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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 

 

 

 

  



 

2022 NASA Student Launch | Tacho Lycos ii 

 

Common Abbreviations & Nomenclature ..................................................................................................... i 

1. Summary of CDR Report ....................................................................................................................... 1 

1.1 Team Summary ............................................................................................................................. 1 

1.1.1 Team name and mailing address .......................................................................................... 1 

1.1.2 Team Mentors ....................................................................................................................... 1 

1.1.3 Anticipated Primary launch location and date ..................................................................... 1 

1.1.4 Number of hours working on the CDR .................................................................................. 1 

1.2 Launch Vehicle Summary .............................................................................................................. 1 

1.2.1 Official Target Altitude .......................................................................................................... 1 

1.2.2 Final Motor Choice ................................................................................................................ 1 

1.2.3 Launch Vehicle Size and Mass ............................................................................................... 1 

1.2.4 Recovery system ................................................................................................................... 1 

1.2.5 Rail Size ................................................................................................................................. 1 

1.3 Payload Summary ......................................................................................................................... 1 

1.3.1 Ariel Photographing and Positioning Apparatus (APPA) ....................................................... 1 

1.3.2 Means of Obtaining Meaningful Observations (MOMO) ..................................................... 1 

2. Changes Since PDR ................................................................................................................................ 2 

2.1 Changes Made to Launch Vehicle ................................................................................................. 2 

2.2 Changes Made to Payload............................................................................................................. 3 

2.3 Changes Made to Project Plan ...................................................................................................... 4 

3. Vehicle Criteria ...................................................................................................................................... 5 

3.1 Design and Verification of Launch Vehicle .................................................................................... 5 

3.1.1 Launch Vehicle Mission Statement ....................................................................................... 5 

3.1.2 Launch Vehicle Success Criteria ............................................................................................ 5 

3.1.3 Overall Design ....................................................................................................................... 6 

3.1.4 Material Selection ................................................................................................................. 7 

3.1.5 Nose Cone ............................................................................................................................. 7 

3.1.6 Nose Cone Bulkhead ............................................................................................................. 8 

3.1.7 Upper Payload Bay ................................................................................................................ 8 

3.1.8 Main Parachute Bay .............................................................................................................. 9 

3.1.9 Avionics Bay ........................................................................................................................ 10 

3.1.10 Drogue Parachute Bay ........................................................................................................ 10 

3.1.11 Fin Can ................................................................................................................................. 12 



 

2022 NASA Student Launch | Tacho Lycos iii 

 

3.1.12 Updated Fin Configuration and Shape ................................................................................ 14 

3.1.13 Finite Element Analysis ....................................................................................................... 15 

3.1.14 Updated Vehicle Weight Breakdown .................................................................................. 21 

3.1.15 Final Motor Choice .............................................................................................................. 22 

3.2 Construction Methods ................................................................................................................ 22 

3.2.1 Bulkhead Fabrication .......................................................................................................... 22 

3.2.2 Cutting Body Tubes ............................................................................................................. 23 

3.2.3 Adhering Couplers to Body Tubes ....................................................................................... 23 

3.2.4 Fin Can Assembly ................................................................................................................ 23 

3.2.5 Bolted Connections ............................................................................................................. 23 

3.2.6 Ballast Installation ............................................................................................................... 24 

3.2.7 3D Printed Components ...................................................................................................... 24 

3.2.8 Safety Standards ................................................................................................................. 24 

3.3 Subscale Flight Results ................................................................................................................ 24 

3.3.1 Scaling Factors ..................................................................................................................... 24 

3.3.2 Flight Simulations and Predictions ...................................................................................... 25 

3.3.3 Flight Data ........................................................................................................................... 25 

3.3.4 Subscale Payload Experiment and Results .......................................................................... 26 

3.3.5 Subscale Influence on Full-Scale Design ............................................................................. 32 

3.4 Recovery System ......................................................................................................................... 32 

3.4.1 Complete Recovery ............................................................................................................. 32 

3.5 Mission Performance Predictions ............................................................................................... 39 

3.5.1 Launch Day Target Altitude ................................................................................................. 39 

3.5.2 Updated Flight Profile Simulations ...................................................................................... 39 

3.5.3 Revisited RockSim Apogee Study ......................................................................................... 39 

3.5.4 Ballast Study ........................................................................................................................ 40 

3.5.5 Updated Fin Stability Margin Study ..................................................................................... 40 

3.5.6 Analytical Apogee and Stability Margin ............................................................................... 41 

3.5.7 Kinetic Energy Landing ........................................................................................................ 44 

3.5.8 Descent Time....................................................................................................................... 45 

3.5.9 Drift Calculations ................................................................................................................. 45 

3.5.10 Parachute Opening Shock Calculations ............................................................................... 47 

4. Payload Criteria ................................................................................................................................... 48 



 

2022 NASA Student Launch | Tacho Lycos iv 

 

4.1 Payload Mission Statement ........................................................................................................ 48 

4.2 Payload Success Criteria.............................................................................................................. 48 

4.3 Payload System Summary ........................................................................................................... 49 

4.3.1 Aerial Photographing and Positioning Apparatus (APPA) ................................................... 49 

4.3.2 Experimental Payload: Means of Obtaining Meaningful Observations (MOMO) .............. 50 

4.4 APPA ............................................................................................................................................ 50 

4.4.1 APPA Functional Representation ........................................................................................ 50 

4.4.2 APPA System Elements ....................................................................................................... 59 

4.4.3 APPA Integration and Retention ......................................................................................... 68 

4.4.4 APPA Weights ...................................................................................................................... 73 

4.5 Baseline Solution 2 (Lander) Removal Explanation .................................................................... 74 

4.6 Means of Observing Meaningful Data (MOMO) ......................................................................... 75 

4.6.1 MOMO Functional Representation ..................................................................................... 75 

4.6.2 MOMO Elements................................................................................................................. 77 

4.6.3 MOMO Integration and Retention ...................................................................................... 81 

4.6.4 UPB Weight Breakdown ...................................................................................................... 86 

5. Safety .................................................................................................................................................. 87 

5.1 Safety Officer .............................................................................................................................. 87 

5.2 Hazard Analysis Methods ............................................................................................................ 87 

6. Project Plan ....................................................................................................................................... 160 

6.1 Testing ....................................................................................................................................... 160 

6.1.1 Launch Vehicle Test Suite ................................................................................................. 160 

6.1.2 Recovery and Avionics Test Suite ...................................................................................... 164 

6.1.3 Payload Test Suite ............................................................................................................. 170 

6.2 Requirements Verification ........................................................................................................ 182 

6.2.1 NASA Requirements .......................................................................................................... 182 

6.2.2 Team Derived Requirements ............................................................................................ 211 

6.3 Budgeting and Timeline ............................................................................................................ 230 

6.3.1 Budget ............................................................................................................................... 230 

6.3.2 Funding Plan ...................................................................................................................... 234 

6.3.3 Project Timeline................................................................................................................. 235 

 

  



 

2022 NASA Student Launch | Tacho Lycos v 

 

Table 2-1 Changes to Launch Vehicle Since PDR ...................................................................................... 2 

Table 2-2 Changes to Payload Since PDR .................................................................................................. 3 

Table 2-3 Changes to Project Plan Since PDR ........................................................................................... 4 

Table 3-1 Launch Vehicle Success Criteria ................................................................................................ 5 

Table 3-2  Launch Vehicle Weight Sheet ..................................................................................................... 21 

Table 3-3 Black Powder Sizes .................................................................................................................. 38 

Table 3-4 RockSim Apogee Study............................................................................................................ 40 

Table 3-5 Ballast Weight vs Apogee Study .............................................................................................. 40 

Table 3-6 Fin Span vs Stability Margin Table .......................................................................................... 41 

Table 3-7 Apogee Constant Table ........................................................................................................... 41 

Table 3-8 Apogee Comparison ................................................................................................................ 42 

Table 3-9 Stability Margin Constant Table .............................................................................................. 43 

Table 3-10 Stability Margin Comparison ............................................................................................... 44 

Table 3-11 Maximum Descent Velocity ................................................................................................ 44 

Table 3-12 Body Section Kinetic Energy at Landing .............................................................................. 45 

Table 3-13 Drift and Descent time for Upper Half and Fin Can ............................................................ 46 

Table 3-14 Maximum Descent Time and Wind Drift ............................................................................ 46 

Table 3-15 Main Deployment Opening Shock ...................................................................................... 47 

Table 4-1 Payload Success Criteria Table ................................................................................................ 48 

Table 4-2 List of Architectures Available From Keras ............................................................................. 54 

Table 4-3 IMU Specifications / Capabilities ............................................................................................ 64 

Table 4-4 Charge Requirement of APPA Electronics ............................................................................... 65 

Table 4-5 Lower Payload Compartment Weight..................................................................................... 73 

Table 4-6 Camera Housing Assembly Weight ......................................................................................... 74 

Table 4-7 Charge Requirements of MOMO Sled ..................................................................................... 81 

Table 4-8 UPB Weight Breakdown .......................................................................................................... 86 

Table 5-1 LS Color Matrix ............................................................................................................................ 87 

Table 5-2 Total PRA: Left Before Mitigation, Right After Mitigation .......................................................... 88 

Table 5-3  Structures FMEA......................................................................................................................... 89 

Table 5-4 Structures PRA: Left Before Mitigation, Right After Mitigation .................................................. 94 

Table 5-5 Recovery FMEA ........................................................................................................................... 95 

Table 5-6 Recovery PRA: Left Before Mitigation, Right After Mitigation ................................................. 103 

Table 5-7 Payload FMEA ........................................................................................................................... 104 

Table 5-8 Payload PRA: Left Before Mitigation, Right After Mitigation .................................................... 112 

Table 5-9 Propulsion/Aerodynamics FMEA .............................................................................................. 113 

Table 5-10 Payload PRA: Left Before Mitigation, Right After Mitigation.................................................. 116 

Table 5-11 Personnel FMEA ...................................................................................................................... 117 

Table 5-12 Payload PRA: Left Before Mitigation, Right After Mitigation.................................................. 127 

Table 5-13 Hazards to Environment FMEA ............................................................................................... 128 

Table 5-14  Hazards from Environment FMEA .......................................................................................... 135 

Table 5-15 Environmental PRA: Left Before Mitigation, Right After Mitigation....................................... 141 

Table 6-1 Nose Cone Bulkhead Tensile Loading Success Criteria ......................................................... 160 

Table 6-2 Drogue Parachute Bulkhead Tensile Loading Success Criteria ............................................. 161 

Table 6-3 Avionics Bulkhead Tensile Loading Success Criteria ............................................................. 162 



 

2022 NASA Student Launch | Tacho Lycos vi 

 

Table 6-4 Shear Pin Shear Loading Success Criteria ............................................................................. 163 

Table 6-5 Fastener Shear Loading Success Criteria ............................................................................... 164 

Table 6-6 Subscale Ejection Test Success Criteria ................................................................................. 165 

Table 6-7 Full-Scale Ejection Test Success Criteria ............................................................................... 167 

Table 6-8 Altimeter Operation Test Success Criteria ............................................................................ 168 

Table 6-9 Recovery Avionics Battery Test Success Criteria ................................................................... 169 

Table 6-10 Tracking Device Operational Test Success Criteria ........................................................... 170 

Table 6-11 Launch Vehicle Camera Angle Test Success Criteria ......................................................... 171 

Table 6-12 Fin Can Temperature Test Success Criteria ....................................................................... 171 

Table 6-13 Aluminum Tape Flight Test Success Criteria ..................................................................... 172 

Table 6-14 Image Processing Test Success Criteria ............................................................................. 173 

Table 6-15 APPA Battery Capacity Test Success Criteria .................................................................... 174 

Table 6-16 APPA Data Collection Test Success Criteria ...................................................................... 174 

Table 6-17 APPA Data Collection Test Success Criteria ...................................................................... 175 

Table 6-18 Kalman Filter Algorithm Test Success Criteria .................................................................. 176 

Table 6-19 APPA and MOMO Sled Temperature Test Success Criteria .............................................. 177 

Table 6-20 MOMO Battery Capacity Test Success Criteria ................................................................. 177 

Table 6-21 MOMO Data Collection Test Success Criteria ................................................................... 178 

Table 6-22 MOMO Data Collection Test Success Criteria ................................................................... 179 

Table 6-23 Radio Communication Success Criteria ............................................................................. 180 

Table 6-24 APPA Sled Stress Test ........................................................................................................ 180 

Table 6-25 MOMO Sled Stress Test .................................................................................................... 181 

Table 6-26 NASA Requirement Verification Matrix ............................................................................ 182 

Table 6-27 Safety Team Derived Verification Matrix .......................................................................... 211 

Table 6-28 Launch Vehicle Team Derived Verification Matrix ............................................................ 213 

Table 6-29 Recovery Team Derived Verification Matrix ..................................................................... 218 

Table 6-30 5 Payload Team Derived Verification Matrix .................................................................... 221 

Table 6-31 Budget ............................................................................................................................... 230 

Table 6-32 Project Funding for 2021-2022 Competition .................................................................... 235 

Table 6-33 2021-2022 NASA Student Launch Competition Schedule ................................................. 235 

Table 6-34 Chart for Outreach Schedule ............................................................................................. 239 

Table 6-35 Testing Plan ....................................................................................................................... 240 

 

 

  



 

2022 NASA Student Launch | Tacho Lycos vii 

 

Figure 3-1 Launch Vehicle Sections ........................................................................................................ 6 

Figure 3-2 Launch Vehicle Dimensions .................................................................................................. 6 

Figure 3-3 Launch Vehicle Points of Separation and Energetic Materials ............................................. 6 

Figure 3-4 Nose Cone Dimensions ......................................................................................................... 7 

Figure 3-5 Nose Cone Removable Bulkhead .......................................................................................... 8 

Figure 3-6 Upper Payload Bay Dimensions ............................................................................................ 9 

Figure 3-7 Main Parachute Bay Dimensions .......................................................................................... 9 

Figure 3-8 Avionics Bay Dimensions ..................................................................................................... 10 

Figure 3-9 Drogue Parachute Bay Dimensions ..................................................................................... 11 

Figure 3-10 Orthogonal View - 3D Printed Nut Centering Ring for Bolted Connections ....................... 11 

Figure 3-11 3D Printed Nut Centering Ring for Bolted Connections Dimensions .................................. 12 

Figure 3-12 Fin Can Dimensions ............................................................................................................. 13 

Figure 3-13 Fin Can Engine Block ........................................................................................................... 13 

Figure 3-14 3D Printed Tail Cone Dimensions ........................................................................................ 14 

Figure 3-15 Fin Dimensions .................................................................................................................... 14 

Figure 3-16 Aircraft Grade Plywood Properties Used in ANSYS ............................................................. 15 

Figure 3-17 Maximum Principal Stress in Nose Cone Bulkhead ............................................................ 16 

Figure 3-18 Maximum Principal Stress in Nose Cone Bulkhead Plywood .............................................. 17 

Figure 3-19 Maximum Principal Stress in Drogue Bulkhead .................................................................. 18 

Figure 3-20 Maximum Principal Stress in Drogue Bulkhead Plywood ................................................... 18 

Figure 3-21 Maximum Principal Stress in AV Bulkhead ......................................................................... 19 

Figure 3-22 Maximum Principal Stress in AV Bulkhead Plywood........................................................... 19 

Figure 3-23 Maximum Principal Stress in Fin Can .................................................................................. 20 

Figure 3-24 Maximum Principal Stress in Aft Centering Ring ................................................................ 21 

Figure 3-25 Comparison of RockSim and AV Bay Altimeters ................................................................. 25 

Figure 3-26 Dummy Lander Weight ....................................................................................................... 26 

Figure 3-27 Ribbon Cable Securement on Subscale Vehicle .................................................................. 27 

Figure 3-28 Subscale Sled ....................................................................................................................... 28 

Figure 3-29 Comparison of Payload and AV Bay Altimeters .................................................................. 29 

Figure 3-30 Example of Image Taken During Ascent ............................................................................. 30 

Figure 3-31 Example of Blurry Image Taken During Drogue Descent .................................................... 30 

Figure 3-32 9ȄŀƳǇƭŜ ƻŦ ά/ƭŜŀǊέ LƳŀƎŜ ¢ŀƪŜƴ ¦ƴŘŜǊ 5ǊƻƎǳŜ 5ŜǎŎŜƴǘ ................................................... 31 

Figure 3-33 Example of Image Taken Under Main Descent ................................................................... 31 

Figure 3-34 Recovery Profile .................................................................................................................. 33 

Figure 3-35 CAD of the Avionics Sled ..................................................................................................... 34 

Figure 3-36 Avionics Sled Schematic ...................................................................................................... 35 

Figure 3-37 Two Jolly Logics connected in series ................................................................................... 37 

Figure 3-38 Recovery Harness Lengths .................................................................................................. 37 

Figure 3-39  RockSim Launch Flight Profile ............................................................................................ 39 

Figure 3-40 RockSim Drift during 20 mph winds .................................................................................... 46 

Figure 4-1 Gridded Image of Huntsville Launch Field .......................................................................... 50 

Figure 4-2 APPA Functional Diagram ................................................................................................... 51 

Figure 4-3 APPA Electronics Schematic ................................................................................................ 52 

Figure 4-4 APPA Electronics Wiring Diagram ....................................................................................... 53 



 

2022 NASA Student Launch | Tacho Lycos viii 

 

Figure 4-5 NASNetLarge Architecture Structure .................................................................................. 55 

Figure 4-6 Flowchart for the propagation of a Kalman Filter .............................................................. 57 

Figure 4-7 APPA Electronics Sled .......................................................................................................... 60 

Figure 4-8 APPA Electronics Sled Battery ............................................................................................. 60 

Figure 4-9 APPA Electronics Sled Microcontroller ............................................................................... 61 

Figure 4-10 APPA Electronics Sled Sensors ............................................................................................ 61 

Figure 4-11 APPA Electronics Sled Recovery Battery ............................................................................. 62 

Figure 4-12 APPA Electronics Sled Recovery GPS .................................................................................. 62 

Figure 4-13 Camera Housings Assembly Exploded View ....................................................................... 66 

Figure 4-14 Camera Housing Body ......................................................................................................... 66 

Figure 4-15 Camera Housing Covers ...................................................................................................... 67 

Figure 4-16 Camera Housing Assembly .................................................................................................. 68 

Figure 4-17 APPA Sled Integration Section View ................................................................................... 70 

Figure 4-18 Camera Housing Integration Section View ......................................................................... 71 

Figure 4-19 Camera Housing Electronics Integration ............................................................................. 72 

Figure 4-20 MOMO Functional Diagram ................................................................................................ 76 

Figure 4-21 MOMO Electronics Schematic ............................................................................................ 77 

Figure 4-22 MOMO Electronic Sled Microcontroller Side ...................................................................... 78 

Figure 4-23 MOMO Electronic Sled Battery Side ................................................................................... 79 

Figure 4-24 MOMO Camera Support Visualization ................................................................................ 80 

Figure 4-25 MOMO Camera Support Dimensions ................................................................................. 80 

Figure 4-26 UPB Sectional View ............................................................................................................. 83 

Figure 4-27 MOMO Electronic Sled Bottom ........................................................................................... 84 

Figure 4-28 UPB Lower Bulkhead ........................................................................................................... 84 

Figure 4-29 MOMO Electronic Sled Side ................................................................................................ 85 

Figure 6-1 2021 ς 2022 Budget Breakdown Chart ............................................................................. 233 

Figure 6-2 PERT Chart for 2022 Student Launch Competition Requirements .................................... 236 

Figure 6-3 GANTT Chart for 2022 Student Launch Competition Requirements ................................. 237 

Figure 6-4 GANTT Chart for Subscale Fabrication .............................................................................. 237 

Figure 6-5 GANTT Chart for Full Scale Fabrication .............................................................................. 238 

Figure 6-6 GANTT Chart for Payload Construction ............................................................................. 238 

Figure 6-7 GANTT Chart for Funding Schedule ................................................................................... 239 

Figure 6-8 GANTT Chart for Test Schedule ................................................................................................ 239 

 



 

2022 NASA Student Launch | Tacho Lycos 1 

 

1. Summary of CDR 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: Sean Aiton, sbaiton@ncsu.edu, (512) 769-4408  

1.1.2 Team Mentors 
Name: Alan Whitmore   
Email: acwhit@nc.rr.com  
Phone: (919)-929-5552  
TRA Certification: Level 3, 05945 

Name: Jim Livingston 
Email: livingston@ec.rr.com 
Phone: (910)-612-5858 
TRA Certification: Level 3, 02204 

  

1.1.3 Anticipated Primary launch location and date 
Primary launch date is the weekend of February 19th with the back up being the weekend of February 26th. 
Our launch location for vehicle demonstration flight is Bayboro, North Carolina. Launch Field Coordinates are 
35.172075 N, -76.831813 W. 

1.1.4 Number of hours working on the CDR 
The team spent approximately 300 hours working on the CDR document 

1.2 Launch Vehicle Summary 

1.2.1 Official Target Altitude 
The official target altitude is 4400 feet. See Section 3.5.3 for justification. 

1.2.2 Final Motor Choice 
The motor choice is an Aerotech L850W. See Section 3.1.15 for justification. 

1.2.3 Launch Vehicle Size and Mass 
The leading design set the length of the launch vehicle at 109 inches long, with a diameter of 6 inches. The 

fully loaded mass of the launch vehicle with payload is 37.41 lb. See Sections 3.1.3 and 3.1.14 for additional 

details. 

1.2.4 Recovery system 
The recovery system is a dual deployment system of two independent PerfectFlite StratoLogger CF altimeters. 

The drogue paracƘǳǘŜǎ ŦƻǊ ǘƘŜ ǳǇǇŜǊ ǎŜŎǘƛƻƴ ŀƴŘ Ŧƛƴ Ŏŀƴ ŀǊŜ ŀƴ муέ ŀƴŘ мрέ /ƻƳǇŀŎǘ 9ƭƭƛǇǘƛŎŀƭ Ǌespectively 

ŀƴŘ ǘƘŜȅ ǿƛƭƭ ōŜ ŘŜǇƭƻȅŜŘ ŀǘ ŀǇƻƎŜŜΦ !ǘ тлл ŦŜŜǘΣ ŀ слέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ Ƴŀƛƴ Ǉŀrachute will be deployed 

ŦƻǊ ǘƘŜ ǳǇǇŜǊ ǎŜŎǘƛƻƴ ŀƴŘ ŀǘ слл ŦŜŜǘΣ ŀ слέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇact main parachute will be deployed for the fin can. 

Both main parachutes will deploy using 2 jolly logic chute releases connected in series to ensure the 

parachutes are released. See Section 3.4.1 for a further breakdown.    

1.2.5 Rail Size 
The rail that will be used for launch is a 12-foot 1515 rail.  

1.3 Payload Summary 

1.3.1 Ariel Photographing and Positioning Apparatus (APPA) 
There will be two cameras mounted on the side of the launch vehicle. The cameras will take images both on 

ascent and descent. Image recognition will be used on notable landmarks in the pictures taken to locate the 

launch vehicle. This will happen continuously until image recognition fails to work and then IMUs will be used 

to track the rest of the descent. Using information from the IMU and the cameras, a final location will be 

calculated and transmitted back to the ground station. 

1.3.2 Means of Obtaining Meaningful Observations (MOMO) 
MOMO is an experimental payload in which cameras will see out of the bulkhead at the bottom of the Upper 

Payload Bay to help get a better understanding of what happens during drogue deployment. An IMU and 

altimeter are also included to gather more data.  
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2. Changes Since PDR 

2.1 Changes Made to Launch Vehicle 
The following table shows the changes that have been made since the PDR, with an 

explanation of the change. Most changes were in relation to the removal of the payload 

lander, and some were a result of changing the LPB configuration. 

Table 2-1 Changes to Launch Vehicle Since PDR 

Description Justification 

Body tube length for the upper 

payload bay, main parachute bay, 

drogue bay (formerly lower payload 

bay), and fin can were adjusted. 

