported every 90 degrees and a second pair of radial supports 

were created to line the payload bay. The new supports act on the main driving plate 

of the deployment mechanism. The combination of the wooden supports and newly 

3D printed supports offer a normal force pushing the rover and overall system 

toward the center of the payload bay. These supports allow for smooth deployment 

and restrict any radial motion of the payload and integration systems during the 

flight phase. These modifications have been updated in the most recent CAD model, 

which can be seen in Figure 4-48 and the actual supports that have been bonded 

into the payload bay is shown in Figure 4-49.  

 

Figure 4-48 SolidWorks model of updated radial support design 

 

Figure 4-49 Assembled Radial Supports 

A final note on the support pieces is that all individual pieces were coated with a layer 

of clear nail polish. This gave the supports a much smoother finish in order to reduce 

friction during the deployment process. 

4.6.3.2 Centering Ring 
The PVC had to have material cut from one end to create legs that would fit through 

the slots within the centering ring. The legs were then epoxied into the centering 

ring and Bondo was applied to fill in any gaps in order to improve the structural 

integrity of the resultant component. Holes were also drilled out of the PVC in order 

to reduce its weight, which can be seen in Figure 4-50. The final centering ring was 
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then epoxied and bolted six inches above the aft end of the payload bay due to the 

requirement of a full body diameter of coupler between separating sections.  

 

Figure 4-50 Centering ring and PVC extrusion 

The inner diameter of the PVC ended up perfectly patching the outer diameter of 

the ǊƻǾŜǊΩǎ wheel. There is enough tolerance so that it is not friction fitted and will 

not resist the deployment mechanism, but a tight enough fit  to ensure that there 

will be no radial movement of the rover during the flight. The tolerance between 

these two components is shown in Figure 4-51. 

 

Figure 4-51 Aft Rover wheel in centering ring 

The centering ring radial support concludes the construction and modification of the 

retention mechanism. 

4.6.4 Payload Deployment 

4.6.4.1 Drive Plate 
The only major modification required for the assembly and success of the drive plate 

portion of the deployment system was a motor swap. The same brand of motor was 

used for its ideal dimensions and weight, but the team opted to downgrade the 






































































































































































































































































































