Changes were a result of the removal of 

the lander and the relocation of the lower 

payload bay compartment. More detail is 

given in Section 3.3.5. 

Fin span was changed from 6.05 in to 

5.8 in. 

The adjustment of weight on the launch 

vehicle resulted in a necessary change in 

fin span for stability. 

The lower payload bay denoted in 

the PDR has been renamed the lower 

payload compartment and moved 

into the fin can. The airframe section 

which was previously named lower 

payload bay is now called the drogue 

parachute bay in all further instances. 

 

This new configuration allowed the engine 

block to be installed directly to the body 

tube for the fin can rather than inside a 

coupler section. 

Removal of the piston system 
No longer necessary with the removal of 

the lander. 

Coupler between upper payload bay 

and main parachute bay lengthened 

to 10 in. 

This change was to ensure that the 

coupler at the separation point was longer 

than 1 body diameter per NASA 2.5.1. 

Added Nosecone ballast 
Added to help reduce apogee and improve 

stability margin. See Section 3.5.4. 

Lower payload compartment 

lengthened from 6 to 8 in. 

Extra length added to give payload team 

more room for components. 

Changed nosecone bulkhead 

thickness to .75 in from 5 in 

A result of ANSYS testing that had the .5 in 

bulkhead below a necessary factor of 

safety. 

Adjusted upper stability margin for 

TDR LVD 5 to 2.4 calibers from 2.2 

calibers 

The goal of the requirement was to try to 

ƎŜǘ ŀ ǎǘŀōƛƭƛǘȅ ƳŀǊƎƛƴ ƻŦ нΦнΣ ōǳǘ ƛǘ ŘƛŘƴΩǘ 

include a tolerance for going over. 

Additional centering ring added into 

the tail cone 

Gives additional support to the motor 

tube such that it does not go off plane 

during launch. 
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Recovery System was redesigned to 

have fin can separate from the rest of 

the launch vehicle. 

Subscale cameras were unstable during 

descent and that led to blurry images. To 

try and mitigate that, the fin can will fully 

separate from the launch vehicle to give 

the cameras as much time to take clear 

images under its own parachutes as 

possible. 

All black powder charges are set to 

trigger at apogee. 

To separate the fin can and to deploy both 

drogue parachutes, both the drogue 

parachute bay and the main parachute 

bay need to open at apogee to ensure all 

sections are under parachute.  

 

2.2 Changes Made to Payload 
The following table shows what changes have been made since the proposal and the 

justification for each of those changes. Most changes in this section result from a better 

understanding of the components used to calculate the lander location and the effects it has 

on the launch vehicle. 

Table 2-2 Changes to Payload Since PDR 

Description Justification 

Lander was removed from the launch 

vehicle  

The lander was determined to create 

more problems than it would solve and 

take too much time and resources away 

from APPA. A more in-depth explanation is 

included in Section 4.5 

Experimental payload MOMO was 

added. 

The removal of the lander left a space and 

weight void in the launch vehicle. To meet 

weight restraints and to obtain more data, 

an experimental payload was added to 

gather extra data for the team. 

A plexiglass section was added to the 

bottom of the camera housings. 

It was determined that the Fin Can camera 

lenses were very exposed and could easily 

be scratched or damaged during launch. 

To eliminate this potential problem a 

plexiglass box was designed for added 

protection. 

The APPA sled was redesigned to 

include the recovery GPS and battery. 

With the redesign of the recovery system 

the recovery GPS for the bottom half of 

the launch vehicle ended up getting put in 

APPA. The GPS and GPS battery could not 

ōŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ !tt!Ωǎ previous 
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design, so the sled was redesigned. The 

removal of the lander allowed for the 

lower payload compartment to be bigger, 

so the sled height was increased to allow 

for the new components to fit. 

The tape used to secure the ribbon 

cables to the side of the launch 

vehicle was changed from electrical 

tape to aluminum foil tape. 

Aluminum foil tape is more secure, 

watertight, and weatherproof making it a 

better option than electrical tape. 

The IMU was changed to the Parker 

LORD 3DMCX5 IMU 

After the use of magnetometers was 

forbidden, a more precise IMU was 

required and a more expensive sensor was 

chosen as a result. 

All instances of BS1 were changed to 

APPA. 
BS1 was given an acronym for clarity. 

2.3 Changes Made to Project Plan 
The following table shows the changes that have been made since the proposal and the 

reason it has changed. Most changes in this section result from better understanding of the 

components used to calculate the lander location and the effects it has on the launch vehicle. 

Table 2-3 Changes to Project Plan Since PDR 

Description Justification 

All requirements about the lander 

have been removed. 
There is no longer a lander. 

All instances of BS1 have been 

changed to APPA. 

BS1 was given an acronym so the new 

name needed to be consistent throughout 

the document. 

Team derived requirements were 

added for MOMO. 

MOMO needs team derived requirements 

and because it was created after PDR all 

the requirements are new. 

PD 15 from PDR was removed. 

PD 15 was a less specific version of PD 18, 

so it was removed. PD 18 form PDR is now 

PD 10 in CDR because of the lander 

requirements being taken out. 

PD 19 from PDR was reworded and is 

now PD 7 in CDR 

It was changed for clarity and to better 

explain the camera housing requirement. 

RD 3 from PDR was removed 

regarding deployment bags 

With the new recovery system nomex 

sheets make more sense for the larger 

parachutes given that chute releases are 

around them.  

RD 5 from PDR was removed 

regarding meeting NASA 3.3 even in 

failure of lander jettison 

The lander was removed from the design 
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3. Vehicle Criteria 

3.1 Design and Verification of Launch Vehicle 
3.1.1 Launch Vehicle Mission Statement 

The mission of the launch vehicle is to reach the targeted apogee and return to the ground 
safely in a reusable condition in which all payload electronics are still operable. 

3.1.2 Launch Vehicle Success Criteria 
Launch vehicle mission success is defined as both compliance with NASA SL requirements 
in Section 6.2.1 and the team-derived requirements in Section 6.2.2. Additionally, the 
levels of success are defined as follows in Table 3-1. 

Table 3-1 Launch Vehicle Success Criteria 

Level of Success Definition 

Complete Success - Launch vehicle recoverable 

- Nominal launch vehicle takeoff and descent 

- Payload electronics systems are undamaged and remain 

functional during flight and after landing 

- Launch operations can be repeated the same day 

- Achieved apogee is between 4000 and 6000 feet 

- Launch vehicle lands within the 5000 ft by 5000 ft grid 

Partial Success - Launch vehicle repairable 

- Successful launch vehicle takeoff and descent 

- Payload electronics systems are repairable 

- Achieved apogee is between 4000 and 6000 feet 

- Launch vehicle lands within the 5000 square foot grid 

Partial Failure - Launch vehicle repairable 

- Successful launch vehicle takeoff and unsuccessful descent 

- Payload electronic systems are repairable 

- Achieved apogee is below 4000 feet or above 6000 feet 

- Launch vehicle lands outside of the 5000 ft by 5000 ft grid 

Complete Failure - Launch vehicle unrecoverable 

- Payload electronic systems critically damaged 
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3.1.3 Overall Design 
Fully assembled, the launch vehicle will be 109 inches long with a launch weight of 42.03 
lb and an empty weight of 37.41 lb. 

 

Figure 3-1 Launch Vehicle Sections 

 

Figure 3-2 Launch Vehicle Dimensions 

 

Figure 3-3 Launch Vehicle Points of Separation and Energetic Materials 
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3.1.4 Material Selection 
G12 fiberglass has been selected as the material used for both the airframe and nose cone 
of the launch vehicle. G12 fiberglass is a commonly used material in rocketry and has been 
used by the club in launch vehicles in previous years. It was chosen due to its durability 
and strength. It has the ability to easily resist the expected compressive loading along 
with any unexpected impact forces upon landing. Additionally, fiberglass is a water-
resistant material, which is important when considering the reusability of the launch 
vehicle. 

The fins and bulkheads will be constructed using layers of 1/8ΩΩ aircraft grade birch 
plywood. This material is lightweight and strong, particularly as layers are adhered 
together with epoxy resin. Two layers will ōŜ ǳǎŜŘ ǇŜǊ ŦƛƴΣ ƳŀƪƛƴƎ Ŧƛƴǎ ѹΩΩ ǘƘƛŎƪ ǿƘƛƭŜ 
ōǳƭƪƘŜŀŘǎ ǿƛƭƭ ǊŀƴƎŜ ƛƴ ǘƘƛŎƪƴŜǎǎ ŦǊƻƳ ѹΩΩ ǘƻ ҁΩΩ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƭƻŀŘƛƴƎ ǘƘŜȅ 
experience.  

U-bolts and other hardware will be made of stainless steel due to its strong mechanical 
properties. Stainless steel is dense, however, the necessary hardware which is composed 
of stainless steel is a small portion of the launch vehicles weight. The use of stainless steel 
for hardware ensures that necessary factors of safety are reached according to team-
derived requirements.  

Any launch vehicle components which are 3D printed, such as the tail cone, nut centering 
ring, and camera houses, will use Polylactic Acid, PLA, as the material. This is due to the 
accessibility to both the material itself and printers which use PLA. As proven on the 
subscale flight, the material is durable enough to resist flight forces acting on the camera 
houses and tail cone. Additionally, when lined with heat resistant material such as 
fiberglass cloth it is able to safely resist heat generated from the motor. 

3.1.5 Nose Cone 
The team decided to limit nose cone designs to those which were commercially available 
so that aerodynamic stability is maintained between the subscale and full-scale launch 
vehicles. This limit was imposed due to the complexity and cost of manufacturing custom 
nose cones. This constraint limited nose cone designs to Ogive nose cones. A 4:1 Ogive 
Nosecone was chosen as it offered the most desirable stability margin for the vehicle. 

The nosecone and bulkhead, without ballast, are expected to weigh 4.56 lb. 

 

Figure 3-4 Nose Cone Dimensions 
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3.1.6 Nose Cone Bulkhead 
The nose cone bulkhead will be 0.75-inches thick and removable using L-brackets and 
bolts. This was deemed necessary so that the forward side of the bulkhead could be 
utilized for purpose of adding ballast, as needed, to adjust the stability of the launch 
vehicle once manufactured. 

Four L-brackets will be equidistantly spaced around the circumference of the bulkhead on 
its aft side, as shown in Figure 3-5. These brackets and the attached bolts will be 
composed of stainless steel.  Testing will be performed as described in Section 6.1.1.1 in 
order to ensure that the connection points have an acceptable factor of safety.  

The nose cone bulkhead, including hardware, will weigh 0.46 lb. 

 

Figure 3-5 Nose Cone Removable Bulkhead 

3.1.7 Upper Payload Bay 
The 16-inch upper payload bay will be located between the nose cone and the main 
parachute bay. A 10-inch coupler will be epoxied into the aft end of the body section with 
6 inches exposed to connect to the main parachute bay. The connection to the main 
parachute bay will be secured using #4-40 nylon shear pins. The nosecone will be secured 
to the payload bay with a bolted connection.  

The upper payload bay, coupler, and payload are expected to weigh 4.67 lb. 
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Figure 3-6 Upper Payload Bay Dimensions 

3.1.8 Main Parachute Bay 
The main parachute bay is located between the upper payload bay and the avionics bay. 
The length of the main parachute bay airframe is 17 inches long and will be secured to 
the upper payload bay coupler using #4-40 nylon shear pins. Additionally, the aft end of 
the main parachute bay will be secured to the avionics bay coupler using a bolted 
connection. There are two parachutes housed in the main parachute bay, an муέ ŘǊƻƎǳŜ 
parachute and ŀ слέ Ƴŀƛƴ ǇŀǊŀŎƘǳǘŜΦ ¢ƘŜ муέ ŘǊƻƎǳe parachute has a packing volume of 
4.5 inches length x 1.5 inches diameter and the слέ Ƴŀƛƴ ǇŀǊŀŎƘǳǘŜ Ƙŀǎ ŀ ǇŀŎƪŜŘ ǾƻƭǳƳŜ 
of 7.5 inches L x 3.5 inches D. As the main parachute bay holds most of the main recovery 
harness, including shock chord and the main parachute, it is estimated that the recovery 
harness will take up 37.5 cubic inches of the main parachute bay.  The remainder of the 
length is open to allow a sufficient volume for the black powder ejection charge to expand 
into. Making this an open volume will allow for a smoother pressure curve over the course 
of the detonation, reducing the stress experienced by the airframe.  

The main parachute bay is expected to weigh 1.69 lb excluding the recovery harness.  

 

Figure 3-7 Main Parachute Bay Dimensions 
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3.1.9 Avionics Bay 
The avionics bay will be located between the main parachute bay and the drogue 
parachute bay. The AV Bay is made of a 10-inch coupler section with a 2-inch-long band 
of airframe material epoxied around the exterior of the coupler. The forward end of the 
coupler will extend 2 inches from the band and will be connected to the main parachute 
bay by a bolted connection. The aft end will extend 6 inches from the body tube band and 
be secured to the drogue parachute bay with #4-40 nylon shear pins. A bulkhead on both 
ends of the AV bay will have an attached U-bolt for use in main and drogue parachute 
deployment, along with two outward-facing blast caps that house the primary and 
secondary black powder charges for main bay and drogue bay separation. The avionics 
bay will have a modular design, able to fully separate from the rest of the launch vehicle. 
This will facilitate easy access to the AV sled and will simplify construction and assembly. 
The AV sled will be mounted inside the AV bay on threaded rods running in between the 
bulkheads. 

The AV Bay is expected to weigh 3.88 lb excluding the black powder charges.  

 

Figure 3-8 Avionics Bay Dimensions 

3.1.10 Drogue Parachute Bay 
The drogue parachute bay will be located between the avionics bay and the fin can. The 
body length will be 19 inches long and will be connected to the AV bay using #4-40 nylon 
shear pins. In addition, a 5-inch coupler will extend 2.5 inches from the aft end of the 
drogue parachute bay and connect to the fin can using bolts. Unlike other bolted sections, 
a 3D printed, 0.5-inch thick, ring will be used to support the interior nuts instead of 
epoxying nuts to the interior of the coupler. This is to help mitigate the chance of nuts 
epoxied to the interior of the tube shearing, helping to reduce any launch day field repairs. 
The drogue parachute bay will also have a bulkhead mounted at its coupler which will 
have a U-bolt so that the fin can recovery harness can be attached. Additionally, this 
bulkhead will have Velcro on the aft end such that the lower payload sled can be attached.  
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The drogue parachute bay is expected to weigh 2.62 lb without the fin can recovery 
harness.  

 

Figure 3-9 Drogue Parachute Bay Dimensions 

 

 

Figure 3-10 Orthogonal View - 3D Printed Nut Centering Ring for Bolted Connections 
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Figure 3-11 3D Printed Nut Centering Ring for Bolted Connections Dimensions 

3.1.11 Fin Can 
The 22.8-inch-long fin can house the motor tube on the inside, fins and camera mounts 
on the exterior and a tail cone on the aft section. The fin can assembly consists of an 
engine block, three centering rings, the motor tube, camera housings, and fins. The 
engine block and the aft centering ring will support the majority of the load from the 
motor, while the middle centering rings are used primarily for motor tube and fin 
alignment. The fins are designed with a fin slot that fits between the centering rings to 
provide additional support. One third of the layers used in the engine block are centering 
ring layers to allow the forward bulkhead to assist with motor tube alignment, as seen in 
Figure 3-13. Velcro will be on the forward face of the engine block so that the lower 
payload sled can be attached and connected to both the engine block and aft end of the 
drogue bulkhead. Additionally, the 8-inch compartment in the forward end of the fin can 
airframe acts as the lower payload compartment and will house the lower payload sled. 
At the aft end of the fin can, a 3D printed 6-inch-long conical tail cone will be connected 
to the aft centering ring using epoxy. 

The fin can assembly is expected to weigh 7.54 lb excluding the motor and tail cone. 
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Figure 3-12 Fin Can Dimensions 

 

Figure 3-13 Fin Can Engine Block 



 

2022 NASA Student Launch | Tacho Lycos 14 

 

 

Figure 3-14 3D Printed Tail Cone Dimensions 

3.1.12 Updated Fin Configuration and Shape 
Based on background research about fin shape, a clipped-delta shape was chosen, as it 
increased the area of the fin adjacent to the side and back of the launch vehicle. This 
design was chosen to help reduce weathercocking and increase the stability of the fins. 
The angle of sweep of the leading edge of the fin is fixed as well as the length of the 
bottom of the fin that attaches to the launch vehicle body. As mentioned in the PDR 
document, and in Section 3.5.5 that pertains to fin span length study, the span has been 
adjusted from 5.8 in to 6.58 in. 

 

Figure 3-15 Fin Dimensions 
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3.1.13 Finite Element Analysis 
Finite Element Analysis, or FEA, is an important method for determining the stress 
experienced under loading for materials and parts. To assist in bulkhead design, the load-
bearing bulkheads were put through static structural simulation in ANSYS Workbench to 
find the maximum principal stresses that would be experienced under expected loading. 
Using the maximum principal stress for each load bearing bulkhead, the factor of safety 
could then be calculated. 

The bulkheads were created in SOLIDWORKS and saved as .IGS files before importing 
them into ANSYS DesignModeler. All bulkhead hardware, being U-Bolts, nuts, washers, 
and threaded rods, were assigned stainless steel as their material. Stainless steel has a 
yield strength of around 30000 psi, which is much larger than any stress experienced in 
the ANSYS simulations and as such the plywood layers of the bulkheads were the focus of 
the stress analysis. ANSYS does not have plywood within its material database and as such 
the material properties had to be manually inputted. Figure 3-16 below shows the used 
material properties to approximate plywood. While the properties may not be exact for 
the specific plywood the team uses, they are still useful within the bounds of the 
simulations.  

 

Figure 3-16 Aircraft Grade Plywood Properties Used in ANSYS 

Multiple thicknesses were evaluated for each bulkhead to compare the factor of safety of 
each under the expected loading. For all bulkheads, it was found that a thickness of 0.5 
inches would result in a factor of safety greater than 1.5 which meets LVD 1. Despite this, 
the factor of safety for a 0.5-inch-thick Avionics Bay and Nose Cone bulkheads are only 
marginally greater than 1.5. If the simulations were perfect, then these values would be 
acceptable. However, with approximations made, it is hard to know if the factors of safety 
from the simulations are correct or not and, as such, these parts were increased to have 
a thickness of 0.75 inches to ensure the necessary factor of safety. The drogue parachute 
bulkhead and the fin can center rings have sufficiently high factors of safety with their 
0.5-inch thickness. These bulkheads are discussed more in-depth in the sections below. 
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3.1.13.1 Nose Cone Bulkhead FEA 
It is expected that the nose cone bulkhead will experience 149 lbf using estimated 

deployment forces. This loading is applied to U-bolt and the bulkhead itself is 

constrained by fixed supports inside the L-bracket holes to simulate the effects of 

bolts holding the brackets in place. Stress concentrations are expected to be located 

near the U-bolt holes and the two closest L-brackets and as such the mesh was 

refined in the vicinity of these features.  

The maximum and minimum principal stresses shown in the legend in Figure 3-17 

are exact in precision. Stress singularities are present in the regions featuring the 

highest level of stress, specifically around the U-Bolt holes. These singularities 

continue to increase as the mesh is refined and, as such, the probe tool was used to 

find approximate maximum and minimum values outside of the singularities for 

principal stress. The maximum and minimum principal stresses are shown within 

Figure 3-18 and are 1020.8 and -1029.8 psi respectively. This results in the nose cone 

bulkhead having a factor of safety of 4.41. As this simulation only addresses the 

stress in the plywood and mounting hardware, corresponding shear testing will need 

to be done on the selected bolts. 

 

 

 

Figure 3-17 Maximum Principal Stress in Nose Cone Bulkhead 
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Figure 3-18 Maximum Principal Stress in Nose Cone Bulkhead Plywood 

 

3.1.13.2 Drogue Parachute Bulkhead FEA 
Using estimated deployment forces, it is expected that the drogue parachute 

bulkhead will experience 139.8 lbf. This loading is applied to the upper faces of the 

U-bolt and the bulkhead itself is constrained by fixed supports along the outer 

circumference of the bulkhead to simulate the epoxy bond to the body tube. Stress 

concentrations are expected to be located near the U-bolt holes and as such the 

mesh was refined in the vicinity of these features. 

Using the legend as guidance in Figure 3-19 below, the plywood experiences 

maximum and minimum principal stresses of 1661.7 and -169.9 psi, leading to a 

factor of safety of 2.71 for the drogue parachute bulkhead. 
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Figure 3-19 Maximum Principal Stress in Drogue Bulkhead 

 

Figure 3-20 Maximum Principal Stress in Drogue Bulkhead Plywood 

 

3.1.13.3 Avionics Bulkhead FEA 
Using estimated deployment forces, it is expected that the forward avionics 

bulkhead will experience 93.38 lbf. This loading is applied to the upper faces of the 

U-bolt and the bulkhead itself is constrained by fixed supports at the ends of the 
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threaded rods to simulate being held in place by the opposing avionics bulkhead. 

Stress concentrations are expected to be located near the U-bolt holes and threaded 

rod holes and as such the mesh was refined in the vicinity of these features. 

Using the legend as guidance in Figure 3-22 below, the plywood experiences 

maximum and minimum principal stresses of 1159.8 and -110.8 psi, leading to a 

factor of safety of 3.88 for the avionics bulkhead. 

 

Figure 3-21 Maximum Principal Stress in AV Bulkhead 

 

Figure 3-22 Maximum Principal Stress in AV Bulkhead Plywood 
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3.1.13.4 Fin Can FEA 
To better understand how the fin can assembly withstands thrust from the motor, 

the fin can SOLIDWORKS model was run through a structural simulation. The average 

thrust of 191.088 lbf from the L850W was applied to the aft end of the motor tube 

so that the force from the motor and motor retainer was simulated. The assembly 

was constrained by having all outer edges of the bulkheads treated as fixed supports 

to simulate their epoxy bond to the airframe. Additionally, the connections between 

the bulkheads and the motor tube were important to consider and, as such, the 

mesh was refined in those locations.  

Under this specific loading, the aft centering ring experiences the most force 

compared to the other three. Using the legend as guidance in Figure 3-24 below, the 

plywood of the aft centering ring experiences maximum and minimum principal 

stresses of 287.47 and -71.3 psi, leading to a factor of safety of 15.65 for the aft 

centering ring. 

 

Figure 3-23 Maximum Principal Stress in Fin Can 
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Figure 3-24 Maximum Principal Stress in Aft Centering Ring 

3.1.14 Updated Vehicle Weight Breakdown 
To better facilitate the breakdown of launch vehicle weight, Table 3-4 was created and 

provides a good estimate of where weight in the launch vehicle is coming from. The 

weights for each section were updated with new weights from changed designs. 

Table 3-2  Launch Vehicle Weight Sheet 

Part Weight (lb) 

Nosecone 7.56 

Nosecone 4.1 

Bulkhead 0.462746 

Ballast 3 

Upper Payload Bay 4.67 

Body tube 1.591159 

Coupler 0.713506 

Payload 2 

UPD electronics  

Bulkhead 0.370283 

Main Parachute 
Bay 2.29 

Body tube 1.690606 

Drogue + Main 0.6 
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AV Bay 3.88 

Body tube 0.198895 

Coupler 0.713506 

AV sled 2 

Bulkheads 0.965294 

Drogue Bay 3.22 

Body tube 1.889501 

Drogue + Main 0.6 

Bulkhead 0.370283 

Coupler 0.356753 

Fin Can 15.78 

Lower Payload 1.833 

Body tube 2.267401 

Fins 1.787002 

Engine Block 0.532522 

Centering Rings 0.36 

Motor tube 0.754439 

Total Motor 8.249698 

  

TOTAL WEIGHT 37.41 

 

3.1.15 Final Motor Choice 
With the removal of the lander, the motor choice was changed from the L1390G to the 

L850W which was an alternative identified in PDR. This was due to a significant decrease 

in weight causing a much higher apogee than expected. The L850W had a lower total 

impulse which scaled better with the lighter launch vehicle to reach the selected apogee. 

With an added ballast of 3 lb in the nosecone, this new motor will get the launch vehicle 

to the selected apogee. 

3.2 Construction Methods 
3.2.1 Bulkhead Fabrication 

Each bulkhead in the launch vehicle will be made of layers of 1/8 inch aircraft grade birch 
plywood which will be adhered together using West Systems 2-part epoxy. These layers 
are drafted in SOLIDWORKS, each with two ¼ inch holes to act as alignment guides during 
assembly. These layers are then exported to a laser cutter and manufactured. 

Once layers are laser cut, each one is sanded on both sides for better epoxy adhesion. The 
bottom layer is then placed down on a vinyl sheet with dowel rods which are cut to match 
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ǘƘŜ ǎǇŜŎƛŦƛŎ ōǳƭƪƘŜŀŘΩǎ ǘƘƛŎkness and are placed in the ¼ inch holes. Two-part epoxy is 
then spread over the top face of the first layer and the bottom face of the second layer. 
The second layer is stacked on top of the first layer, using the dowel rods for alignment. 
This is repeated until the proper bulkhead thickness is achieved. Then, each bulkhead is 
wrapped in peel-ǇƭȅΣ ǘƘŜƴ ōǊŜŀǘƘŜǊ ƳŀǘŜǊƛŀƭΦ tƭǳƳōŜǊΩǎ Ǉǳǘǘȅ ŀƴŘ ŀ ǇƭŀǎǘƛŎ ǎƘŜŜǘ ŀǊŜ ǘƘŜƴ 
used to create a sealed environment and then a vacuum line is added. The setup is 
checked for leaks and then is left to cure for 24 hours. 

To add the bulkheads to the body tube, epoxy is added in a thin layer to the edge of the 
bulkhead and then the bulkhead is slid to the proper location inside the airframe. After 
this has been left to cure for 24 hours, silica filler is mixed with the two-part epoxy and 
used to create fillets along the joints between the bulkhead and body tube. This is left to 
cure for 24 hours. 

3.2.2 Cutting Body Tubes 
¢ƘŜ ǘŜŀƳ Ƙŀǎ ŀŎŎŜǎǎ ǘƻ ǘƘŜ a!9 ŘŜǇŀǊǘƳŜƴǘΩǎ ƳŀŎƘƛƴŜ ǎƘƻǇΦ .ƻŘȅ ǘǳbe will be cut using 
ǘƘŜ ǎƘƻǇΩǎ ƛƴŘǳǎǘǊƛŀƭ ŘǊƻǇ ōŀƴŘ ǎŀǿ ŀƴŘ ƛǘ ǿƛƭƭ ōŜ ƻǇŜǊŀǘŜŘ ōȅ ǘƘŜ ǎƘƻǇΩǎ ǇŜǊǎƻƴƴŜƭ ǘƻ 
ensure personnel safety. Before handing over the tubing to the machine shop, the correct 
cut locations will be pre-measured and marked by the team. Additionally, slots in the fin 
Ŏŀƴ ǿƛƭƭ ōŜ ǇǊŜŎǳǘ ōȅ ǘƘŜ ŀƛǊŦǊŀƳŜΩǎ ǎǳǇǇƭƛŜǊΦ 

3.2.3 Adhering Couplers to Body Tubes 
Both the coupler and the body tubes will be measured and marked at the point at which 
the coupler should be slotted into the airframe. The areas which will experience contact 
between the two sections will then be sanded to promote better adhesion. A very thin 
layer of two-part epoxy is then applied to both the coupler and airframe. The coupler is 
then inserted into the airframe to the point which was pre-marked. This is left to cure for 
24 hours. 

3.2.4 Fin Can Assembly 
The forward fin can bulkhead, referred to as the engine block, is epoxied into place within 
the fin can at the correct location, 8 inches from the forward end of the tube. Fillets are 
then added between the engine block and the body tube to reinforce the connection. 
While that connection cures, the middle centering ring is epoxied into the correct position 
on the motor tube, shown in Figure 3-12, and fillets are added. After all epoxy has cured, 
additional epoxy is used to attach the engine block to the motor tube and to the outer 
edge of the middle centering ring. Then, the motor tube is inserted into the fin can and 
left to cure. Next, the fins (which are prepared in a similar method to the bulkhead layers) 
are inserted into the fin slots. Epoxy is used to connect the fin tabs to the motor tube. 
More fillets are added to connect the fin tabs to the motor tube for better structural 
integrity. The aft centering ring is epoxied into place touching the fin tabs and the inner 
wall of the fin can. Finally, a motor retainer is epoxied to the end of the motor tube. 

3.2.5 Bolted Connections 
The launch vehicle has bolted sections that require a thread into which to screw the 
bolted connection. To do this, holes are drilled through the body tube and coupler. Then 
nuts are centered and epoxied on the inside of the bolt hole. The removable bulkhead 
connection requires the nuts to be connected to the L-brackets. After the epoxy cures, 
bolts can be threaded through the holes using the installed nuts. 
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3.2.6 Ballast Installation 
Ballast might be used to adjust the vehicle stability margin before launch. The ballast 
could be lead blocks or pellets epoxied into a 3D-printed casing that is then secured to 
the bulkhead using epoxy. 

3.2.7 3D Printed Components 
The tail cone, camera housings, and nut centering ring will be manufactured using 3D 
printing. They will be printed using FDM 3D printing on a STRATASYS printer using PLA 
filament. The tail cone is located in close proximity to the motor and exhaust gases. As 
such, it is important to ensure that it is thermally insulated from the motor so that the 
PLA does not melt or deform. In order to insulate the tail cone, a layer of fiberglass will 
be used to line the inside surface of the tail cone. In the space between the fiberglass 
layer and the motor tube, cellulose insulation will also be added. These layers of fiberglass 
and cellulose insulation will add enough heat protection to shield the plastic from the 
heat of the motor. This procedure was performed on the subscale in order to verify the 
insulation properties of the layers. 

3.2.8 Safety Standards 
During construction, team members must follow the safety procedures put forth by the 
ǘŜŀƳΩǎ ǎŀŦŜǘȅ ƻŦŦƛŎŜǊΣ ƛƴŎƭǳŘƛƴƎΥ 

a) Education on the safe operation of power tools and machining equipment before use. 

b) Proper usage of PPE while operating power tools and machining equipment. This 
includes safety glasses and respirators. 

c) Proper usage of PPE while handling epoxy. This includes safety glasses, a particle mask, 
and nitrile gloves. 

d) Proper usage and storage of epoxy and other hazardous materials. 

3.3 Subscale Flight Results 
The design team created a subscale launch vehicle, Tragedy, to implement and evaluate the 
performance of various features of our full-scale launch vehicle. The launch occurred on 
November 20, 2021, in Bayboro North Carolina under the supervision of the TRA range officer 
listed in Section 1.1.2. On launch day the temperature was around 55° Fahrenheit, the sky 
was clear, the wind ranged from 5-10 mph. Tragedy carried a dual deploy recovery system 
consisting of an 18-inch drogue parachute deployed at apogee, and a 48-inch main parachute 
deployed at 600 ft AGL. Recovery was controlled by redundant StratoLogger CF altimeters 

3.3.1 Scaling Factors 
Design of the subscale was based on a 2/3 scale of the full-scale design. All lengths of 
sections were multiplied by .667 to scale the subscale. This factor was chosen due to its 
use in the past and proximity to the ¾ scale limit. The ID of the subscale is 4 inches which 
is 2/3 of the 6-inch full-scale diameter. Some elements of the subscale were not 
completely scalable due to their nature. The bulkheads, for example, which are created 
with 1/8-inch plywood sheets, were half scale not 2/3 scale. All structural simulations of 
the subscale show similar structural properties as the full-scale. Due to the different and 
unscalable nature of the launch vehicle weight, weights across the launch vehicle are not 
based on any scale.  
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3.3.2 Flight Simulations and Predictions 
RockSim was used to generate the subscale flight simulation and flight profile. Each 
ƭŀǳƴŎƘ ǾŜƘƛŎƭŜ ŎƻƳǇƻƴŜƴǘΩǎ Ƴŀǎǎ ƻƴ wƻŎƪ{ƛƳ ǿŀǎ ǳǇŘŀǘŜŘ ǘƻ match the real-world mass 
of that component to ensure accurate sim data. The RockSim simulations were run with 
a 5° cant 144-inch launch rail. The wind ranged from 5 ς 10 mph. The predicted apogee 
from these simulations was 4,617 ft, and, with a correction of 15% based on the RockSim 
apogee study in Section 3.5.3, the resulting predicted apogee was 3924 ft. 

3.3.3 Flight Data 
During the subscale flight, altitude data was recorded in both the AV bay and the payload. 
In addition to that, orientation and acceleration was also logged by the payload along 
ǿƛǘƘ н ǾƛŘŜƻǎ ƻŦ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŦƭƛƎƘǘ ŦǊƻƳ ǘƘŜ ŜȄǘŜǊƴŀƭƭȅ ƳƻǳƴǘŜŘ cameras. 

3.3.3.1 Avionics Bay Altimeter and Vehicle Performance 
The vehicle weight on launch day was 16.6 lb and the stability margin was 2.245. 
The recorded apogee on launch day was 3,919 ft, which is 5 ft from the predicted 
apogee. This accurate prediction is largely due to an accurate portrayal of the 
launch vehicle in RockSim as well as a correction that brought the predicted 
apogee down to match historical data. This result confirms the RockSim apogee 
study, as an uncorrected apogee would have been far off the actual apogee. The 
comparison between RockSim and actual flight data is below. Although the 
apogee is almost an exact match in the comparison, the landing time for the 
simulation is faster than the actual launch. This is likely due to the difference in 
weight between RockSim and the actual subscale and the simulation using a 
lower wind value in the interval between 5 ς 10 MPH. 

 

Figure 3-25 Comparison of RockSim and AV Bay Altimeters 
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3.3.4 Subscale Payload Experiment and Results 
When designing the payload aspects of subscale, the planned full-scale design was 

replicated as much as possible. At this point, the plan for full-scale consisted of camera 

mountings on the side of the launch vehicle, a LPB sled to process that data, and a lander 

and retention for the lander in the UPB. While the lander was replicated with only a 

dummy weight the other two payload aspects were more closely followed. Camera 

mounts were 3D printed and epoxied onto the side of the launch vehicle just like how 

they will be for full-scale. A LPB sled that had comparable components to the final LPB 

sled was also designed and implemented in the launch vehicle. The full-scale design no 

longer will include the lander and a large reason for that is the subscale results showed 

blurry images. 

3.3.4.1 Dummy Weight 
In the original design for full-scale, the lander is a total of 9 pounds and the weight 

the UPB needs to be in the subscale according to the RockSim calculations is 5.4 

pounds. The exterior diameter of the subscale launch vehicle is 4 inches, so after the 

thickness of the launch vehicle and the coupler section the diameter to work with is 

closer to 3.5 inches. The length of the UPB in the subscale was 13 inches. With these 

parameters in mind a box was designed that would hold the proper amount of 

weight, fit in the dimensions given, and be able to get attached to the shock cord. 

There were three main parts. The empty box, the top of the box, and the U-bolt. 

Lead BBs were added to the empty box until the appropriate weight was reached. 

The Lead BBs were then epoxied into place. The U-bolt was attached to the top of 

the box and the top was then epoxied to the base of the box. The shock cord looped 

through the U-bolt and shear pins were used to help keep it in place. 

 

Figure 3-26 Dummy Lander Weight 

The final design met all the requirements and functioned as planned. An issue 

produced by the dummy lander weight was that the box was not a perfect fit for the 

launch vehicle because the box was rectangular, and the launch vehicle was circular. 

Because of this, the weighted box wobbled in the launch vehicle. In the subscale 

launch, the launch vehicle flew in a curvy manner, and it is assumed that the unfixed 

dummy lander weight was at least partially responsible for this. The dummy lander 

was hooked onto the shock cord and was successfully deployed from the launch 

vehicle when the parachutes deployed. 
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3.3.4.2 Camera Housings and Ribbon Cable Integration 
The general form of the camera housing design was used on the subscale launch 

vehicle. Because the cameras could not be reduced in size, the camera housings 

were not scaled down with respect to the full-sized camera housings. As such, the 

camera housing likely had a more significant effect on the aerodynamic performance 

of the subscale launch vehicle than they will have on the full-scale launch vehicle. In 

addition, the plexiglass camera lens covers were not included on subscale because 

that was a recent design change. The covers were also designed to match slightly 

different cameras than those that will be used on full-scale, because both full-scale 

cameras could not be connected to the Raspberry Pi used on subscale. 

The camera housings were attached to the body tube of the subscale launch vehicle 

with epoxy, as they will be on full-scale. In addition, the cameras were connected to 

the simulated APPA sled as they will be on full-scale, with the ribbon cables 

extending out of the camera housing, traveling up the launch vehicle, and then into 

ŀƴ ŜƴǘǊȅ ǇƻǊǘ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ƭƻǿŜǊ ǇŀȅƭƻŀŘ ŎƻƳǇŀǊǘƳŜƴǘΦ hƴ ǎǳōǎŎŀƭŜΣ ǘƘŜ ŎŀƳŜǊŀΩǎ 

ribbon cables and USB cables were secured to the launch vehicle using aluminum foil 

tape. In addition, masking tape was used on the edges of the aluminum foil tape to 

prevent team members from cutting themselves on the edge of the tape.  

 

Figure 3-27 Ribbon Cable Securement on Subscale Vehicle 

Both forms of tape remained attached to the vehicle throughout the duration of the 

flight, providing confidence that the tapes will be effective in securing cables to the 

launch vehicle on full-scale as well. The camera housings and the cameras in them 

also survived and stayed attach to the launch vehicle. This provides confidence that 

the camera housings will be effective in protecting and securing the cameras on the 

full-scale vehicle. 

3.3.4.3 Subscale APPA Sled 
The subscale model of the APPA sled deviated greatly from the full-scale APPA sled 

due to limited space in the subscale lower payload compartment. However, the 

retention method was similar to the retention method being used on full-scale, and 

components were attached to the sled in a similar manner. Securing components to 

the sled with bolts and hex nuts proved to be a highly effective form of retention. In 

ŀŘŘƛǘƛƻƴ ǘƻ ǘƘƛǎΣ ŀǎ ŦŀǊ ŀǎ ǘƘŜ ǘŜŀƳ ƛǎ ŀǿŀǊŜΣ ǘƘŜ ǎƭŜŘΩǎ ǘƛƎƘǘ ƛƴǘeractions with the 

body tube and the Velcro connections were sufficient in retaining the sled in the 

lower payload compartment. Pictures of the sled used on subscale are shown in the 

figure below. 
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Figure 3-28 Subscale Sled 

3.3.4.4 Recorded Data 

3.3.4.4(a) Fin Can Heat Levels 
Since electronics are typically not in close proximity to the fin can and motor 

assembly, it was not clear that the electronics would be able to survive potentially 

higher temperatures within the fin can. To ensure that the lower payload 

compartment will not exceed the operating temperatures of the electronics, an 

experiment was performed to determine bounds on the temperature within the 

fin can. Two screws were inserted into the fin can and secured in place with 

aluminum foil tape. These screws were marked with Tempilstik temperature 

indicating crayons. The markings made by these crayons melt at predetermined 

temperatures. The crayons used for this experiment had temperature ratings of 

219o F and 450o F.  

After flight, neither of the markings on the screws melted, suggesting that the 

temperature in the fin can never exceeded 219o F. Given that the motor is one of 

the only sources of external heating to the lower payload compartment and that 

a bulkhead separates the motor tube from the compartment, it is extremely 

unlikely that the motor will transfer enough heat to bring the lower payload 

compartment above 140o F, unless the APPA electronics overheat from their own 

operation.  

3.3.4.4(b) Payload Sensor Data Payload 
The payload was able to successfully record pressure measurements for altitude, 
along with orientation, and acceleration. The information has not been processed 
fully, as the Kalman filter has not been fully constructed. Regardless, the altitude 
information from the AV altimeter can used to validate the payload altimeter. In 
Figure 3-29 below, we can see that the two match well during ascent and become 
decoupled once their respective sections are separated. Once the main parachute 
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deploys, we expect to see that the payload bay is hanging lower than the AV bay, 
and that can in fact be seen after 70 seconds. This was considered to be a 
successful validation of the payload hardware. 

 

Figure 3-29 Comparison of Payload and AV Bay Altimeters 

As mentioned earlier, the subscale payload was also able to record orientation 

and acceleration data throughout the fight. This flight was done before the 

limitation on magnetometers was known, thus, the orientation data cannot be 

used sincŜ ƛǘ ǿŀǎ ŀƭƭ ōŀǎŜŘ ƻƴ ǘƘŜ La¦Ωǎ ŎƻƳǇass. Nevertheless, this data could 

be used to validate the physical model of a Kalman filter once it is developed. 

3.3.4.4(c) Payload Imaging Data 
Video data was recorded for the entire duration of the flight, which provided 
mixed results that have taught us much about our flight. The flight can be looked 
at in three main sections: ascent, descent under drogue, and descent under main. 
The launch vehiŎƭŜΩǎ ŀǎŎŜƴǘ ǇǊƻǾƛŘŜŘ ŎƭŜŀǊ ƛƳŀƎŜǎ ŦƻǊ ǘƘŜ ŘǳǊŀǘƛƻƴΦ 
Unfortunately, we are more concerned with the descent images. Descent under 
drogue provided the least consistent data, with all the frames being blurry and 
ǿŀǊǇŜŘ ŘǳŜ ǘƻ ǘƘŜ Ŧƛƴ ŎŀƴΩǎ ƛƴǎǘŀōƛƭƛǘȅ ŘǳǊƛƴƎ this portion of the flight. There is no 
footage from this part of flight that is unusable for image recognition purposes. 
A factor in the instability during drogue was the lander weight mass simulator, 
which was pulling on the shock cord and causing disturbances. This is part of the 
reason the lander was scrapped in favor of focusing on stability under drogue. 
The final portion of the flight, descent under main, provided consistently clear 
images, but only for a few seconds and at low altitudes where little is visible in 
terms of landmarks. This was promising, especially after the shakiness of the 
drogue footage, but left something to be desired. For this reason, we have 
decided to increase the altitude at which main is deployed from 600 ft. to 650 ft. 
The quality of the images taken and the contents of them are primary motives for 
the changes we are making to our design for improved stability during descent. 
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Figure 3-30 Example of Image Taken During Ascent 

 

 

Figure 3-31 Example of Blurry Image Taken During Drogue Descent 
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Figure 3-32 9ȄŀƳǇƭŜ ƻŦ ά/ƭŜŀǊέ LƳŀƎŜ ¢ŀƪŜƴ ¦ƴŘŜǊ 5ǊƻƎǳŜ 5ŜǎŎŜƴǘ 

 

 

Figure 3-33 Example of Image Taken Under Main Descent 
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3.3.5 Subscale Influence on Full-Scale Design 
The subscale gave a few important insights for the full-scale design. The swinging of the 
lander stand in weight was worrisome and contributed to the decision to remove the 
lander from payload consideration. A more in-depth lander removal explanation is 
included in Section 4-5. The smaller coupler sections on the subscale were adjusted to 
comply with a NASA requirement 2.5.1 and to better secure sections on the launch 
vehicle. Due to complications with the fabrication of the fin can, the lower payload was 
moved into the fin can and the lower payload bay became the drogue bay. This allowed 
the engine block for the motor tube to be installed directly to the body frame instead of 
in a coupler. 

3.4 Recovery System  
3.4.1 Complete Recovery  

The complete recovery system will make sure that the launch vehicle and all other 
components recover safety. The two main recovery events will be controlled by 2 
PerfectFlite StratoLogger CF altimeters. These altimeters will be independent of each 
other with their own batteries, screw switches, and black powder charges. These 
altimeters will be put on an avionics sled that will be made of 1/8 inch aircraft grade 
plywood that will be laser cut in a jigsaw pattern for ease of assembly. This avionics sled 
is stored in the avionics bay where the bulkheads on either side of the bay contain the 
blast caps where the black powder ejection charges are being stored. The full description 
of this avionics bay is described in Section 3.1.9. Arming these altimeters involves 
individually screwing the screw switches for each altimeter all the way down to prevent 
the screw from unscrewing during flight. There are holes in the launch vehicle on top of 
these holes that will allow access to the switches. 

At apogee, the altimeter sends a signal to the e-match to fire the primary black powder 
charge. The black powder charge will pressurize the main payload bay and part of the 
upper payload bay until the #4-40 nylons shear pins are broken. This black powder charge 
will separate the upper payload bay from the main parachute bay. One second after 
apogee, the secondary charge will fire to make sure that the sections do separate. The 
delay ensures that the two black powder charges will not over pressurize the section. 
These charges will deploy the 18-inch drogue parachute and the 60-inch main parachute 
that are wrapped with 2 JollyLogic parachute releases. 

One second after apogee the second primary charge will fire separating the lower payload 
bay and the fin can from the rest of the launch vehicle. There will be no shock cord 
connecting the two sections as the fin can has its own parachutes. 2 seconds after apogee 
the secondary black powder charge will fire to make sure the two sections separate. A 
CǊǳƛǘȅ /ƘǳǘŜǎ мрέ ŎƻƳǇŀŎǘ ŜƭƭƛǇǘƛŎŀƭ ǿƛƭƭ ōŜ ŘŜployed ǿƛǘƘ ŀƴƻǘƘŜǊ ŦǊǳƛǘȅ ŎƘǳǘŜǎ слέ ƛǊƛǎ 
ultra-compact that is wrapped with 2 jolly logic parachute releases keeping the parachute 
furled. The two separate sections will fall under drogue until we get close to 700 feet. The 
jolly logics will release the main parachute for the upper section at 700 feet. 

The two jolly logic parachute releases connected in series is to make sure that one of them 
will release the parachute. The fin can will fall an extra 100 feet to 600 feet before the 
jolly logics release the main parachute allowing it to fully inflate. All parachutes are 
connected to a 5/8-inch tubular Kevlar shock cord using ¼ inch thick quick links. These 
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quick links are connected to loops that are tied into the shock cord and the shock cord is 
connected to the body sections by ¼ inch thick quick links to U-bolts on the bulkheads.  

 

 

Figure 3-34 Recovery Profile 

3.4.1.1 Altimeters 
The recovery system will utilize 2 StratoLogger CF altimeters. The two altimeters will 
be located in the avionics bay. StratoLogger altimeters are reliable altimeters that 
the team has considerable experience using. The StratoLoggers are dual deploy 
altimeters, so they meet the requirement NASA 3.1. Using the same altimeter twice 
will reduce the likelihood of confusing different beep protocols and wiring 
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schematics. Wiring the StratoLogger CF altimeters is easy and well labeled on the 
altimeter itself to prevent mixing up wires. There will be 2 StratoLogger CF Altimeters 
on board the launch vehicle so the pitch of all the altimeters will beep at different 
tones to make sure they are distinguishable. There are altimeters in both payload 
sections, but they are not StratoLogger CF altimeters. They are talked about further 
in section 4.4.2.5  

Sampling holes will be drilled to allow air into the section. The AV Bay will have 4 
sampling holes allowing air to enter the AV bay and equalize with the outside 
atmosphere for the altimeters to read. The sizing of these holes is based on the 
equation below, where P is the diameter of the holes, L being the length of the 
compartment, and D is the diameter of the compartment. 

                                          ὖ  πȢπππψὒὈ  (3.1) 

Two of these pressure port holes will function as access points to arming the screw 
switches. The location of these sampling holes is that they will put onto the body 
tubing band for the AV bay.  

3.4.1.2 Avionics Sled 

 

Figure 3-35 CAD of the Avionics Sled 

The AV sled will be manufactured from 1/8-inch-thick aircraft grade birch plywood. 
Both halves of the AV sled will be aligned together and then secured laterally by two 
threaded rods passed through the holes seen in the figure above. Spacers on these 
threaded rods will prevent axial movement of the AV sled. This allows for the internal 
volume of the AV sled to be used for running wires in a manner that protects the 
wiring harness from snags and other potential hazards during assembly. The tilted 
plates on the AV sled provide mounting locations for screw switches used to arm the 
altimeters from outside the launch vehicle. Screw switches will be mounted on 
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standoffs and positioned to ensure 90-degree radial alignment to each other for the 
altimeter screw switches. The enclosed box houses the two 9V altimeter batteries. 
The battery box lid will be secured using 4 #4-40 machine screws passed through the 
AV sled and bolted in place. An EggFinder TX Transmitter and two StratoLogger CF 
altimeters will be secured to the AV sled on ¼ inch tall standoffs passed through laser 
cut mounting holes as shown. Save for the bolted connections discussed above; the 
AV sled will be assembled by bonding all wooden segments together along the jigsaw 
using wood glue. This method of construction has proved durable for the team in 
past projects for constructing electronics sleds. All wiring on the AV sled will be color 
coded. Four-pin connectors will be used to run the four signal wires each bulkhead. 
Using one connector per bulkhead instead of two reduces the potential for mixing 
of the primary and secondary signal wires on launch day.  

3.4.1.3 Avionics Schematic 

 

Figure 3-36 Avionics Sled Schematic 

The block diagram above illustrates the components housed within the AV bay and 
how all of them will interact. The blue box contains all components of the primary 
altimeter system. This system contains the competition altimeter which will record 
ǘƘŜ ǘŜŀƳΩǎ ƻŦŦƛŎƛŀƭ ŀǇƻƎŜŜΣ ŀs well as all components needed to complete the 
required recovery events. The altimeter has four pairs of terminal screws which are 
connected to a 9V battery, a screw switch, and 2 E-matches. One E-match is inserted 
into the drogue primary blast cap and triggered one second after apogee, while the 
other E-match is inserted into the main primary blast cap and triggered at apogee. A 
fresh, battery that has been checked for voltage, is installed at each flight to ensure 
sufficient power is available for triggering both charges and recording flight data 
while meeting the pad time requirements set forth by requirement NASA 2.7. The 
red box contains the secondary altimeter system, which is quite like the primary 
altimeter system save for increased black powder charge masses and later ejection 
charge timing. The drogue charge is set to be triggered two seconds after apogee to 
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ensure separation of the fin can from the AV Bay while the main charge is set to be 
triggered at 1 second after apogee to ensure that the Upper Payload Bay and the 
Main parachute bay separate. Both the primary and secondary altimeter systems are 
capable of safely recovering the launch vehicle on their own. As there is no 
connection between the two altimeter systems, this creates a system redundancy. 
Should any one component fail, the other system will activate in its place to ensure 
a safe recovery of the launch vehicle. Housed on the opposite side of the AV sled is 
the Eggfinder TX transmitter, a 2S LiPo battery, and a ¼ wave stick antenna. Installed 
between these components and the sled is a sheet of aluminum foil, which will shield 
the recovery electronics from radio interference. This system is discussed in more 
detail in Section 3.4.1.7  

3.4.1.4 Parachutes 
There will be 4 parachutes used in the full-scale rocket. The first set of parachutes 
ŀǊŜ ŦƻǊ ǘƘŜ Ŧƛƴ Ŏŀƴ ŀƴŘ ƭƻǿŜǊ ǇŀȅƭƻŀŘ ōŀȅ ŀǎǎŜƳōƭȅΦ ! CǊǳƛǘȅ /ƘǳǘŜǎ мрέ /ƻƳǇŀŎǘ 
elliptical was selected for drogue of the fin can section. This parachute was selected 
because the desŎŜƴǘ ǊŀǘŜ ǳƴŘŜǊ ǘƘŜ мрέ ƛǎ ƘƛƎƘ enough that the launch vehicle can 
safely descend while still meeting the time and drift requirements. Going up or down 
a parachute size either was descending at too high a rate as defined by RF 1 or was 
going so slow that no main parachute could safely land the fin can. This parachute is 
the only parachute not already owned by the team. The main parachute for the fin 
Ŏŀƴ ǿƛƭƭ ōŜ ŀ ŦǊǳƛǘȅ ŎƘǳǘŜǎ слέ LǊƛǎ ǳƭǘǊŀ-compact that will deploy at 600 feet. This 
parachute was selected because it was the smallest parachute that would still land 
ǘƘŜ Ŧƛƴ Ŏŀƴ ǳƴŘŜǊ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ƭƛƳƛǘΦ ¢ƘŜ слέ Ƴŀƛƴ ƛǎ ǊŜƭŜŀǎŜŘ ōȅ н Wƻƭƭȅ [ƻƎƛŎ 
parachute releases that will be in series as a redundant system to make sure the 
parachute is released.  

The upper half of the rocket will descend under its own set of parachutes. At apogee, 
ŀ CǊǳƛǘȅ /ƘǳǘŜǎ муέ /ƻƳǇŀŎǘ 9ƭƭƛǇǘƛŎŀƭ ǿƛƭƭ ŘŜǇƭƻȅ ŀƭƻƴƎ ǿƛǘƘ ŀ ŦǳǊƭŜŘ ǳǇ CǊǳƛǘȅ /ƘǳǘŜǎ 
слέ LǊƛǎ ¦ƭǘǊŀ /ƻƳǇŀŎǘ ǘƘŀǘ ƛǎ ǿǊŀǇǇŜŘ ǳǇ ǿƛǘƘ н Wƻƭƭȅ [ƻƎƛŎǎ ǇŀǊŀŎƘǳǘŜ ǊŜƭŜŀǎŜǎ ǘƘŀǘ 
are connected in series.  

The jolly logic parachute releases are small black devices that can act as another way 
to release parachutes at an exact altitude. They use a rubber band and pin to wrap 
around the parachute that needs to be constrained. The chute releases are 
programmed in increments of 100 up to 1000 ft. For our parachutes, two jolly logics 
will be connected in series as shown below to ensure if one fails to release there is a 
second one that is independent can still release the parachute.   

¢ƘŜ муέ ŎƻƳǇŀŎǘ ŜƭƭƛǇǘƛŎŀƭ ŀƴŘ слέ LǊƛǎ ultra-compact are stored in the main 
ǇŀǊŀŎƘǳǘŜ ōŀȅΦ ¢ƘŜ мрέ ŎƻƳǇŀŎǘ ŜƭƭƛǇǘƛŎŀƭ ŀƴŘ слέ LǊƛǎ ¦ƭǘǊŀ ŎƻƳǇŀŎǘ ŀǊŜ ǎǘƻǊŜŘ ƛƴ 
the drogue parachute bay.  
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Figure 3-37 Two Jolly Logics connected in series 

3.4.1.5 Recovery Harness  
The launch vehicle recovery harnesses are made from two 40 ft lengths of 5/8 inch 
tubular Kevlar shock cord, tethering the nosecone/payload bay assembly to the 
midsection. A 10 ft length is used to attach the fin can assembly to the drogue and 
main parachute for the fin can. These lengths were chosen because they are lengths 
of shock cord that we already have. This material is rated for loads upwards of 6000 
lbf, well in excess of the maximum predicted deceleration force of 115 lbf. The upper 
section shock cord will have a loop tied 120 inches down the shock cord from the 
nose cone bulkhead to which the drogue parachute and its protective Nomex sheet 
will be secured using a ¼ inch quick link. There will be a second loop 60 inches further 
down the shock cord where the main parachute will be attached. The ends of the 
upper section shock cord will be connected to the respective bulkheads. For the fin 
can recovery harness. The drogue will be attached to the furthest end of the shock 
cord and there will be a loop 60 in from the fin can bulkhead where the main 
parachute will attach. All recovery harness connection points will be secured using 
¼ inch quick links. 

 

Figure 3-38 Recovery Harness Lengths  
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3.4.1.6 Ejection Charge Sizing 
The sizing of the ejection charges affects 2 different points of separation. In all 3 
cases, 4F black powder is being used. 4 Ejection charges will be used in separation of 
the body sections surrounding the avionics bay.  

Black Powder amounts are calculated based on the force required to break shear 
pins and overcome any friction that exists between body sections. The calculated 
amount of black powder is double checked through ejection testing before every 
flight to confirm that all sections will separate properly. Looking at the subscale 
ejection testing, a pressure rise of 12 psi was enough to separate sections for both 
drogue ejection and main ejection. The determining factor for the amount of black 
powder that is needed is the size of the body tube section. Both sections will have a 
6 in diameter with the drogue cavity being 12 inches long and the main parachute 
cavity being 14 inches long. The cavity for the drogue with the space of the parachute 
subtracted is 291.42 in^3 and the cavity for main is 347.97 in^3. To try and get the 
pressure to rise to the 12-psi amount, the drogue charge will be 5.6 g and the main 
charge will be 6.6 g of black powder. Through ejection testing, we can verify that 
only a 10 psi increase in pressure should be sufficient to separate the section.  For 
10 psi, the black powder charges can then be cut to 4.6 g and 5.5 g for the drogue 
and main, respectively. 

For the secondary charge, the standard convention is to add .5 grams to the primary 
charge to ensure that if the main charge fails to fully separate the sections that the 
secondary charge will fully separate the sections. This means that the end black 
powder charges will be primary drogue 4.6 g and secondary drogue 5.1 g. Primary 
Main will be 5.5 g and secondary main will be 6.0 g.  

Table 3-3 Black Powder Sizes 

Ejection 

amounts 
RockSim Apogee (ft) Actual Apogee (ft) 

Fin Can 

separation 

(Drogue 

Parachute) 

Primary 4.6 g 

Secondary 5.1 g 

Upper section 

separation 

(Main Parachute) 

Primary 5.5 g 

Secondary 6.0 g 

 

3.4.1.7 Tracking Device 
There will be 2 trackers on the launch vehicle. One will be placed in the avionics bay 
to track the location of the upper half of the launch vehicle. The other tracker will be 
placed in the lower payload bay sled. The lower payload bay and fin can will be 
tracked using an EggFinder GPS TX/RX system. The upper half of the launch vehicle 
will also have an EggFinder GPS TX/RX system in the avionics bay. The two 
transmitters will transmit on 921 MHz using the device ID #8 and ID #9 to minimize 
the chance of interference. The EggFinder GPS TX/RX system meet the requirements 
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NASA 3.12 and NASA 2.22.8 of operating a range greater than 5000 feet and output 
power under 250 mW. The EggFinder tracker does not require a license to operate.  

3.5 Mission Performance Predictions 
3.5.1 Launch Day Target Altitude 

As detailed in the PDR document, our target apogee for the launch vehicle is 4,400 feet. 
This was chosen due to the expected weight of the launch vehicle and the chosen motor 
at the time of PDR. The removal of the payload lander from consideration has caused 
launch vehicle weight to reduce considerably, and a higher apogee would have been 
preferable at this stage. Still, an apogee at 4,400 feet is helpful to reduce decent time 
issues from a recovery perspective. 

3.5.2 Updated Flight Profile Simulations 
To better understand the effect of the design changes, new simulations were run in 
RockSim. Based on the RockSim apogee study in Section 3.5.3, the RockSim predicted 
apogees were averaged and multiplied by 0.85 to account for 15% error. The ten 
simulations were run with a 5° cant, a 12-foot launch rail, with wind conditions from 5 to 
15 MPH. The average apogee was 4,412 feet. The estimated max velocity was 572 fps and 
the max acceleration during takeoff was 201.3 ft/s2. Launch stability margin was 2.20 
calibers. The estimated speed at launch rail exit was 64.77 fps. The flight profile of one of 
the simulations is pictured below with the RockSim predicted apogee of around 5,176 
feet corrected to 4,399 feet.  

 

Figure 3-39  RockSim Launch Flight Profile 

3.5.3 Revisited RockSim Apogee Study 
Since PDR, nothing has fundamentally changed about how the study is used, but a 
question raised during PDR presentation about ensuring the correct use of RockSim was 
noted. A thorough investigation to ensure the proper use of the software was conducted, 
and no significant problem was detected in its use. The data from the subscale flight was 
replicated (exact weights, launch conditions, CG) as closely as possible and resulted in 
roughly the same prediction as before the launch. The explanation for the discrepancy is 
understood as a result of complex factors that RockSim does not account for. 
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In previous years, the predicted apogee on RockSim has consistently been overpredicted. 
In the interest of reducing the error and ensuring that predictions are more accurate, the 
predicted apogees of previous years were compared with the actual flight data. As shown 
in Table 3-4 other than the 2020 subscale that experienced extreme weathercocking and 
is considered an outlier, RockSim overestimated the apogee by between 14 and 19 
percent. Hoping to land on the lower side of that interval, an error margin of 15% from 
predicted RockSim apogees is used. This means that the estimated apogees given from 
RockSim are multiplied by 0.85 to account for this trend. Because of the number of data 
points surrounding the study, and the possibility of other conditions causing the 
discrepancy in altitude, this study also concluded that the estimated error is an imperfect 
solution but still serves a purpose to try to reduce error in this observed trend. 

Table 3-4 RockSim Apogee Study 

Year/Scale RockSim Apogee (ft) Actual Apogee (ft) Percent Error 

2020 Full-scale 3500 3000 14.29% 

2020 Subscale 2700 1650 38.89% 

2019 Full-scale 4173 3373 19.17% 

2019 Subscale 1366 1161 15.01% 

 

3.5.4 Ballast Study 
With the removal of the payload lander, ballast in the nosecone was necessary to not only 
better the stability margin of the launch vehicle, but also to help reduce the apogee. Due 
to NASA requirement 2.23.7, the ballast of the launch vehicle may not exceed 10% of the 
non-ballasted launch vehicle weight. Given the unballasted vehicle design weight is 34.41 
lb, the ballast weight may not exceed 3.441 lb. Ballasts from 2 lb to 3.2 lb were selected 
to determine which weight was best for required apogee on the new motor. This study 
shows that a ballast weight of around 3 lb is preferable to get closest to predicted apogee. 

Table 3-5 Ballast Weight vs Apogee Study 

Ballast Weight (lb) Predicted Apogee (ft) 

2.0 4590 

2.2 4565 

2.4 4523 

2.6 4496 

2.8 4457 

3.0 4399 

3.2 4344 

 

3.5.5 Updated Fin Stability Margin Study 
Continuing from PDR, this study looks at the adjustment in stability for the updated 
vehicle design to ensure that stability can still be adjusted with this method. The study 
found that a span slightly smaller than 6.6 is desirable for a 2.2 caliber stability margin. 
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Table 3-6 Fin Span vs Stability Margin Table 

Fin Span (in) 
Stability Margin 

(Calibers) 

6.0 1.75 

6.2 1.94 

6.4 2.14 

6.6 2.21 

6.8 2.4 

7.0 2.52 

 

3.5.6 Analytical Apogee and Stability Margin 
In an effort back up simulations done in RockSim, analytical methods are used to 
determine launch vehicle apogee and stability margin. 

3.5.6.1 Apogee Calculations 
Various metrics of the launch vehicle are required to analytically predict the apogee. 
All significant values are recorded in Table 3-7. The results are in Table 3-8. The 
reference area of the launch vehicle, A, is first calculated using: 

Table 3-7 Apogee Constant Table 

Name Variable Value Units 

Radius R 0.08 m 

Density  ́ 1.225 kg/m2 

Coefficient of Drag CD 0.4 N/A 

Thrust T 850 N 

Mass M 17.19 kg 

Gravitational 

Constant 
g 

9.81 
m/s2 

Burn Time t 4.4 s 

 

  ὃ “Ὑ ςπzρπ ά  (3.2) 

 

Then the wind resistance coefficient, k, is calculated using: 

Ὧ πȢυ”ὅὃ τz ρπ
ὯὫ

ά
 (3.3) 

 

Then launch vehicle metrics q and x, used to calculate max velocity of the vehicle are 
calculated using: 
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The maximum velocity of the launch vehicle, Vmax, is calculated using: 

ὺ ή
ρ Ὡ

ρ Ὡ
ρφςȢφχ

ά

ί
 (3.6) 

 

Then the launch vehicle height on motor burnout, hburnout, is calculated using vmax: 

Ὤ
ὓ

ςὯ
ÌÎ
Ὕ ὓὫ Ὧὺ

Ὕ ὓὫ
σχπȢτυά (3.7) 

 

And the launch vehicle height on coast, hcoast, is also calculated using vmax: 

Ὤ
ὓ

ςὯ
ÌÎ
ὓὫ Ὧὺ

ὓὫ
ωωωȢςά (3.8) 

 

By adding hburnout and hcoast together, the maximum height, hmax, is calculated: 

Ὤ Ὤ Ὤ ρσφωȢφά ττωσȢυὪὸ (3.9) 

 

Table 3-8 Apogee Comparison 

Method Apogee (ft) 

RockSim 4,399 

Analytical 4,493.5 
 

The RockSim apogee matches the hand calculations and is within 100 feet. This backs 
up our RockSim apogee study and helps to confirm our 15% error correction of the 
predicted apogee. As pointed out in the PDR presentation, it is estimated that the 
analytical predictions match out error correction because of the variability of the 
coefficient of drag term. While 0.4 was an average, it could go up to 0.45 and as low 
as 0.35 at certain times in the flight. RockSim calculates the CD as it varies 
throughout the flight, but our analytical prediction does not. 
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3.5.6.2 Stability Margin Calculations 
Different metrics are required to determine the launch vehicle stability margin. The 
analytical method used to calculate the stability margin is calleŘ ǘƘŜ .ŀǊǊƻǿƳŀƴΩǎ 
method. All significant variables are in Table 3-9. The results are in Table 3-10. 

Table 3-9 Stability Margin Constant Table 

Variable Value Units 

ὒ  26 Inches 

Ὓ 6.27 Inches 

ὢ  3.3421 Inches 

ὅ 7.8 Inches 

ὅ 11.125 Inches 

Ὑ 3 Inches 

ὔ 4 N/A 

ὢ  87 Inches 

ὅ  2 N/A 

ὅὋ 63.5 inches 
 

The arm length of the nosecone XN, is determined from the relationship between the 
length of an ogive nosecone, LN, using: 

                         ὢ πȢτφφὒ ρςȢρὭὲὧὬὩί (3.10) 

 

The fin sweep angle is calculated using the fin semi-span, S, and fin sweep length, XN, 
using: 

                          — ωπЈÔÁÎ
Ὓ

ὢ
ςψȢρЈ (3.11) 

 

Using sweep angle, ̒, chord tip length, CT, chord root length, CR, the fin mid-chord 
line length, LF, is calculated: 

        ὒ Ὓ
ρ

ς
ὅ

ρ

ς
ὅ

Ὓ

ÔÁÎ—
χȢπσὭὲὧὬὩί (3.12) 

 

Then the coefficient for the fins, CF, can be calculated using the radius of the launch 
vehicle, R, and the number of fins, N, using: 

                      ὅ ρ
Ὑ

Ὓ Ὑ

ở

ờ
τὔ

Ὓ
ςὙ

ρ ρ
ςὒ
ὅ ὅ Ợ

Ỡ  ρπȢσ (3.13) 
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The arm length for the fins, XF, is calculated using the distance from nose cone to fin 
root chord, XB, and a few other existing values: 

                                  ὢ ὢ
ὢ

σ

ὅ ςὅ

ὅ ὅ

ρ

φ
ὅ ὅ

ὅὅ

ὅ ὅ
ωπȢωφὭὲὧὬὩί (3.14) 

 

Using CN, and other values, the center of pressure, XCP, is calculated using: 

                     ὢ
ὅὢ ὅὢ

ὅ ὅ
χψȢρτὭὲὧὬὩί (3.15) 

         

Finally, the stability margin, SM, is calculated using the center of pressure, XCP, and 
center of gravity, XCG, using: 

                   Ὓ
ὢ ὢ

Ὑ
ςȢττὧὥὰὭὦὩὶί (3.16) 

Table 3-10 Stability Margin Comparison 

Method Stability Margin (Calibers) 

RockSim 2.20 

.ŀǊǊƻǿƳŀƴΩǎ 2.44 

¢ƘŜ wƻŎƪ{ƛƳ ǎǘŀōƛƭƛǘȅ ƳŀǊƎƛƴ ƛǎ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ .ŀǊǊƻǿƳŀƴΩǎ ƳŜǘƘƻŘ ǘƘƛǎ ǘƛƳŜΣ ŀǎ 
noted in the Fin Span stability margin study, small changes in the fin span can result 
in substantial changes in stability margin. The length of the rocket has also decreased 
ŦǊƻƳ t5wΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘƛǎ ƭŀǊƎŜǊ ǎǘŀōƛƭƛǘȅ ƳŀǊƎƛƴ ŦƻǊ ǘƘŜ .ŀǊǊƻǿƳŀƴΩǎ ƳŜǘƘƻŘΦ 
Despite this, both of these margins are above the NASA and close to TDR 
requirements for stability margin. 

3.5.7 Kinetic Energy Landing 
Kinetic Energy is calculated using mass and velocity of each body section which is modeled 
in the equation below where KE is Kinetic Energy, m is mass, and V is velocity: 

ὑὉ άὠ                                                                               (3.17) 

The maximum kinetic energy as determined by NASA requirement 3.3 tells us what the 
maximum speed each of the sections can descend at for that requirement to still be 
achieved. Those maximum descent velocities are shown in Table 3-19. The minimum 
velocity determines what the size of the main parachute can be.  

Table 3-11 Maximum Descent Velocity 

Section Mass  Maximum Descent Velocity 

Nosecone .3755 slugs 20.0 ft/s 

Midsection .2353 slugs 25.2 ft/s 

Fin Can .4230 slugs  18.8 ft/s 
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²ƛǘƘ ǘƘŜ ƳŀȄƛƳǳƳ ǾŜƭƻŎƛǘȅ ŎƻƴǎǘǊŀƛƴŜŘΣ ǘƘŜ ŦǊǳƛǘȅ ŎƘǳǘŜǎ слέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ ǿŀǎ ǳǎŜŘ 
to calculate the descent velocity and then the Kinetic Energy for each section was 
calculated. Table 3-20 shows the kinetic energy of each body section upon landing.  

Table 3-12 Body Section Kinetic Energy at Landing 

Section Mass Descent Velocity 
Kinetic 
Energy 

Nosecone .3755 slugs 19.74 ft/s 73.2 ft-lbf 

Midsection .2353 slugs 19.74 ft/s 45.8 ft-lbf 

Fin Can .4230 slugs 16.43 ft/s 57.1 ft-lbf 

 

The table above shows both what the maximum kinetic energy for each section will be. 
The maximum kinetic energy experienced will be on the nose cone section. It will 
experience 73.2 ft-lbf upon landing. The fin can separate from the rest of the launch 
vehicle means that the descent rate is different from each other, but all three sections 
still recover under the kinetic energy limit.  

3.5.8 Descent Time 
Descent time is an important part of the drift calculations. See Section 3.5.9 on drift 
calculations to see in depth descent time calculations. 

3.5.9 Drift Calculations 
The expected drift is calculated with a few assumptions. The first one is that the launch 
vehicle flies straight with no weather cocking. The second is that the parachutes deploy 
perfectly and instantly at the altitude we expect. At apogee, drogue deploys instantly, the 
fin can separates instantly at apogee, and the terminal velocity is immediately reached. 
On descent, when the launch vehicle descends to 600 and 700 feet the main is deployed 
for the fin can and upper section, the terminal velocity of the vehicle is reached instantly. 
The third is the wind is considered constant and the launch vehicle and the payload both 
drift in one direction at that wind speed being calculated.  

The assumptions make this calculation a less accurate representation of real day wind 
drift but does give a picture of worst-case scenarios should these wind conditions occur. 
It will take longer for the deployment to reach terminal velocity, which will add a few 
seconds to the descent time.  

Using the distances between apogee, main deployment, and landing along with the 
descent velocities under each parachute and with the lander attached and not attached, 
the time it takes to descend between each distance can be calculated. Using the formula 
below where t is total time of descent, ᾀis the apogee altitude, ᾀ  is the main parachute 
deployment altitude, ᾀ is the jettison altitude, ὺ is the descent velocity under drogue, 

ὺ  is the descent velocity under main, ὺ is the descent velocity under main after the 

lander has jettisoned:  

ὸ                                                      (3.18) 

With the launch vehicle expected to reach an altitude of 4400 ft, the calculation gives a 
descent time of 81.2 seconds for the upper section and 82.6 seconds for the fin can. 
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Multiplying that descent time by the wind speed, we get the wind drift for the launch 
vehicle at the various speeds as shown in the table below. 

Table 3-13 Drift and Descent time for Upper Half and Fin Can 

 Upper Section Fin Can 

MPH Apogee Descent Time Wind Drift Descent Time Wind Drift 

0 4400 ft 81.2 s 0 ft 82.6 s 0 ft 

5 4400 ft 81.2 s 595.3 ft 82.6 s 605.6 ft 

10 4400 ft 81.2 s 1190.6 ft 82.6 s 1211.3 ft 

15 4400 ft 81.2 s 1785.9 ft 82.6 s 1816.9 ft 

20 4400 ft 81.2 s 2381.2 ft 82.6 s 2422.5 ft 

The worst-case scenario is that in 20 MPH winds, the upper section will go 2381.2 
ft while the fin can will go 2422.5 ft. Both of these distances are well within the 
requirements of 2500 ft.   

3.5.9.1 Alternative Calculation Method 
The alternative calculation method also uses RockSim.  

Table 3-14 Maximum Descent Time and Wind Drift 

 Upper Section Fin Can 

MPH Wind Drift 
Descent 

Time 

Wind 

Drift  

Descent 

Time 

0 0 ft 56 s 0 ft 78 s 

5 677 ft  56 s 40 ft 78 s 

10 1245 ft 55 s 40 ft 77 s 

15 1654 ft 54 s 30 ft 77 s 

20 1950 ft 54 s 20 ft 76 s 

 

Figure 3-40 RockSim Drift during 20 mph winds 

The maximum descent time and wind drift was taken from the simulation information. 
Using RockSim we were able to better consider the fact that the rocket will weather cock 
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into the wind and once the parachutes deploy, the sections will drift back towards the 
launch rail. Given this slightly more accurate simulation, the upper section should go the 
farthest and will drift only 1950 ft from the launch rail. This is well under the drift limits.  

3.5.10 Parachute Opening Shock Calculations 
The parachute opening shock calculations are done by taking the change in velocity that 
the launch vehicle is experiencing and the time it takes the parachute to open. Equation 
3.19 is used to approximate the time it takes for the parachute to completely open, where 
r is the radius of the parachute, V is the terminal velocity before that point, ὸ is the time 
and 8 is a coefficient that was taken from Ludtke for cloth parachutes:  

ὸ  
ᶻ

                                                                    (3.19) 

Time calculated for ǘƘŜ слέ LǊƛǎ ¦ƭǘǊŀ ŎƻƳǇŀŎǘ ǘƻ ƻǇŜƴ ƛǎ Φн ǎŜŎƻƴŘǎΦ hƴŎŜ ǘƘŜ ǘƛƳŜ ƛǘ ǘŀƪŜǎ 
for the parachute is open is calculated, the opening shock can be calculated as the 
difference in terminal velocities of the parachutes divided by the time that was calculated 
in Equation 3.19. This is shown in the equation below with ὥ being the deacceleration 
that the vehicle feels,  ὸ being the time for the chute to open, ὺ is the terminal velocity 
of the drogue parachute, and ὺ  is the terminal velocity of the main parachute: 

ὥ                                                                     (3.20) 

The opening shock on each section is shown below. The opening shock on the main 
parachute for the upper section is 151.216 lbf which has a safety factor of 39 for the shock 
cord.  

Table 3-15 Main Deployment Opening Shock 

Section Mass Opening Shock 

Nose Cone and UPB .3755 slugs 114.867 lbf 

Midsection .2353 slugs 71.9822 lbf 

Upper Section .6108 slugs 186.849 lbf 

Fin Can .4230 slugs 139.721 lbf 

 

 

 

 

 

 

 

 

 



 

2022 NASA Student Launch | Tacho Lycos 48 

 

4. Payload Criteria 

4.1 Payload Mission Statement 
The objective of the payload mission is to design a payload capable of autonomously locating 
ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜ ǳǇƻƴ ƭŀƴŘƛƴƎ ōȅ ƛŘŜƴǘƛŦȅƛƴƎ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ ƎǊƛŘ Ǉƻǎƛǘƛƻƴ ƻƴ ŀƴ ŀŜǊƛŀƭ 
image of the launch site without the use of a global positioning system (GPS). The 
method(s)/design(s) utilized to complete the payload mission are acceptable so long as the 
designs are deemed safe, obey FAA and legal requirements, and adhere to the intent of the 
challenge.   

 

This payload challenge is intended to simulate mission procedures that might take place when 
landing a vehicle on another planet. When vehicles are sent to other planets, it is important 
for engineers and scientists to know where they are. Locating vehicles on other planets must 
be done without the use of GPS, given that satellite systems do not exist there. As such, 
vehicles must determine their own location after landing on other planets. Vehicles can 
achieve this by collecting data about their motion and surroundings, and then processing it 
accordingly. 

 

4.2 Payload Success Criteria 
Table 4-1 Payload Success Criteria Table 

Success Level Payload Aspect Safety Aspect 

Complete Success The payload gathers data from all 

sources and uses it to correctly 

identify which square the launch 

vehicle is in and communicates 

this back to mission control 

All risks are mitigated, no one 

is injured or otherwise 

harmed 

Partial Success The payload communicates back 

to mission control where the 

launch vehicle is within a few 

squares of its actual location 

Risks are mitigated, but there 

are some close calls during 

execution of the mission, but 

no one is injured or otherwise 

harmed 

Partial Failure The payload communicates back 

to mission control, but it is 

inaccurate in its calculations 

OR 

The payload accurately calculates 

where the launch vehicle is, but 

does not communicate this back 

to mission control 

Some risks are unmitigated, 

minor injuries occur 



 

2022 NASA Student Launch | Tacho Lycos 49 

 

Complete Failure The payload does not calculate 

where the launch vehicle is 

accurately AND it does not 

communicate with mission 

control 

Risks are unmitigated, major 

injuries occur 

 

4.3 Payload System Summary 
4.3.1 Aerial Photographing and Positioning Apparatus (APPA) 

Previously referred to as Baseline solution 1 in PDR, APPA is the design alternative which 

we have chosen. APPA Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ǎȅǎǘŜƳ ŎŀǇŀōƭŜ ƻŦ ƛŘŜƴǘƛŦȅƛƴƎ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ 

landing location on the launch field. APPA will use state-space tracking to measure the 

movement and determine the relative position of the launch vehicle during flight. APPA 

will collect visual data with two cameras, acceleration, and orientation data with an 

inertial measurement unit (IMU), and altitude data with a barometric altimeter. Visual 

data will be processed with an image recognition framework to determine the launch 

ǾŜƘƛŎƭŜΩǎ ǊŜƭŀǘƛǾŜ ƭƻŎŀǘƛƻƴ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŦƭƛƎƘǘΦ ¢Ƙƛǎ ǊŜƭŀǘƛǾŜ ƭƻŎŀǘƛƻƴ Řŀǘŀ ǿƛƭƭ ōŜ 

synthesized with inertial data via an Extended Kalman Filter (EKF) to determine the launch 

ǾŜƘƛŎƭŜΩǎ Ŧƛƴŀl location. Upon landing, APPA will transmit the final grid location to the 

ground station using LoRa. 

4.3.1.1 The Gridded Image 
To create the gridded image of the competition launch field, shown in Figure 4-1, 

Google Earth Pro was used to overlay the grid lines on top of a satellite image of the 

field. The image provided by NASA during the Proposal Acceptance Q&A, which 

included a circle of radius 2500 ft. overlayed onto the field, was used as a reference 

to determine where the grid should be centered, which is marked with a red 

diamond. This red diamond marks an approximate center square, but since the grid 

has an even number of spaces on either side this does not mark the exact center of 

the grid. The grid was made larger than necessary to provide a wide range of options 

for the final grid placement, whose outline is in red. This red outline represents the 

5000 x 5000 ft square, and each of the individual squares are 250 x 250 ft. A scale 

has been provided in the bottom right corner for reference. The boxes are numbered 

from left to right, then top to bottom (numbered in rows), with 1 in the top left 

corner and 400 in the bottom right. 
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Figure 4-1 Gridded Image of Huntsville Launch Field 

4.3.2 Experimental Payload: Means of Obtaining Meaningful Observations (MOMO) 
The Means of Obtaining Meaningful Observations (MOMO) system will be included as an 

experimental payload. Throughout flight, it is difficult to determine the true behavior of 

the drogue parachute, given that the launch vehicle is typically out of sight during drogue 

descent. However, based on previous film data, it is clear that the motion of the launch 

vehicle can be chaotic under drogue. Understanding the behavior of the drogue 

parachute itself will provide insights about vehicle motion and stability under drogue. 

These insights could aid in future design scenarios where stability of the launch vehicle is 

important during all segments of flight. As such, the MOMO system will consist of two 

cameras at the bottom of the Upper Payload Bay that will record the deployment of 

drogue and the behavior of the drogue parachute during descent. This video will be stored 

on a microcontroller for post-flight analysis. 

4.4 APPA 
APPA consists of state-space tracking using various methods to measure the movement and 
position of the flight vehicle. As the name implies, the sensing suite will consist of two 
cameras, an Inertial Measurement Unit (IMU), and a barometric altimeter. Data collected via 
these methods will be synthesized via an Extended Kalman Filter EKF. The EKF is a way of 
combining measurements from the known physical system to minimize uncertainty as the 
measurements are integrated over time. To implement this solution, the sensing suite and 
data processor will be contained within the same section of the launch vehicle ς the lower 
payload compartment within the fin can.  

4.4.1 APPA Functional Representation 
A functional representation of APPA is shown in Figure 4-2 below. Data collection will 

begin after a short delay once the payload is powered on the launch pad. Altimeters will 



 

2022 NASA Student Launch | Tacho Lycos 51 

 

measure vehicle altitude, and IMUs will measure vehicle acceleration and orientation 

over time. IMU and altitude information will be temporarily saved to the RAM of a 

secondary microcontroller (Arduino Nano) before being transmitted to the primary 

microcontroller (4 GB NVIDIA Jetson Nano) for further processing. Two IMX219 cameras 

will record video of the launch field during vehicle flight. These images will be recorded 

and stored on the пD. WŜǘǎƻƴ bŀƴƻΩǎ {5 ŎŀǊŘ prior to processing. Data collection will end 

once the IMU acceleration data and altimeter data have detected a landing. All data will 

be processed on the 4GB Jetson Nano after the vehicle lands.  

An image recognition framework and an Extended Kalman Filter will process the data. 

Using this software, the 4GB Jetson Nano will determine a position estimate with a 

quantified uncertainty. This position estimate will be transmitted to the ground station 

via a LoRa transmitter (REYAX RYLR896). The APPA electronics sled will also house a GPS 

to locate the fin can after it separates from the rest of the launch vehicle. The Eggfinder 

GPS will bŜ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ǊŜǎǘ ƻŦ !tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎΦ ¢Ƙƛǎ ŘŜƳƻƴǎǘǊŀǘŜǎ ǘƘŀǘ ǘƘŜ Dt{ 

is not being used in the payload challenge, and it satisfies the requirement that recovery 

system electronics are independent of payload electronics. The Eggfinder GPS will 

tranǎƳƛǘ ǘƘŜ Ŧƛƴ ŎŀƴΩǎ Ŧƛƴŀƭ ƭƻŎŀǘƛƻƴ ǘƻ ŀƴ ƛtƘƻƴŜ ǊŜŎŜƛǾŜǊ ŀǘ ǘƘŜ ƎǊƻǳƴŘ ǎǘŀǘƛƻƴΦ  

 

Figure 4-2 APPA Functional Diagram 
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Figure 4-3 APPA Electronics Schematic 

Figure 4-о ŀōƻǾŜ ǎƘƻǿǎ !tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ ǎŎƘŜƳŀǘƛŎΣ ŀǇŀǊǘ ŦǊƻƳ ǘƘŜ 9ƎƎŦƛƴŘŜǊ Dt{ ƻƴ 

!tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ ǎƭŜŘΦ !ǎ ƴƻǘŜŘ ƻƴ ǘƘŜ ŦǳƴŎǘƛƻƴŀl diagram, all APPA electronics will be 

ǇƻǿŜǊŜŘ ǿƛǘƘ ŀ тΦп± όн{ύ [ƛtƻ ōŀǘǘŜǊȅΦ tƻǿŜǊ ǘƻ !tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ ǿƛƭƭ ōŜ ŎƻƴǘǊƻlled 

through a screw switch accessible from outside of the launch vehicle. This will ensure that 

electronics can be powered on right before launch, thereby saving memory on the 

ǎȅǎǘŜƳΩǎ {5 ŎŀǊŘ ŀƴŘ ŀƭƭƻǿƛƴƎ ǘƘŜ ǎȅǎǘŜƳ ǘƻ Ƴŀƛƴǘŀƛƴ ƛǘǎ ōŀǘǘŜǊȅ ƭƛŦŜ ŀŦǘŜǊ ǎƛǘting on the 

launch pad for up to two hours. The battery will be connected to a 5V Buck Converter, so 

that the circuit is provided with 5V rather than 7.4V. The buck converter is necessary so 

that the 4GB Jetson Nano can be powered safely. The buck converter will directly feed 

ǇƻǿŜǊ ǘƻ !tt!Ωǎ ƳƛŎǊƻŎƻƴǘǊƻƭƭŜǊǎ ǘƘǊƻǳƎƘ ǇƻǿŜǊ ǇƛƴǎΦ ¢ƘŜ пD. WŜǘǎƻƴ bŀƴƻ ǿƛƭƭ ŎƻƴƴŜŎǘ 

to the two IMX219 cameras via CSI communication, and it will connect to the REYAX 

RYLR896 LoRa chip via a UART protocol. The Arduino Nano will connect to the DPS310 

altimeter through I2C, and it will connect to the 3DM-GX5-IMU through UART as well. 

Finally, the Arduino Nano and 4GB Jetson Nano will use serial communication to transfer 

data between them. 

The wiring diagram for APPA is shown in Figure 4-4. This diagram shows specifically how 

the electronic components will be connected to each other. The hardware of the battery 

and screw switch was omitted as their connections are straightforward and would clutter 

the diagram. The figure is best thought of as the physical version of the conceptual 

electronics schematic in figure 4-3 above. 
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Figure 4-4 APPA Electronics Wiring Diagram 

4.4.1.1 Imaging Procedure 
Two Jetson compatible IMX-219 cameras will be connected to a 4GB NVIDIA Jetson 

Nano in the lower payload compartment and externally mounted to the side of the 

launch vehicle facing towards the ground. For the duration of the flight, the cameras 

will be recording and saving the images to the Jetson while the IMU and altimeter 

collect data simultaneously. In the hour after landing, the Jetson will process the 

images using the Convolutional Neural Network (CNN) designed to recognize certain 

launch field landmarks from above. In processing, the Jetson will use the information 

ŦǊƻƳ ǘƘŜ ƛƳŀƎŜǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ ƭƻŎŀǘƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƭŀƴŘƳŀǊƪǎ 

it sees, which will then be used to supplement the IMU data. The purpose of this is 

to reduce IMU error by giving it new baselines to work from at various points in time. 

4.4.1.2 Image Recognition 
In order to properly utilize the data obtained from the externally mounted cameras, 

several image recognition techniques must be used and combined to get an accurate 

final result. 

A CNN will be used to detect and identify landmarks that can be seen in the images 

taken by the cameras. These landmarks will include but are not necessarily limited 

to: Bragg farms and the various structures it includes, the tree line on the West side 

of the launch field, the house and surrounding property in the middle of the launch 

field, and the roads, paths, irrigation systems, and intersections surrounding and on 

the field. To do this for the purposes of APPA, the CNN will be given many overhead 

images of each of these landmarks at varying orientations and altitudes. Pre-training 

will also be done with images of objects that are similar to our exact landmarks. Using 

as many images as possible ensures that the CNN is well trained and can identify 

what we want it to. 
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Choosing the right CNN architecture for this project is vital to its success, and there 

are a variety to choose from. Many of these are available from Keras, which can then 

be imported to TensorFlow. The architecture options available from Keras are 

tabulated in Table 4-2. The aŎŎǳǊŀŎȅ ŀƴŘ ǘƛƳŜ ǾŀƭǳŜǎ ǊŜŦŜǊ ǘƻ ŜŀŎƘ ƳƻŘŜƭΩǎ 

performance on the ImageNet validation dataset, a standard test for CNN 

architectures, while the other columns are properties of the architectures. Top-1 

shows how accurate the architecture is with its top choice of object classification. 

Top-5 tests if the correct classification was in the top 5 predictions. Table 4-2 has 

been sorted by Top-1 accuracy. The time per inference when using GPU will be 

considered more than CPU since the NVIDIA Jetson Nano was partially chosen for its 

GPU performance. The NASNetLarge, InceptionResNet, Xception, and ResNet152V2 

architectures are the best choices in terms of both Top-1 and Top-5 accuracy. They 

are all similar in terms of their accuracy, so the top 2 were considered most seriously. 

With a difference of 0.022 in Top-1 Accuracy and 0.007 in Top-5 Accuracy, time per 

inference was the biggest consideration when choosing between the NASNetLarge 

and InceptionResNetV2 architectures. While the Inception is less accurate, it is able 

to make inferences in half the time of the NASNet. This is a considerable difference 

out of context, but since for GPU processing it is on the scale of 10-20 ms, this does 

not seem to be as much of an issue as the time would be if CPU processing was being 

utilized. For these reasons, the NASNetLarge is the chosen architecture for our CNN. 

The diagram detailing its layers and structure can be seen in Figure 4-5.The structure 

is made up of Normal and Reduction Cells that have their own internal structures 

that run the image Convolutional and Pooling layers that are then combined by the 

green add layers. This makes for a complex architecture that causes both the 

accuracy and longer time per inference as seen in Table 1-2 

Table 4-2 List of Architectures Available From Keras 

Architecture 
Size 

(MB) 

Top-1 

Accuracy 

Top-5 

Accuracy 
Parameters Depth 

Time 

(ms) Per 

Inference 

(CPU) 

Time 

(ms) Per 

Inference 

(GPU) 

NASNetLarge 343 0.825 0.96 88,949,818 - 344.51 19.96 

InceptionResNetV2  215 0.803 0.953 55,873,736 572 130.19 10.02 

Xception  88 0.79 0.945 22,910,480 126 109.42 8.06 

ResNet152V2 232 0.78 0.942 60,380,648 - 107.5 6.64 

InceptionV3  92 0.779 0.937 23,851,784 159 42.25 6.86 

DenseNet201  80 0.773 0.936 20,242,984 201 127.24 6.67 

ResNet101V2 171 0.772 0.938 44,675,560 - 72.73 5.43 
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ResNet152 232 0.766 0.931 60,419,944 - 127.43 6.54 

ResNet101 171 0.764 0.928 44,707,176 - 89.59 5.19 

DenseNet169  57 0.762 0.932 14,307,880 169 96.4 6.28 

ResNet50V2 98 0.76 0.93 25,613,800 - 45.63 4.42 

DenseNet121  33 0.75 0.923 8,062,504 121 77.14 5.38 

ResNet50 98 0.749 0.921 25,636,712 - 58.2 4.55 

NASNetMobile  23 0.744 0.919 5,326,716 - 27.04 6.7 

MobileNetV2  14 0.713 0.901 3,538,984 88 25.9 3.83 

VGG16 528 0.713 0.901 138,357,544 23 69.5 4.16 

VGG19 549 0.713 0.9 143,667,240 26 84.75 4.38 

MobileNet  16 0.704 0.895 4,253,864 88 22.6 3.44 

 

 

Figure 4-5 NASNetLarge Architecture Structure 

On top of object detection using a CNN, the triangle similarity method will be used 

to find the distance from the cameras on the launch vehicle to the landmarks in the 

images. This method is described in Equation 4-1 where D is the distance from the 

camera to the object, F is the perceived focal length of the camera, W is the real-

world width (or length) of the object, and P is the number of pixels the specified 

dimension occupies in the image. The perceived focal length will be calculated by 

taking images of objects with known dimensions and distance from the camera, and 

rearranging Equation 4.1 to solve for F. The real-world dimensions of each landmark 
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will be obtained using satellite images and any scale or measure distance feature 

provided. Each landmark must also be related to where they are on or around the 

grid. This means knowing the distances from at least one point of each landmark to 

a location on the grid, such as a corner. These things will take some time to get right, 

but are relatively simple. Finding P, on the other hand, will be a little more 

complicated. 

Ὀ                                                               (4.1) 

Corner detection methods will be used to find the endpoints of objects in the 

images. By doing this, the microcontroller can get a more accurate idea of where 

the object is in the picture and in turn can more accurately determine how many 

pixels correspond to the edge of an object. Edge detection methods could also be 

used to similar effect, but testing will determine which is more effective. 

4.4.1.3 Data Collection Fusion and Handling 
All data originates from the various sensors. Images are taken by the onboard 

cameras and recorded to and processed onboard the Jetson Nano. IMU and pressure 

information is measured and then temporarily saved to the RAM of the secondary 

microcontroller. The secondary microcontroller will then send the data via serial 

communication to the primary microcontroller, where it will be logged. Data 

collection will begin after a short delay once the payload is powered on the launch 

pad. Data collection will end once the IMU acceleration data and altimeter data have 

detected a landing.  

Data processing will almost entirely be done after landing once collection has 

stopped. The exception is the altimeter pressure data. The pressure readings will be 

processed in real time to find altitude. This information will be used by the payload 

to determine when the launch vehicle has landed. Data that will be used as input to 

the Kalman filter will be the altitude measurements, 3-axis acceleration 

measurements, and 3-axis gyroscope measurements. 

The initial state of the rocket will be at position (0,0,0), and orientation vertical, and 

altitude will be recorded and used as an offset such that it is 0. Then the filter will be 

updated by measurements. Each measurement has a matrix associated with it, and 

that matrix will be used to update the Kalman filter. The Kalman filter will be 

constructed to take in the measurement data and then propagate the state 

according to the equations of motion. The final position estimate will then be used 

to guess a grid square. 
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Figure 4-6 Flowchart for the propagation of a Kalman Filter1 

From the diagram above, we can see the process for each iteration of the Kalman 

filter. This will be run for each measureƳŜƴǘ ƻŦ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ǎǘŀǘŜΥ ŎŀƳŜǊŀΣ La¦Σ ŀƴŘ 

altimeter measurements. The ὼ vector represents the state of the vehicle, 

encompassing linear and angular position and motion. Since we measure linear 

acceleration, we must include the first derivative of position in our state, but the 

gyroscopes measures angular speed which is directly related to  

ὼ ὼȟώȟᾀȟὼȟώȟᾀȟ‌ȟ‍ȟ‎ȟ‌ȟ‍ȟ‎  (4.2) 

The matrix F is called the state extrapolation matrix and is used to describe how the 

motion which the system follows. This component can be thought of as the 

collection of equations of motion for the 6 axes of movement of the rocket: 

 ᾀ ᾀ Ὠὸᾀ ᾀ Ễ Though, these equations are truncated to the order 

below that which forces on the system would act. Thus: 

Ὂ

Ὅ ὨὸὍ π π
π Ὅ π π
π π Ὅ ὨὸὍ
π π π Ὅ

                                                 (4.3) 

 

1 (www.kalmanfilter.net), Alex Becker. ñOnline Kalman Filter Tutorial.ò Kalman Filter Tutorial, 2021, https://www.kalmanfilter.net/multiSummary.html.  
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Now, the predicted forces acting on the system must be modeled, this is essentially 

ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ bŜǿǘƻƴΩǎ нnd Law to the system. Here gravity, drag, along with 

pitching moment will be modeled. The ό  vector represents the forces on the system 

while the G matrix represents the relationship between those forces and the 

behavior of the state space of the vehicle. 

The P matrix represents the uncertainty of a given state which can first be found as 

the covariance of the initial state. The Q matrix represents the process noise model 

for the system. It will encapsulate the dependency of uncertainty between related 

state values, think how a variance in acceleration will be propagated to variance in 

position and velocity. 

The H matrix is called the observation matrix, it equates the measurements that we 

take to the state space variables. The R matrix contains information about the 

measurement uncertainty, this will be filled with values either provided from the 

sensor manufacturer or from experimental data. Finally, Kn is the Kalman Gain. This 

matrix tells us how much we want the state space to be affected by measurements 

as opposed to the extrapolated state we found in the first part. 

4.4.1.4 Communication 

4.4.1.4(a) Communication Method 
Communication between the launch vehicle and the ground station will be 

achieved via transceivers utilizing the LoRa modulation technique mentioned in 

the PDR. Information on interest will be available on the Jetson Nano. The Jetson 

will then be communicating with the LoRa module, the REYAX RYLR896, via UART 

serial communication. The module will then transmit the information of interest 

to be received by a corresponding receiver on the ground station. The module 

has an ideal maximum range of 15 km and a typical maximum range of 4.5 km 

which satisfies the team derived requirement PF 12.3D 

4.4.1.4(b) Communication Contents 
Ultimately the only information that must be transmitted is the estimate of the 

grid square which the vehicle is located in. This transmission will be done post 

landing once all processing is complete. Some diagnostic information is being 

considered for transmission as well, pending a test of the performance of the 

Jetson at recording flight and transmitting data simultaneously. Diagnostic data 

could include: 

¶ Breadcrumb reports for when the system detects takeoff and landing 

¶ Status updates on the progress of data processing 

¶ An accompanying uncertainty measure with the final estimate 

¶ Live altitude data from the rocket 

¶ Measured apogee / deployment acceleration 

4.4.1.4(c) Ground station 
APPA will transmit the information to the receiver at the ground station. The 

ground station will be powered by portable batteries to ensure it will be charged 
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and able to receive the signal. The ground station will consist of a computer 

plugged into a pie that connects to a LoRa module. Also at the ground station a 

smart phone will receive GPS data from the Eggfinder GPS. 

4.4.2 APPA System Elements 
APPA consists of sensors that gather data and microcontrollers that process the data. The 

sensor suite includes two cameras, an IMU, and a barometric altimeter. An Arduino Nano 

will record measurements from the barometric altimeter and the IMU. A 4GB NVIDIA 

Jetson will conduct image processing and data fusion to determine vehicle location. Other 

ǘƘŀƴ ŎŀƳŜǊŀǎΣ ŀƭƭ ǎŜƴǎƻǊǎ ŀƴŘ ƳƛŎǊƻŎƻƴǘǊƻƭƭŜǊǎ ǿƛƭƭ ōŜ ƳƻǳƴǘŜŘ ƻƴ !tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ ǎƭŜŘ 

housed within the fin can. The two cameras will be contained within camera housings 

external to the launch vehicle, located between fins on the fin can. Finally, to track the 

ƭƻǿŜǊ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΣ ŀ Dt{ ǿƛƭƭ ōŜ ƛƴŎƭǳŘŜŘ ƻƴ !tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ ǎƭŜŘΦ ! 

second battery will be included for the sole purpose of powering the GPS. As such, the 

GPS will be independent from all other APPA electronics. 

4.4.2.1 APPA Sled Design  
The ǎǘǊǳŎǘǳǊŜ ƻŦ !tt!Ωǎ ǎƭŜŘ Ŏƻƴǎƛǎǘǎ ƻŦ ŦƻǳǊ ƘƻǊƛȊƻƴǘŀƭ ǇƭŀǘŦƻǊƳǎ ŎƻƴƴŜŎǘŜŘ ōȅ ŀ 
shell on the outside. The uppermost and lowermost platforms allow the payload to 
securely attach to the bulkheads enclosing the lower payload compartment. The 
central horizontal platforms provide space for electronics to be attached. The 
connection between sled platforms and walls will be filleted to provide strength. 

To provide adequate space for cables to navigate through the payload bay from the 
middle platform to the upper and lower circular platforms, the middle platform will 
be a rectangular platform with gaps on the side. Cables will pass through these gaps, 
between the platform and the body tube, to connect the microcontroller to other 
components on the APPA sled.  

!tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ sled will be 3D printed in PLA for weight savings. As the sled is 
currently designed, the sled will not be able to be printed without a significant 
amount of supports. Because supports can be difficult to remove safely, the sled is 
being printed in modules that will be epoxied together. Each module will be printed 
such that the layer lines are kept horizontal to maintain strength. Ultimately, this will 
simplify manufacturing and assembly, while still maintaining a strong sled structure.  

The shape of the APPA electronics sled is defined by the lower payload compartment 
that it is confined to. In the top 2.5 inches of the lower payload compartment, the 
sled has to fit within a coupler and centering ring. As such, the diameter of the upper 
section is only 5.25 inches. The rest of the lower payload compartment does not 
contain any additional components, so the sled can take up the full 6-inch diameter 
of the space. Finally, the sled has a 2 inch by 2 inch square cavity on the top to 
provide space for the hex nuts that secure a U-ōƻƭǘ ǘƻ ǘƘŜ Ŧƛƴ ŎŀƴΩǎ ǳǇǇŜǊ ōǳƭƪƘŜŀŘΦ 
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Figure 4-7 APPA Electronics Sled 

The ƭƻǿŜǊƳƻǎǘ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ǎƭŜŘ ǿƛƭƭ ƘƻǳǎŜ !tt!Ωǎ ōŀǘǘŜǊȅΦ ¢ƘŜ ōŀǘǘŜǊȅ ƛǎ ƭƻŎŀǘŜŘ 
at the bottom of the sled due to its large size. Three zip ties will be used to secure 
the battery to the lowest platform of the sled. In addition, the battery will avoid 
slipping due to its tight interactions with the sled walls. Though it is not depicted, a 
buck converter will be connected to this battery. Finally, the battery will be brightly 
colored and marked as an explosive. The battery is protected from ground impacts 
due to its central location in the fin can (depicted below in Figure 4-8), its secure 
retention on the sled, and the strength of bordering structural components. 

 

Figure 4-8 APPA Electronics Sled Battery 

The middle section of the APPA electronics sled will house the NVIDIA Jetson Nano 
ό!tt!Ωǎ ǇǊƛƳŀǊȅ ƳƛŎǊƻŎƻƴǘǊƻƭƭŜǊύΦ ¢ƘŜ WŜǘǎƻƴ bŀƴƻ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ŎŜƴǘŜǊ ŘǳŜ ǘƻ ƛǘǎ 
size and so that it can easily interface with all other components ς the battery as well 
ŀǎ ǘƘŜ ǎȅǎǘŜƳΩǎ ǎŜƴǎƻǊǎΦ ¢ƘŜ WŜǘǎƻƴ bŀƴƻ ǿƛƭƭ ōŜ ǎŜŎǳǊŜŘ ǘƻ ǘƘŜ ǎƭŜŘ ǇƭŀǘŦƻǊƳ ǿƛǘƘ 
four 3/4" long 1-64 black-oxide alloy steel screws and four 1-64 stainless steel hex 
nuts. Holes will be precut into the sled to facilitate this connection. 
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Figure 4-9 APPA Electronics Sled Microcontroller 

¢ƘŜ ǳǇǇŜǊƳƻǎǘ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ !tt! ŜƭŜŎǘǊƻƴƛŎǎ ǎƭŜŘ ǿƛƭƭ ƘƻǳǎŜ Ƴŀƴȅ ƻŦ !tt!Ωǎ ƻǘƘŜǊ 
electronics, including the IMU, altimeter, Arduino Nano (secondary microcontroller), 
and the LoRa communication module. The 3DM-GX5-IMU will be secured to the 
!tt!Ωǎ ǳǇǇŜǊ ǇƭŀǘŦƻǊƳ ǳǎƛƴƎ ǘƘǊŜŜ 3/4" long 1-64 black-oxide alloy steel screws and 
three 1-64 stainless steel hex nuts. Holes will be precut into the sled to facilitate this 
connection. The LoRa module, Arduino Nano, and the altimeter will all be soldered 
to a custom perf board. Tinfoil will be taped on top of the LoRa module to help 
minimize interference. The perf board will be secured to the sled using eight 5/32" 
long 4-40 black-oxide alloy screws that lock into 4-40 heat set threaded inserts. The 
threaded inserts will be set into precut holes in the sled using a soldering iron. Finally, 
the IMU and the altimeter will be located close to the Arduino Nano so that these 
components can be connected easily. These three components are shown on the left 
side of the platform in Figure 4-10 below. 

 

Figure 4-10 APPA Electronics Sled Sensors 

The uppermost section of the sled wiƭƭ ŀƭǎƻ ƘƻǳǎŜ ǘƘŜ ōŀǘǘŜǊȅ ŦƻǊ ǘƘŜ Ŧƛƴ ŎŀƴΩǎ 
recovery GPS. Two zip ties will be used to secure the battery to the upper platform 
of the sled. In addition, the battery will be secured to the sled using industrial 
strength Velcro to prevent it from sliding during flight. The battery will be brightly 
colored and marked as an explosive. The battery is protected from ground impacts 
due to its retention on the sled and the strength of bordering structural components. 
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Figure 4-11 APPA Electronics Sled Recovery Battery 

CƛƴŀƭƭȅΣ !tt! ǿƛƭƭ ŀƭǎƻ ǘƘŜ Ŧƛƴ ŎŀƴΩǎ ǊŜŎƻǾŜǊȅ Dt{Σ ǿƘƛŎƘ ƛǎ ƛƴŎƭǳŘŜŘ ǘƻ ŀƛŘ ƛƴ ǊŜŎƻǾŜǊȅ 
of the section. Due to its length, the GPS can only fit vertically within the sled. As 
such, one of the side walls of the sled was transformed into a flat platform upon 
which the GPS could be mounted. A cavity is cut into each of the platforms of the 
sled to allow the GPS to pass through all sections. In addition, this cavity extends to 
the edge of ǘƘŜ ǎƭŜŘΩǎ ǇƭŀǘŦƻǊƳǎ ǎo that the GPS can be easily installed and removed. 
The GPS will be secured to the sled using two 5/32" long 4-40 black-oxide alloy 
screws that lock into 4-40 heat set threaded inserts. The threaded inserts will be set 
into precut holes in the sled using a soldering iron. The GPS is kept in close proximity 
with its corresponding battery so that the two components can be easily connected. 
The Eggfinder GPS will be wrapped in tinfoil before being bolted in place to minimize 
interference. 

 

Figure 4-12 APPA Electronics Sled Recovery GPS 
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4.4.2.2 Primary Microcontroller  
The primary microcontroller will be a NVIDIA Jetson Nano 4 GB. It will be connected 

to the two cameras via ribbon cables using CSI communication and to the secondary 

microcontroller via serial communication over USB. The Jetson is designed for 

parallel processing applications such as image classification, object detection, and 

other tasks requiring neural networks. It also has 4GB if RAM and the capability for 

several standard communication methods such as I2C, SPI, UART, and more. Thus, it 

is a great fit for the payload we have designed, from both the individual function and 

system integration perspectives. Additionally, it can do this with a max power draw 

of around 15 watts, which makes it reasonable to be powered by a battery onboard 

the payload bay. 

Software will be written to enable the Jetson to capture images from the cameras, 

to record the serial communication of data from the Arduino Nano (Secondary 

Microcontroller), and to use the radio module to transmit information from the 

vehicle to the ground station. 

The Jetson Nano overheating is a concern so the thermometer on the Adafruit 

DPS310 will be used, based off this a fan might be added to cool the Jetson Nano. 

This is further discussed in the testing section. In addition, the Jetson has built in 

heat sinks as a manufactured mitigation to the overheating issue. Finally, to ensure 

that the 3D printed APPA sled does not melt, and the safety of the electronics, the 

APPA system will be programmed to shut down if temperatures within the lower 

payload compartment exceed 140o F. 

4.4.2.3 Secondary Microcontroller 
The secondary microcontroller will be an Arduino nano. It will be connected to the 

altimeter via I2C communication using jumper cables and a breadboard. The IMU 

will be communicated with via UART. USB will be used to transfer data to the primary 

microcontroller, and finally it will be powered through its 5V and Ground Pins. The 

Arduino Nano is a compact microcontroller which will execute a script upon being 

powered. It has limited storage and processing power, but it can run in real time 

which gives more consistency in measurement than a Raspberry Pi or Nvidia Jetson 

which run on operating systems. Along with its capability for several communication 

standards, these qualities make the Arduino Nano great for collecting data and giving 

it over to the Jetson to store and process.  

The Arduino will be running a loop which records information from the IMU and 

altimeter then organizes that information and sends it to the Jetson via serial 

communication. 

4.4.2.4 Inertial Measurement Unit (IMU) 
The IMU will be the 3DM-GX5-IMU manufactured by Parker LORD. The IMU has 

changed since PDR since it was clarified that magnetometers could not be used on 

the vehicle. The restriction on magnetometers has prompted the team to invest 

heavily in this much more capable inertial measurement unit. It will sample linear 

acceleration and angular velocity information at a rate of 1 kHz and 4kHz 
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respectively. This information can be read from the chip at 1kHz, which is a 

significant improvement from the previous chip and other competitors. This sensor 

also has good accuracy and precision as seen in the datasheet linked in the footer. 

Table 4-3 IMU Specifications / Capabilities 

Specification Performance 

Communication TTL serial (default baud 115200) 

Voltage 3.2 to 5.2 V DC 

Typical Power Consumption 300 mW 

Operating Temperature -40 to 85 Celcius 

Data Output Rate 1 to 1000 Hz 

Measurement Range Up to +/- 40 g Up to 900 deg/s 

 

More performance characteristics for the accelerometer and IMU can be found 

online2. 

Integrating IMU data is vulnerable to changes in acceleration. This is because the 

acceleration must be assumed between measurements, and any change in 

acceleration introduced error into the assumption which will build rapidly over time. 

For mitigation, a sensor with more accurate and frequent measurements was 

chosen. The higher frequency of measurements helps reduce the error by lowering 

the amount of time between measurements over which the acceleration will have 

to be assumed. 

4.4.2.5 Barometric Altimeter 
The barometric altimeter will be an Adafruit DPS310. It will record pressure 

measurements throughout the entire flight which can then be used to estimate 

altitude. It is capable of measuring altitude changes to within 0.02 m of relative 

accuracy and has a range of 300 to 1200 hPa, well within what we require of it. We 

can poll it at around 36 Hz. This sensor can have a much lower polling frequency than 

the IMU because it measures the absolute position of the rocket and thus will not 

have to worry about compounding error from numerical integration. 

4.4.2.6 Battery 
Powering the APPA system will be a 7.4 V, 2S, Lithium Polymer, LiPo, battery with 
5000 mAh of capacity. The type of battery, LiPo, was chosen because of its excellent 
energy density. The largest concerns with such batteries are safety and battery 
health. With proper care, neither should be an issue, see the FMEA tables for more 
details. The increased effort and attention that must be dedicated to the handling 

 

2 https://www.mouser.com/datasheet/2/1083/3dm_cx5_10_datasheet_8400_0114_rev_f-2322180.pdf 
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and use of the battery to mitigate those risks was deemed worth their high 
performance. The voltage, 7.4 V, was chosen as it is the lowest available LiPo voltage 
above the 5V required to run the Jetson. This difference is large enough that, to 
power the processor safely from its 5V and ground rails, a 5V Buck step down 
converter will be used to regulate the voltage from the battery. The capacity of 5000 
mAh was chosen as it satisfies the requirement that the battery should be able 
power all APPA electronic components running at maximum current for an hour. This 
requirement also helps avoid deep discharges of the battery which are detrimental 
to battery health. 

Table 4-4 Charge Requirement of APPA Electronics 

Component Maximum Current 

Jetson Nano 3 A 

Arduino Nano 0.8 A 

Parker-LORD 3DM-CX5 0.06 A 

LoRa Communication 0.05 A 

2 IMX-219 160 Cameras 0.9 A 

Adafruit DSP310 0.001 A 

  

Total: 4.808 A 

  

1 Hour Maximum - Current 

Requirement 
4808 mAh  

 

4.4.2.7 Camera Housings 
To capture images of the terrain during flight, cameras must be mounted on the 

outside of the launch vehicle with their lenses consistently pointing downwards. To 

achieve this, the two cameras will each secured to the launch vehicle in a camera 

housing. Custom camera housings will be made to attach the cameras to the launch 

vehicle. The camera housings will be 3D printed in PLA and coated with a composite 

layup of carbon fiber and epoxy to give them a smooth finish and reduce friction 

drag. This process results in a light, strong, smooth, and water-resistant structure. In 

addition, it ensures that the housings can survive launching in temperatures of 

100oF, given that PLA has a melting point of 338oF. 
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Figure 4-13 Camera Housings Assembly Exploded View 

The camera housings have a removable cover to allow for easy installation and 

removal of cameras before and after flight. Lƴ ŀŘŘƛǘƛƻƴΣ ŀ ōƻȄ ƳŀŘŜ ƻŦ мκуέ ǘƘƛŎƪ 

plexiglass will be epoxied to the camera covers to protect the lens from water and 

impact damage. The cover-housing assembly is shown in Figure 4-14 below. The 

covers have a cavity that the cameras slide into before both components are 

attached to the camera housing. The covers are secured to the camera housings 

using four 5/32" long 4-40 black-oxide alloy screws that lock into 4-40 heat set 

threaded inserts. The threaded inserts will be set into precut holes in the housings 

using a soldering iron.  

 

Figure 4-14 Camera Housing Body 
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The camera housing bodies are small to limit their effects on the launch vehicle's 

aerodynamic performance. The bottoms of the housings are 1.69 inches deep by 

1.46 inches wide, slightly larger than the camera boards. In addition, the camera 

housing bodies are 2.68 inches long. There are ports at the top and the bottom of 

ǘƘŜ ƘƻǳǎƛƴƎ ōƻŘȅ ǘƻ ŀƭƭƻǿ ǘƘŜ ŎŀƳŜǊŀǎΩ Ǌƛōōƻƴ ŎŀōƭŜǎ ǘƻ Ǉŀǎǎ ǘƘǊƻǳƎƘΦ ¢ƘŜ ƭƻǿer 

port is large to aid in assembly, while the upper port is small to limit airflow into the 

camera housing. The upper port will be 0.7 inches wide and 0.18 inches deep. Holes 

will be precut into the bottom of the housing to hold threaded inserts. Finally, the 

ōŀŎƪ ƻŦ ǘƘŜ ƘƻǳǎƛƴƎ ōƻŘȅ ƛǎ ŎǳǊǾŜŘ ǘƻ ƳŀǘŎƘ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ ƻǳǘŜǊ ŘƛŀƳŜǘŜǊΦ 

 

Figure 4-15 Camera Housing Covers 

The design of the camera housing cover is shown above in Figure 4-15. During flight, 

this cover will secure the camera in place, while allowing the lens to view out of the 

housing. There is a cavity each of the covers to allow the cameras to be set into them. 

The camera lenses will protrude through the central hole, allowing them to see out 

of the camera housings. The covers contain through holes that are used to facilitate 

a bolted connection to the camera housing body.  

The full camera housing assembly is shown below in Figure 4-16. The full camera 

housing assembly is 3.77 inches long, with the camera housing body being 2.69 

inches long, the camera cover being 0.45 inches long, and the plexiglass box being 

0.63 inches long. The plexiglass box will be epoxied to the 3D printed camera cover.  
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Figure 4-16 Camera Housing Assembly 

4.4.2.8 Cameras 
The camera selection was based on a few criteria: compatibility with NVIDIA Jetson, 

field of ǾƛŜǿ όCh±ύΣ ŀƴŘ ŜŦŦŜŎǘƛǾŜ ŦƻŎŀƭ ƭŜƴƎǘƘ ό9C[ύΦ .ŜŎŀǳǎŜ ƻŦ ǘƘŜ WŜǘǎƻƴΩǎ ǳƴƛǉǳŜ 

capabilities that make it an ideal choice for image processing applications, a Jetson 

was chosen as the primary microcontroller, which means it is important for the 

cameras to be Jetson compatible. 

A wide FOV was determined to be desirable so that the cameras could see as much 

as possible during flight, making it more likely for a landmark to be spotted. The main 

side-effect of a larger FOV is warping of the images. If the warping is too great it can 

impact the triangle similarity calculations, so it is important to not go too wide so 

that the images are as clear as possible.  

! ŎŀƳŜǊŀΩǎ 9C[ Ŏŀƴ ōŜ ǘƘƻǳƎƘǘ ƻŦ ŀǎ Ƙƻǿ ŦŀǊ ǘƘŜ ŎŀƳŜǊŀ ƛǎ ȊƻƻƳŜŘ ƛƴΦ CƻǊ ǘƘŜ 

purposes of APPA, a longer foŎŀƭ ƭŜƴƎǘƘ ƛǎƴΩǘ ƴŜŎŜǎǎŀǊȅ ǎƻ ǘƘŀǘ ǘƘŜ ŎŀƳŜǊŀǎ Ŏŀƴ ǎŜŜ 

as much as possible. This, again, increases the chances of a landmark that can be 

used showing up in frame. 

With these criteria in mind, Jetson compatible IMX-219 cameras were chosen for 

APPA, with a 160o FOV and EFL of 3.15 mm. 

4.4.3 APPA Integration and Retention 
The APPA electronics sled must be secured so that the sensor suite experiences minimal 

vibrations and disturbances. The APPA electronics sled will match the size of the lower 

payload compartment which inherently prevents sled translation. Further securement 

must prevent rotation and vibrations. Rotation would prevent the IMUs from determining 
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the true orientation of the launch vehicle over time, given that the electronics sled would 

move independently from the launch vehicle. Reducing vibrations is also important given 

that APPA sensors will be taking measurements of motion, force, and pressure data; 

vibrations could disrupt these measurements, causing errors in the data produced. 

Cameras must also be retained during flight. Cameras must remain as still as possible, 

with minimal vibrations, to take clear images of the terrain below. In addition, if cameras 

separate from the launch vehicle during flight, APPA is no longer reusable in future flights, 

may no longer be functional in the current flight, and poses safety and environmental 

risks associated with falling debris. 

4.4.3.1 APPA Sled Retention 
The primary method of APPA electronics sled retention is through the use of hook-
and-loop fasteners. These fasteners will be installed between the APPA electronics 
ǎƭŜŘΩǎ circular platforms and the bulkheads adjacent to them. The hook-and-loop 
fastener will prevent slight vertical movement of the sled from occurring and will act 
as a filter to limit high frequency vibrations caused by the launch vehicle. The hook-
and-loop fastener would also limit rotation and lateral vibrations of the electronics 
sled by preventing slipping from occurring between !tt!Ωǎ ŜƭŜŎǘǊƻƴƛŎǎ ǎƭŜŘ ŀƴŘ ƛǘǎ 
adjacent bulkheads. The hook-and-loop fasteners are anticipated to be 0.25 inches 
thick. They are shown as black platforms adjacent to the bulkheads in Figure 4-17. 

Assembling the lower payload compartment of the launch vehicle will be quick with 

hook-and-loop fastener retention, which helps ensure that the assembly time 

requirement, NASA 2.6, will be met. The hook-and-loop fastener will be applied to 

the surfaces of the electronics sled and the bulkheads prior to launch day, allowing 

the electronics sled to slide into the fin can during assembly and be secured through 

contact with adjacent sections. In addition, after flight, the attachment can be easily 

broken by applying a strong enough force to pull the sections apart. The hook-and-

loop fastener selected for retention of the APPA electronics sled is Industrial Grade 

Velcro with a holding force of 1 lb per square inch. 

The Velcro retention method will also enable the APPA sled to resist any minor 

torques that it experiences, given that it will prevent the sled from slipping against 

ǘƘŜ ƭƻǿŜǊ ǇŀȅƭƻŀŘ ŎƻƳǇŀǊǘƳŜƴǘΩǎ ǘǿƻ ŀŘƧŀŎŜƴǘ ōǳƭƪƘŜŀŘǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ǎƭŜŘ ǿƛƭƭ 

experience little if any torque. Only the parachutes (attached ǘƻ ǘƘŜ Ŧƛƴ ŎŀƴΩǎ ǳǇǇŜǊ 

bulkhead) are capable of applying a direct torque to the fin can section. However, 

the parachutes will never produce a strong axial torque on the bulkhead because the 

ǇŀǊŀŎƘǳǘŜΩǎ ǎƘƻŎƪ ŎƻǊŘ ƛǎ ŎŜƴǘŜǊŜŘ ƻƴ ǘƘŜ ōǳƭƪƘŜŀŘΦ ¢ƘŜ ƻƴƭȅ ǿŀȅ that the parachute 

could induce an axial torque would be if it slid sideways along the bulkhead, but even 

then, the torque would be marginal since moment arm would be so small. Given that 

the upper bulkhead will experience little to no torque, the Velcro will enable the sled 

to resist minor tendencies to rotate. 
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Figure 4-17 APPA Sled Integration Section View 

Figure 4-17 above shows the APPA electronics sled integrated into the lower payload 
compartment. The sled is sandwiched between two bulkheads and two sets of 
Velcro that border the 8-inch-long compartment. The U-.ƻƭǘΩǎ ƘŜȄ ƴǳǘǎ Ŧƛǘ ǿƛǘƘƛƴ 
cavities in the Velcro and the electronics sled, as discussed in Section 4.4.3.  

The upper portion of the sled is shown to fit within the coupler and centering ring 
assembly, with the coupler shown in light green and the centering ring shown in 
black. Finally, the one of the two ribbon cable exit ports is shown in the body tube 
of the section. This port is aligned with the mid-section of the APPA sled so that the 
ribbon cable can easily plug into the Jetson Nano and extend out of the launch 
vehicle. The exit port is described in more detail in Section 4.4.3.3. 

4.4.3.2 Camera Housing Integration  
During recovery, the launch vehicle separates into multiple sections ς one of which 
is the fin can. The fin can is one of the heaviest sections of the launch vehicle during 
descent because it carries the motor casing. In addition, the fin can is bottom heavy 
because the motor is located at the bottom of it. As such, the fin ŎŀƴΩǎ ǾŜǊǘƛŎŀƭ 
orientation remains fairly stable during descent, especially after the main parachute 
deploys. For this reason, cameras will be attached to the fin can pointed downward. 
This design leverages the fin ŎŀƴΩǎ ǊŜƭŀtively stable orientation to provide consistent 
camera views of the ground.  
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Two cameras are being used in the APPA system for two reasons ς redundancy and 

vehicle symmetry. As such, two camera housings will be mounted symmetrically 

between the fins, with the bottom cover of the camera housing being 3.5 inches 

from the bottom of the fin can. MƻǳƴǘƛƴƎ ǘƘŜ ŎŀƳŜǊŀǎ ōŜǘǿŜŜƴ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ 

fins is advantageous because it reduces aerodynamic impacts on the flow over the 

fins. If flow over the fins is disrupted or limited, the restoring force provided by the 

fins would be limited, thereby causing disturbances to vehicle stability. 

 

Figure 4-18 Camera Housing Integration Section View 

The camera housings will be secured to the launch vehicle with epoxy. However, the 

bottom covers will be completely removable so that the cameras can be easily 

installed and removed. As discussed in Section 4.4.2.7, the bottom covers of the 

camera housings will be secured with four bolts. Epoxying the camera housings to 

the launch vehicle ensures that the housings will remain secure to the launch vehicle 

throughout flight. Epoxy is typically used to secure fins to the launch vehicle and has 

been an effective bonding method in all of the tŜŀƳΩǎ ǇǊŜǾƛƻǳǎ ŦƭƛƎƘǘǎΦ ¢ƻ ŦŀŎƛƭƛǘŀǘŜ 

the epoxy interface, the back side of the camera housings will be curved to match 

the surfaces of the launch vehicle. Finally, the edge between the camera housings 

and launch vehicle will be filleted with epoxy to provide a smooth transition of 

airflow over the two surfaces. 
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4.4.3.3 Camera Electronics Integration 
To connect to the primary microcontroller on the APPA electronics sled, ribbon 

cables will travel along the external surface of the launch vehicle up to the lower 

payload compartment. The ribbon cables will enter the lower payload compartment 

through slotted entry ports that are 0.2 inches tall and 0.79 inches wide. The entry 

ports will be 12.07 inches above the camera housings, to allow for entry into the 

portion of the lower payload compartment where the Jetson Nano is held. This is 

described in Section 4.4.3.1. 

 

 

Figure 4-19 Camera Housing Electronics Integration 

The ribbon cables will be secured to the launch vehicle and protected from external 

forces with aluminum foil tape. Aluminum foil tape provides air leak protection, 

which will prevent air from permeating the tape-vehicle barrier. In addition, the tape 

creates a waterproof barrier, which should protect the ribbon cables from any 

exposure to moisture in the air or on the ground.  

Aluminum tape was used to successfully secure the ribbon cables to the launch 

vehicle on subscale, providing confidence that this method will be successful in 

securing and protecting the ribbon cables on full scale. Finally, masking tape will be 

placed below the aluminum foil tape to ǇǊƻǘŜŎǘ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ Ŏƻŀǘ ƻŦ ǇŀƛƴǘΦ 

Masking tape also has good flight heritage, given that it was included on sections of 

the subscale and remained secure during flight. 
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4.4.3.4 Fin Can Screw Switches 
Two screw switches will be included in the lower payload compartment. One switch 

will control power to APPA, and the other switch will control power to the Eggfinder 

GPS. The screw switches will be accessible from the outside of the launch vehicle so 

that electronic systems can be turned on right before launch. This will save memory 

ƻƴ ǘƘŜ ǎȅǎǘŜƳΩǎ {5 ŎŀǊŘ ŀƴŘ ŀƭƭƻǿ ǘƘŜ ǎȅǎǘŜƳ ǘƻ Ƴŀƛƴǘŀƛƴ ƛǘǎ ōŀǘǘŜǊȅ ƭƛŦŜ ǿƘƛƭŜ ǎƛǘǘƛƴƎ 

on the launch pad for up to two hours. Two ports will be cut into the launch vehicle 

to ensure that the screw switches are accessible from the outside. One port will be 

located 1.5 inches above the ribbon cable port, and one will be located 3 inches 

below it, so that the ports are in close proximity to the two batteries that the screw 

switches interface with. The screw switch access ports will be just large enough that 

ǘƻ Ŧƛǘ ŀ ǎŎǊŜǿŘǊƛǾŜǊ ǘƘǊƻǳƎƘ ǘƘŜƳ ŀƴŘ ǎŜŜ ǘƘŜ ǎǿƛǘŎƘΩǎ ǎŎǊŜǿΦ 

4.4.3.5 Fin Can Pressure Ports 
For the barometric altimeters to accurately measure the ambient pressure, the 

lower payload compartment must remain consistently pressurized to the ambient 

pressure throughout the entire flight. To achieve this sampling holes are drilled 

through the wall of the lower payload compartment so that pressure is equalized 

throughout flight. The team consistently uses the manufacturer recommendation 

for the PerfectFlite Stratologger CF altimeter to size sampling holes, even for the 

DPS310 altimeter. This method of sizing was used on subscale and had accurate 

results, as discussed in Section 3.3.4.4.  

The formula recommended for the diameter of the sampling holes is shown in 
Equation 3.11, with the methodology assuming that four holes will be drilled at 90o 
from each other around the circumference of the launch vehicle. With the lower 
payload compartment being 8 inches long and having an average diameter of 5.9375 
inches, the pressure ports should have a diameter of 0.2256 inches. As such, four 
pressure ports will be included around the lower payload compartment, each 90o 

from each other, with a diameter of 0.2256 inches. 

4.4.4 APPA Weights 
Table 4-5 Lower Payload Compartment Weight 

Item Weight (lb) 

Centering Ring .017 

U-Bolt Nuts .010 

APPA Sled .330 

4GB Jetson Nano .532 

Arduino Nano .020 

REYAX RYLR896 LoRa .015 
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DPS310 altimeter .022 

3DM-GX5-IMU .036 

APPA System Battery .563 

Cables and Buck Converter .100 

Perf Board .010 

Velcro .092 

Small Nuts and Bolts .010 

Eggfinder GPS .044 

Eggfinder GPS Battery .049 

Total 1.833 

  

Table 4-6 Camera Housing Assembly Weight  

Item Weight (lb) 

Camera Housing Bodies .020 

Camera Housing Covers .010 

IMX219 Cameras .018 

Bolts .005 

Heat Set Threaded Inserts .005 

Plexiglass Boxes .018 

Total .076 

 

4.5 Baseline Solution 2 (Lander) Removal Explanation 
The biggest change from PDR to CDR was the decision to only do APPA. The secondary system 

was having a lander jettison from the launch vehicle and use image recognition and IMU data 

to locate the launch vehicle. Baseline Solution 2 was removed for two main reasons: the 

splitting of both time and resources and the negative effect BS2 has on APPA. A significant 

portion of the payload budget would have needed to be spent on BS2 in the building of the 

lander. This means less money would have been spent on the cameras and the IMU that APPA, 

the primary solution, would be using. Furthermore, all time spent getting the electronics 

implemented in the lander would be less time spent time in getting APPA working correctly. 

The same is true for image recognition as well. APPA and BS2 would use different types of 

image recognition. Previously there was concern if the photos taken from the cameras on the 
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launch vehicle in APPA would be unusable so BS2 was created as a backup. The subscale 

launched showed that the cameras took usable photos. The lander complicates the recovery 

system and having it means that the main parachute could not deploy very high. The cameras 

got the most usable photos after the main parachute was deployed so by deploying main as 

high as possible, it maximizes the chance that APPA will work. Without BS2, all payload 

members can focus on getting image recognition and the IMU data working instead of being 

spread too thin. Overall, after the subscale validated the camera method of APPA, the team 

decided we would be better off giving everything to getting APPA instead of splitting time for 

both and possibly having no working solutions. Getting rid of BS2 left space in the launch 

vehicle and to maximize the launch a new experimental payload was created. This payload is 

something the team is testing separately and is not going to be part of getting a final solution 

for the launch vehicle location. 

4.6 Means of Observing Meaningful Data (MOMO) 
Means of Observing Meaningful Data (MOMO) will take photos of drogue deployment and 

behavior during launch vehicle descent. Understanding drogue performance will provide 

insights about launch vehicle motion and stability during descent. This information could be 

leveraged to design stabilization systems that allow vehicle sections to remain in a relatively 

fixed orientation during descent. Such systems would be useful in design contexts similar to 

this competition, in which camera stability and orientation is important throughout the entire 

vehicle flight. MOMO will consist of two cameras at the bottom of the UPB that will take video 

of drogue deployment and behavior during descent. Due to their position, these cameras will 

also capture footage of main parachute deployment and performance. All footage will be 

stored on a microcontroller for post-flight analysis. Finally, MOMO will also include an 

altimeter and an IMU. Data collected by these devices will be used in a post-flight analysis to 

determine the forces induced by the parachutes on the launch vehicle at critical altitudes 

corresponding with recovery milestones. 

4.6.1 MOMO Functional Representation 
A functional representation of MOMO is shown in Figure 4-20 below. Altimeters will 

measure vehicle altitude, and IMUs will measure vehicle acceleration and orientation 

over time. IMU and pressure information will be temporarily saved to the RAM of a 

secondary microcontroller (Arduino Nano). The Arduino Nano will send the data via serial 

communication to a primary microcontroller (the NVIDIA Jetson Nano) where it will be 

logged. In addition, two USB cameras will record video of drogue and main parachute 

performance during descent. This video will be recorded and stored on the WŜǘǎƻƴ bŀƴƻΩǎ 

SD card for future processing. Data collection will begin after a short delay once the 

payload is powered on the launch pad. Data collection will end once the IMU acceleration 

data and altimeter data have detected a landing. All data (acceleration, altitude, and 

video) will be processed in MATLAB on a PC compǳǘŜǊ ŀŦǘŜǊ ǊŜǘǳǊƴƛƴƎ ǘƻ ǘƘŜ ǘŜŀƳΩǎ ƭŀōΦ 
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Figure 4-20 MOMO Functional Diagram 

Figure 4-нм ōŜƭƻǿ ǎƘƻǿǎ ahahΩǎ ŜƭŜŎǘǊƻƴƛŎǎ ǎŎƘŜƳŀǘƛŎΦ !ǎ ƴƻǘŜŘ ƻƴ ǘƘŜ ŦǳƴŎǘƛƻƴŀƭ 

diagram, all MOMO electronics will be powered with a 6V NiMH battery. Power to 

ahahΩǎ ŜƭŜŎǘǊƻƴƛŎǎ ǿƛƭƭ ōŜ ŎƻƴǘǊƻƭƭŜŘ ǘƘǊƻǳƎƘ ŀ ǎŎǊŜǿ ǎǿƛǘŎƘ ŀŎŎŜǎǎƛōƭŜ ŦǊƻƳ ǘƘŜ ƻǳǘǎƛŘŜ 

of the launch vehicle. This will ensure that electronics can be powered on right before 

ƭŀǳƴŎƘΣ ǘƘŜǊŜōȅ ǎŀǾƛƴƎ ƳŜƳƻǊȅ ƻƴ ǘƘŜ ǎȅǎǘŜƳΩǎ {D card and allowing the system to 

maintain its battery life after sitting on the launch pad for up to two hours. The battery 

will be connected to a 5V Buck Converter, so that the circuit is provided with 5V rather 

than 7.4V. The buck converter is necessary so that the 2GB Jetson Nano can be powered 

safely. TƘŜ ōǳŎƪ ŎƻƴǾŜǊǘŜǊ ǿƛƭƭ ŘƛǊŜŎǘƭȅ ŦŜŜŘ ǇƻǿŜǊ ǘƻ ahahΩǎ ƳƛŎǊƻŎƻƴǘǊƻƭƭŜǊǎ through 

power pins. The 2GB Jetson Nano will connect to the USB cameras via USB connections. 

The Arduino Nano will connect to the DPS310 altimeter and the BNO055 altimeter using 

I2C. Finally, the Arduino Nano and 2GB Jetson Nano will use serial communication to 

transfer data. 
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Figure 4-21 MOMO Electronics Schematic 

4.6.2 MOMO Elements 
MOMO will consist of an electronics sled located at the bottom of the UPB. Two cameras 

ǿƛƭƭ ōŜ ƳƻǳƴǘŜŘ ƻƴ ǘƘŜ ōƻǘǘƻƳ ƻŦ ǘƘŜ ǎƭŜŘΣ ǿƛǘƘ ǘƘŜƛǊ ƭŜƴǎŜǎ ŜȄǘŜƴŘƛƴƎ ƛƴǘƻ ǘƘŜ ¦t.Ωǎ 

ƭƻǿŜǊ ōǳƭƪƘŜŀŘΦ ¢ƘŜ b±L5L! WŜǘǎƻƴ bŀƴƻ ǿƛƭƭ ǎŜǊǾŜ ŀǎ ǘƘŜ ǎȅǎǘŜƳΩǎ ǇǊƛƳŀǊȅ 

microcontroller, and ƛǘ ǿƛƭƭ ōŜ ƳƻǳƴǘŜŘ ƻƴ ƻƴŜ ǎƛŘŜ ƻŦ ǘƘŜ ǎƭŜŘΩǎ ǾŜǊǘƛŎŀƭ ǎǳǊŦŀŎŜΦ ! ōŀǘǘŜǊȅ 

ǿƛƭƭ ōŜ ƳƻǳƴǘŜŘ ƻƴ ǘƘŜ ƻǇǇƻǎƛǘŜ ǎƛŘŜ ƻŦ ǘƘŜ ǎƭŜŘΩǎ ǾŜǊǘƛŎŀƭ ǎǳǊŦŀŎŜΦ CƛƴŀƭƭȅΣ ŀƴ La¦Σ 

ŀƭǘƛƳŜǘŜǊΣ ŀƴŘ !ǊŘǳƛƴƻ bŀƴƻ ǿƛƭƭ ōŜ ƳƻǳƴǘŜŘ ƻƴ ǘƘŜ ǳǇǇŜǊ ŀǊŜŀ ƻŦ ǘƘŜ ǎƭŜŘΩǎ ŎŜƴǘǊŀƭ 

vertical platform.  

4.6.2.1 MOMO Electronics Sled 
The MOMO Electronics Sled will be 3D printed in PLA for manufacturing ease. The 

sled will consist of a lower horizontal platform, where the cameras will be mounted, 

a central vertical platform, and an upper horizontal platform. Platform sizing was 

determined by component sizing, space available, and integration with retention 

components. The connections between sled platforms will be filleted to provide 

additional strength. The electronics sled assembly is shown below in Figure 4-22 with 

the battery, microcontrollers, IMU, altimeter, and cameras mounted on it.  

The vertical portion of the sled is 3.12 inches wide. This length was chosen to fit the 

Jetson Nano fully on it. It was not made any bigger to maximize the amount of space 

for the cameras on either side of the platform. The base and the top of the sled are 

5.8 inches at their longest point. This size will match the inner diameter of the 

coupler section and will allow the sled to be as big as possible and still fit inside the 

launch vehicle. The upper platform will end up not resting in a coupler section but 
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still needs to be that size to fit through the upper coupler section. Both the upper 

and lower platform are .35 inches. This thickness for the platforms allows for the 

threaded inserts to fit while avoiding excess printing. The vertical section is 6.75 

inches long to allow for all the necessary components to fit on the sled. Any 

additional height would be useless and add excess weight. The length of the section 

of the sled designated for the cameras is 1.27 inches which maximizes the size the 

camera can be. 

 

Figure 4-22 MOMO Electronic Sled Microcontroller Side 

The IMU, altimeter, and Arduino Nano will all be soldered onto Perfboard which 

will be epoxied to the MOMO electronic sled. The Perfboard will be 1.75 inches 

by 3.12 inches. This will match the sled length exactly and give space to fit all the 

necessary electronics on it. The Jetson Nano will be bolted into place by 4 bolts. 

The diameter of the holes in the Jetson Nano are slightly smaller than .10 inches. 

Bolt were chosen that would be able to fit through this hole and have a head 

bigger than the hole to secure it in place. The bolts narrower section has a hole 

diameter of just .073 inches (#1-64 Thread) with a head of .118 inches. The bolts 

will go through the holes in the jetson and then corresponding holes in the 

MOMO Electronic Sled and will get secured by nuts in the back. 

On the subscale electronics sled the battery was taped into place. That went 

flawlessly in the subscale launch, so the same plan will be used for the battery in 

the MOMO Electronic Sled. The figure below shows where the battery will be, 

and it will get taped in once all the other electronics are in place and plugged in. 

The nuts that will secure the back of the bolts are also shown. 
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Figure 4-23 MOMO Electronic Sled Battery Side 

4.6.2.2 MOMO Primary Microcontroller 
The 2GB NVIDIA Jetson Nano will be used as the primary microcontroller for MOMO. 

The Jetson Nano was selected because it is able to capture and store video from two 

USB cameras at the same time and because this microcontroller is already owned by 

the team. As the Jetson in the MOMO electronics sled does not have to do image 

recognition the Jetson in APPA has to do so the MOMO Jetson will have to do a lot 

less work. Therefore minimizing the chances of it overheating and staying under the 

team goal of 140 degrees. 

4.6.2.3 MOMO Secondary Microcontroller 
An Arduino Nano will be used as the secondary microcontroller for MOMO. The 

Arduino Nano was selected because the team currently owns it and has extensive 

experience using it to collect data. 

4.6.2.4 MOMO Cameras 
Two DFROBOT USB cameras will be used in MOMO. These cameras were selected 

because of their compatibility with the NVIDIA Jetson Nano, their low cost, and their 

compact size. These cameras have a relatively low image resolution of 640 x 480, but 

this resolution is acceptable for this application. Holes will be included in the 3D print 

of the MOMO electronics sled for the threaded inserts to fit into. The camera will be 

put in place and then bolted in using the threaded inserts. 
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Figure 4-24 MOMO Camera Support Visualization 

The figure below shows the dimensions of the camera support. The camera was 

chosen for its small size and because it fits in the side of the sled. The four smaller 

holes match the holes from the camera and the hole in the middle is the diameter 

of the camera at its widest. The platform is elevated slightly to get the camera 

lining up exactly with the end of the bulkhead. 

 

Figure 4-25 MOMO Camera Support Dimensions 

The 3D printed sled will have holes for threaded inserts to go into. The inserts are 

heat set and will be soldered into place. The cameras will be bolted into place 

using these inserts and bolts. The threaded insert matches the thread size and 

length of the bolt. The thread size for both is M2 with the thread pitch being .4mm 

(0.015748 inches) and a length of 4 mm (.1578 inches). 

4.6.2.5 MOMO IMU 
The BNO055 will be used as the IMU for MOMO. This IMU was selected because the 

team currently owns it and has experience using it. This IMU will measure the upper 

half of thŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ acceleration and orientation during all segments of flight. 

4.6.2.6 MOMO Altimeter 
The DPS310 altimeter will be used MOMO. This altimeter was selected because the 

team currently owns it and has experience using it. The altimeter will measure 
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altitude of the upper half of the launch vehicle during flight via pressure ports 

described in Section 4.6.2.5. 

4.6.2.7 Battery 
A 6-volt 2000mAh NiMH battery will be used to power the electronics. This battery 

was selected because the team already owns it and has experience using it. Unlike 

in APPA, the Jetson in MOMO will not be doing image recognition meaning much 

less current will be required. So only half of the maximum draw of the Jetson was 

used in the table. The capacity of 2000 mAh was chosen as it satisfies the 

requirement that the battery should be able power all MOMO electronic 

components running for a half hour. This requirement also helps avoid deep 

discharges of the battery which are detrimental to battery health. 

Table 4-7 Charge Requirements of MOMO Sled 

Component Maximum Current 

Jetson Nano (2GB) 1.5 A 

Arduino Nano 0.8 A 

BNO055 IMU 0.004 A 

2 DFROBOT USB cameras 0.52 A 

Adafruit DSP310 Altimeter 0.001 A 

  

Total: 2.8214 A 

  

1/2 Hour Maximum - Current 

Requirement 
1410.7 mAh  

4.6.2.8 Buck Converter 
ahahΩǎ ōŀǘǘŜǊȅ Ƙŀǎ ŀ ǾƻƭǘŀƎŜ ƻŦ с±Φ IƻǿŜǾŜǊΣ ƻƴƭȅ р± ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ Ǌǳƴ ǘƘŜ нD. 
NVIDIA Jetson Nano. This difference is large enough that, in order to power the 
processor safely from its 5V and ground rails, a 5V Buck step down converter will be 
used to regulate the voltage from the battery.  

4.6.3 MOMO Integration and Retention 
MOMO will be housed in the UPB during flight. Two retention mechanisms will be used 

to secure the imaging system in place. First, the sled will match the dimensions of the 

interior of the UPB and its border walls, preventing any lateral motion in the launch 

ǾŜƘƛŎƭŜΦ ¢ƘŜ ǎƭŜŘΩǎ ƭƻǿŜǊ ǎǳǊŦŀŎŜ ǿƛƭƭ ōŜ ōƻƭǘŜŘ ǘƻ ǘƘŜ ƭƻǿŜǊ ¦t. ōǳƭƪƘŜŀŘ ǿƛǘƘ ŦƻǳǊ ōƻƭǘǎΦ 

¢ƘŜ ǎƭŜŘΩǎ ǳǇǇŜǊ ǎǳǊŦŀŎŜ ǿƛƭƭ ōŜ ōƻƭǘŜŘ ǘƻ ǘƘŜ ōƻŘȅ ǘǳōŜ with two bolts. These bolted 

connections will prevent axial motion and rotation.  
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In terms of integration, one hole will be drilled into the side of the UPB adjacent to the 

electronics sled to allow for access to screw switches. These switches will be used to cut 

and supply power to MOMO in its launch ready configuration. In addition, four pressure 

ports will be drilled into the UPB to allow the barometric altimeter to take its 

measurements.  

4.6.3.1 UPB Border Walls 
The border walls in the UPB serve two purposes: to isolate the shock cord from the 

electronics sled and to aid in the launch day assembly of the UPB. While one wall 

would be sufficient to isolate the shock cord from the electronic components, two 

are being installed to aid in assembly and to ensure that the weight in the UPB is 

symmetrical. The border walls aid in assembly by allowing the electronics sled to be 

easily slid into place along two guided surfaces. Otherwise, the sled would be difficult 

to install in the correct orientation at the bottom of the UPB section. 

The border walls will be made of 1/4-inch-thick aircraft grade plywood. These walls 

ǿƛƭƭ ōŜ ŜǇƻȄƛŜŘ ǘƻ ǘƘŜ ƛƴƴŜǊ ǿŀƭƭǎ ƻŦ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜ ŀƴŘ ǘƘŜ ¦t.Ωǎ ƭƻǿŜǊ ōǳƭƪƘŜŀŘΦ 

The top of the wall will stop 1 inch from the top of the section to give space for the 

nosecone coupler to slide in. The walls will be located 1.3 inches from the edge of 

the section, as depicted in Figure 4-28 below. This provides enough space for the 

5/8-inch-thick shock cord to extend fully and move relatively freely while still 

providing enough space for the sled in the center of the UPB. The shock cord will 

attach to a U-ōƻƭǘ ƻƴ ǘƘŜ ǎƛŘŜ ƻŦ ǘƘŜ ¦t.Ωǎ ǳǇǇŜǊ ōǳƭƪƘŜŀŘΦ ¢ƘŜ ǎƘƻŎƪ ŎƻǊŘΩǎ 

compartment sizing allows the shock cord to assume a straight line upon parachute 

deployment. 

In the figure below, the launch vehicle exterior is represented by red, and the coupler 

sections are represented by purple. The upper and lower platforms of the MOMO 

Electronic Sled will match the inner dimensions of the coupler section so that it can 

fit into place. The long grey rectangles are the wooden barriers in the UPB.  The wood 

is against the side the entire time so it will get less wide in the coupler sections. The 

U-bolt will be on the same side that has the notch for the shock cord. The Aircraft 

Grade Plywood supports will be 13.75 inches long and go from the top of the lower 

bulkhead to .1 inches under the nosecone bulkhead 
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Figure 4-26 UPB Sectional View 

4.6.3.2 Sled-Bulkhead Interface 
Two .85-inch diameter holes will be cut into the lower UPB bulkhead to allow the 

camera lenses to see through the bulkhead, thereby giving them view of the 

parachutes. The lenses will extend slightly into the bulkhead holes. Four bolts will be 

used to attach the bottom of the MOMO electronics sled to thŜ ¦t.Ωǎ ƭƻǿŜǊ 

bulkhead. The holes in the bulkhead for the bolts will be circles with a diameter of 

.138 inches. The head of the bolt is .226 inches, and the bolt has a length of .75 

inches. The bolts will attach to heat-set threaded inserts on the MOMO electronics 

sled. The threaded insert is .25 inches long and the bulkhead is .5 inches thick 

allowing for the bolt to fit perfectly in place. These bolts will prevent the sled from 

moving in an axial direction during flight. As done in the previous caes where 

threaded inserts were used, holes will be included in the 3D print and then the 

threaded insert will be soldered into place. 

The holes for the bolts in the MOMO Sled were placed equal distance from the 

center to the start of the camera hole making them approximately .88 inches from 
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the center.  Also, the holes were placed equally in between the center and the 

sides of the of the MOMO Sled to maximize the support they provide. The holes 

are .22 inches to give the inserts room to fit. The figure below shows all the 

dimensions. The next figure will also demonstrate what the bottom of the sled will 

look like once the threaded inserts are soldered into place. This specific thread and 

bolt size were chosen to make the bolts big enough to be effective while 

minimizing the impact on the bulkhead. The length of the bolt was also a 

compromise between securing firmly into the bottom of the sled and not making 

ǘƘŜ ǎƭŜŘΩǎ ōŀǎŜ ǘƻƻ massive and therefor more expensive.  

 

 

Figure 4-27 MOMO Electronic Sled Bottom 

The next figure is a representation of what the bottom of the bulkhead will look 

like once the MOMO Sled is secured in place. Also, the dimensions oof the holes 

in the bulkhead. A 1.25 inch long by .5-inch-ǿƛŘŜ ǎƭƻǘ ǿƛƭƭ ōŜ ƛƴŎƭǳŘŜŘ ¦t.Ωǎ 

lower bulkhead to allow the shock cords to pass through into the UPB. 

 

Figure 4-28 UPB Lower Bulkhead 

At the bottom of the bulkhead holes for the cameras, circular plexiglass cutouts will 

be epoxied into the bulkhead. The plexiglass diameter will match the .85-inch hole 
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to allow for it to fit tightly into place. The tip of the cameras will stop right before 

the plexiglass section to maximize its field of vision while still being protected. The 

plexiglass will 1/8 inch thick. Thicker plexiglass would limit the cameras vision more 

and thinner plexiglass might not be able to withstand forces applied to it. 

4.6.3.3 Sled-Vehicle Bolted Connections 
Two bolts will be used to secure the upper half of the MOMO electronics sled to the 

launch vehicle. This will provide further support to the upper half of the sled which 

may wobble or vibrate without any additional support. Bolts will go through the 

¦t.Ωǎ ōƻŘȅ ǘǳōŜ ŀƴŘ ƭƻŎƪ ƛƴǘƻ ƘŜŀǘ-set threaded inserts located on the sides of the 

ŜƭŜŎǘǊƻƴƛŎǎ ǎƭŜŘΩǎ ǳǇǇŜǊ ǇƭŀǘŦƻǊƳΦ ¢ƘŜ ǎŀƳŜ ǘƘǊŜŀŘŜŘ ƛƴǎŜǊǘǎ ŀƴŘ ōƻƭǘǎ ǘƘŀǘ ŀǊŜ ōŜƛƴƎ 

used for the Sled-Bulkhead interface described in the previous section and modeled 

in Figure 4-29 and Figure 4-30 are being used for this this connection. The same size 

diameter hole is used as shown in Figure 4-31 is .22 inches. The hole is centered both 

vertically and horizontally. The hole in the launch vehicle will be 7.775 inches from 

the bottom of the Upper Payload Bay section. 

 

Figure 4-29 MOMO Electronic Sled Side 

4.6.3.4 UPB Screw Switches 
One screw switch will be included in the UPB to power MOMO. The screw switch will 

be accessible from the outside of the launch vehicle so that MOMO can be turned 

ƻƴ ǊƛƎƘǘ ōŜŦƻǊŜ ƭŀǳƴŎƘΦ ¢Ƙƛǎ ǿƛƭƭ ǎŀǾŜ ƳŜƳƻǊȅ ƻƴ ǘƘŜ ahahΩǎ {5 ŎŀǊŘ ŀƴŘ ŀƭƭƻǿ ǘƘŜ 

system to maintain its battery life while sitting on the launch pad for up to two hours. 

One port will be cut into the launch vehicle to ensure that the screw switches are 

ŀŎŎŜǎǎƛōƭŜ ŦǊƻƳ ǘƘŜ ƻǳǘǎƛŘŜΦ ¢ƘŜ ǇƻǊǘ ǿƛƭƭ ōŜ ƭƻŎŀǘŜŘ н ƛƴŎƘŜǎ ŀōƻǾŜ ¦t.Ωǎ ƭƻǿŜǊ 

ōǳƭƪƘŜŀŘΣ ƛƴ ŎƭƻǎŜ ǇǊƻȄƛƳƛǘȅ ǘƻ ahahΩǎ ōŀǘǘŜǊȅ ǘƘŀǘ ǘƘŜ ǎŎǊŜǿ ǎǿƛǘŎƘ interfaces 

with. The screw switch access ports will be just large enough that to fit a screwdriver 

ǘƘǊƻǳƎƘ ǘƘŜƳ ŀƴŘ ǎŜŜ ǘƘŜ ǎǿƛǘŎƘΩǎ ǎŎǊŜǿΦ 

4.6.3.5 UPB Pressure Ports 
For the barometric altimeters to accurately measure the ambient pressure, the UPB 

must remain consistently pressurized to the ambient pressure throughout the entire 

flight. To achieve this sampling holes are drilled through the wall of the UPB so that 

pressure is equalized throughout flight. The team consistently uses the 
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manufacturer recommendation for the PerfectFlite Stratologger CF altimeter to size 

sampling holes, even for the DPS310 altimeter. This method of sizing was used on 

subscale and had accurate results, as discussed in Section 3.4.1.1.  

The formula recommended for the diameter of the sampling holes is shown in 
Equation 3.11, with the methodology assuming that four holes will be drilled at 90o 
from each other around the circumference of the launch vehicle. With the UPB being 
16 inches long and having an average diameter of 5.875 inches, the pressure ports 
should have a diameter of 0.4418 inches. As such, four pressure ports will be 
included around the lower payload compartment, each 90o from each other, with a 
diameter of 0.4418 inches. 

4.6.4 UPB Weight Breakdown 
Table 4-8 UPB Weight Breakdown 

Item Weight (lb) 

U-bolt .1742 

Shock Cord Plywood 

Separator 
.800 

UPB Sled .300 

Jetson Nano .273 

Arduino Nano .020 

Cables and Buck 

Converter 
.010 

BNO055 IMU .001 

DPS310 altimeter .022 

DFROBOT USB 

cameras (2) 
.044 

Bolts/Nuts .01 

Plexiglass .006 

Battery .3125 

Perf Board .01 

Total 1.9823 
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5. Safety 

5.1 Safety Officer 
Frances McBride, the 2021-2022 Safety Officer, is responsible for creating and maintaining safety documentation for use 
ƛƴǎƛŘŜ ǘƘŜ ǘŜŀƳΩǎ ƭŀō ǎǇŀŎŜ ŀƴŘ ƛƴ ǘƘŜ ŎƻƳǇŜǘƛtion. Frances assists and oversees all assembly activities pertaining to the 
competition and trains new members on proper procedures in the lab and during launches. Frances also monitors all launch 
activities, ensuring adherence to checklist procedures. 

5.2 Hazard Analysis Methods 
Continuing from its use in the PDR, Probabilistic Risk Assessment (PRA) matrices are used for each subsystem and 
personnel/environmental hazards to display the hazards that fall into certain likelihood and severity (LS) thresholds. These 
LS ratings are included in the Failure Mode and Effects Analysis (FMEA) tables below. LS ratings before mitigations and 
controls, or Pre-LS, are to the left of the mitigation column, while LS ratings after mitigations have been applied to the system, 
or Post-LS, are to the right of the mitigation column. Both ratings are then analyzed systematically using PRA to determine 
the percent likelihood and percent severity of failure for each launch vehicle system. Below is a table detailing the color code 
for the LS ratings: 

Table 5-1 LS Color Matrix 

 

Likelihood of Occurrence 

1 

Very Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very Likely 

Level of Severity 

A 
Low Risk 

1A 2A 3A 4A 

B 
Medium Risk 

1B 2B 3B 4B 

C 
High risk 

1C 2C 3C 4C 

D 
Severe Risk 

1D 2D 3D 4D 
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NOTE: Although MOMO does not exist to satisfy competition requirements, its failure modes are thoroughly analyzed below.  

Table 5-2 Total PRA: Left Before Mitigation, Right After Mitigation 
 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 
Severity 

A 

Low Risk 

1A 
0 

0% 

2A 
3 

1.899% 

3A 
5 

3.165% 

4A 
2 

1.266% 

B 

Medium 

Risk 

1B 
2 

1.266% 

2B 
9 

5.696% 

3B 
5 

3.165% 

4B 
6 

3.797% 

C 

High risk 

1C 
6 

3.797 

2C 
11 

3.962% 

3C 
26 

16.46% 

4C 
9 

5.696% 

D 

Severe 

Risk 

1D 
3 

1.899% 

2D 
28 

17.72% 

3D 
38 

24.05% 

4D 
3 

1.899% 
 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

18 

11.39% 

2A 

15 

9.494% 

3A 

4 

2.532% 

4A 

1 

0.633% 

B 

Medium 

Risk 

1B 

29 

18.35% 

2B 

23 

14.56% 

3B 

3 

1.899% 

4B 

0 

0% 

C 

High risk 

1C 

19 

12.03% 

2C 

14 

8.861% 

3C 

0 

0% 

4C 

0 

0% 

D 

Severe 

Risk 

1D 

29 

18.35% 

2D 

0 

0% 

3D 

0 

0% 

4D 

0 

0% 
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Before mitigations, 69.622% of failure modes are in the red or orange zones. After mitigations, 0% of failure modes are in the red or orange zones. 

This complies with all team derived requirements. 

Table 5-3  Structures FMEA 

Structures System 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to/from Airframe 

S.A.1 
Hoop stress from 

internal pressure 

Contact 

between black 

powder ejection 

gases and 

airframe 

AV bay body tube 

cracking 
3D 

(1) Calculations 

performed in Section 

3.4.1.6 give an accurate 

number for optimal black 

powder sizing. 

 

(2) Ejection testing is 

performed prior to flight. 

2B 

(1) Analysis: CDR 3.4.1.6 

 

(2) Test: Fullscale 

ejection testing is 

scheduled to be 

performed on 

1/20/2021. 

Contact 

between motor 

exhaust gases 

and airframe 

Fin can body tube 

cracking 
2D 

Propellant grains are 

securely fastened in a 

motor tube and motor 

construction is overseen 

by Tripoli personnel. 

1C 
Inspection: Checklist 

Section Motor Assembly 
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S.A.2 
Fin can body 

tube cracking 

Hoop stress 

from internal 

pressure 

(1) Jettison of 

motor and motor 

tube 

 

(2) CATO 

 

(3) Inability to 

reuse LV 

2D 

See S.A.1 Mitigation 

1C 

See S.A.1 Verification 

Dislodged APPA 

LiPo battery 

!tt!Ωǎ ōŀǘǘŜǊȅ ǿƛƭƭ ōŜ 

secured using three zip 

ties and a friction fit to 

the walls of its sled. 

Inspection: CDR 4.4.2.1 

S.A.3 
AV bay body tube 

cracking 

Hoop stress 

from internal 

pressure 

Inadequate axial 

force generated by 

black powder to 

separate LV 

sections 

3D See S.A.1 Mitigation 2B See S.A.1 Verification 

S.A.4 

Upper payload 

bay body tube 

cracking 

Dislodged 

MOMO battery 

(1) Change in LV 

center of pressure 

 

(2) Permanent 

damage to 

airframe 

3D 

ahahΩǎ ōŀǘǘŜǊȅ ǿƛƭƭ ōŜ 

secured using several 

pieces of overlapping 

electrical tape. This 

design was tested in the 

subscale launch. 

1D 

Inspection: CDR 4.6.1.1, 

Test: Subscale Launch 

Performed 11/20/2021 

S.A.5 
Body tube 

zippering 

Excessive force 

from shock cord 

Airframe rupture 3C 

(1) G12 fiberglass body 

tube is used in 

conjunction with rigid 

couplers to prevent 

zippering. 

 

2A 

(1) Inspection: CDR 3.1.4 

(2) Demonstration: CDR 

3.4 

Parachute 

ejection at 

excessively low 

altitude 
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(2ύ [±Ωǎ ǊŜŎƻǾŜǊȅ ǎȅǎǘŜƳ 

deploys parachutes 

parallel to the fin can 

airframe length, reducing 

the chance of fin can 

zippering. 

S.A.6 

High-energy 

impact with 

ground 

Late/no 

parachute 

deployment 

3D See R.A.6 Mitigation 1D See R.A.6 Verification 

S.A.7 
LV section 

collision 

Shock cord of 

insufficient 

length 

3C 

The team uses 

spreadsheets that 

calculate the ideal length 

of each section of shock 

cord to avoid collisions. 

 

The recovery system 

separates the LV into two 

separate sections that 

are not connected via 

shock cord; this 

eliminates the risk of 

shock cord-caused 

section collisions. 

2C Analysis: CDR 3.4.1 

S.A.8 

Post-drogue fin 

can and upper LV 

collision 

Large gusts of 

wind after 

parachute 

deployment 

3C 

The primary and 

secondary fin can black 

powder charges will fire 

one second after the 

primary and secondary 

2B Inspection: CDR 3.4.1 
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upper section charges, 

respectively. This 

distances the liberated 

sections from one 

another and decreases 

the chance of mid-air 

collision. 

S.A.9 

Airframe 

exposure to 

water 

LV touchdown 

in wet 

conditions 

(1) Airframe 

saturation and 

disintegration 

 

(2) Airframe 

rupture 

3C 

The LV airframe is made 

of waterproof G12 

fiberglass. 

3A Inspection: CDR 3.1.4 

Inclement 

weather 

S.A.10 Airframe 

exposure to 

motor exhaust 

gases 

Premature 

section 

separation 

during ascent 

Airframe 

disintegration/ 

rupture 

3C 

See R.A.5 Mitigation 

2B 

See R.A.5 Verification 

S.A.11 CATO 3D 1D 

S.A.12 

Airframe 

exposure to 

burning black 

powder 

Uncontrolled 

ejection charges 

Airframe 

disintegration/ 

rupture 

4B 

The LV airframe is made 

of heat-resistant G12 

fiberglass 

2A Inspection: CDR 3.1.4 

S.A.13 
Body tube 

abrasion 

High-energy 

impact with the 

ground 

Changes in LV 

center of 

pressure/stability; 

3C 
(1) See E.L.1 Mitigation 

 
2B 

(1) See E.L.1 Verification 
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Parachute re-

inflation upon 

landing, causing 

dragging 

irreversible 

damage to LV 

(2) The LV airframe is 

made of G12 fiberglass, 

which has a scratch 

hardness of 6.5 Mohs. 

(2) Analysis: CDR 3.1.4 

Hazards to/from Bulkheads + Epoxy 

S.B.1 
Bulkhead 

delamination 

High axial stress 

from shock cord 

connection 

Inability of 

bulkheads to 

withstand flight 

forces; irreversible 

damage to LV 

3D 

(1) Bulkheads are 

designed with a factor of 

safety of at least 1.5. 

 

(2) Epoxy is allowed to 

cure for at least 24 hours 

before load is applied. 

2A 

(1) Test: Bulkhead stress 

test is scheduled to be 

performed on 1/21/2022 

 

(2) Inspection: STD 1 

S.B.2 
Bulkhead 

cracking 

High stress 

concentrations 

around bolt 

connections 

Disconnection 

between 

parachute, shock 

cord, and LV; 

ballistic descent 

3D 

(1) U-bolts are used to 

spread shock cord force 

over a larger area. 

 

(2) Bulkheads are 

designed with a factor of 

safety of at least 1.5. 

3A 

Inspection: CDR 3.1 

 

Inspection: LVD 1 

S.B.3 

Bulkhead 

separation from 

airframe 

Softened epoxy Inability of 

bulkheads to 

withstand flight 

forces 

3D 

Filleted bulkhead 

connections are designed 

with a factor of safety of 

at least 1.5. 

1D Inspection: LVD 1 Excessive force 

from latched 

connections 



 

2022 NASA Student Launch | Tacho Lycos 94 

 

S.B.4 

Epoxy exposure 

to temperatures 

above 140 F 

Prolonged 

contact with 

ejection charges 

(1) Decreased load 

resistance of epoxy 

 

(2) Epoxy softening 

 

(3) Inability of 

epoxy to withstand 

flight forces 

2B 

Ejection testing confirms 

that LV uses enough 

black powder to separate 

but not enough to cause 

structural damage. 

1A 

Test: Full-scale ejection 

testing is scheduled to be 

performed on 

1/20/2021. 

S.B.5 
Motor exhaust 

gases 
2B 

The area surrounding the 

motor inside of LV was 

temperature-tested and 

shown to not exceed 

temperatures above 219 

degrees Fahrenheit. 

1A 
Test: Subscale Launch 

Performed 11/20/2021 

S.B.6 

Bulkhead 

exposure to hot 

ejection gases 

Black powder 

explosion 

Singes/burns on 

bulkhead wood 
3B 

Bulkheads are 

constructed using heat-

resistant, aircraft-grade 

birch plywood. 

2A 
Demonstration: CDR 

3.1.4 

 

Table 5-4 Structures PRA: Left Before Mitigation, Right After Mitigation 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

 

0% 

2A 

 

0% 

3A 

 

0% 

4A 

 

0% 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

2 

10.53% 

2A 

4 

21.05% 

3A 

2 

10.53% 

4A 

 

0% 
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B 

Medium 

Risk 

1B 

 

0% 

2B 

2 

10.53% 

3B 

1 

5.263% 

4B 

1 

5.263% 

C 

High risk 

1C 

 

0% 

2C 

 

0% 

3C 

6 

31.58% 

4C 

 

0% 

D 

Severe 

Risk 

1D 

 

0% 

2D 

1 

5.263% 

3D 

8 

42.11% 

4D 

 

0% 
 

B 

Medium Risk 

1B 

 

0% 

2B 

4 

21.05% 

3B 

 

0% 

4B 

 

0% 

C 

High risk 

1C 

2 

10.53% 

2C 

1 

5.263% 

3C 

 

0% 

4C 

 

0% 

D 

Severe Risk 

1D 

4 

21.05% 

2D 

 

0% 

3D 

 

0% 

4D 

 

0% 
 

 

Table 5-5 Recovery FMEA 

Recovery System 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to/from Parachutes + Shock Cord 

R.P.1 
No parachute 

deployment 

Insufficiently 

powered 

altimeters 

(1) Ballistic landing 

of LV 

 

2D 

Altimeters are powered 

with a 9V battery whose 

power is tested 

immediately prior to 

arming altimeters.  

1C 
Inspection: Checklist 

Section AV Bay Assembly 
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R.P.2 

Insufficient 

black powder 

charges to 

separate LV 

components 

(2) LV touchdown 

with kinetic energy 

in excess of 75 ft-

lbs. 

3D 

(1) A quadruple-

redundant system of 

black powder charges 

and Jolly Logic Chute 

Releases is used. The 

secondary charge is more 

than powerful enough to 

separate the sections, 

but not powerful enough 

to damage LV structure. 

 

(2) Ejection testing 

confirms that LV uses 

enough black powder to 

separate but not enough 

to cause structural 

damage. 

2C 

 

(1) Analysis: CDR 3.4.1 

 

 

 

 

 

(2) Test: Fullscale 

ejection testing is 

scheduled to be 

performed on 2/17/2022. 

R.P.3 

Shear pins of 

excessive 

diameter 

3D 

#4-40 shear pins are 

used, and their ability to 

support the LV will be 

tested immediately after 

assembly and prior to 

launch. 

2C 

Demonstration: CDR 3.1  

 

Test: Checklist section 

Final Measurements 

R.P.4 

Excessively 

moist black 

powder 

1D 

(1) Black powder is 

stored in watertight 

containers prior to AV 

bay assembly. 

 

1B 

(1) Inspection: Checklist 

Section Black Powder 

Assembly 
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(2) Launches will not 

occur during inclement 

weather conditions. 

(2) Inspection: NAR High 

Power Rocket Safety 

Code #9 

R.P.5 

Parachute rips 

and tears 

Parachute 

contact with hot 

ejection gases 

(1) Poor/no 

parachute 

performance 

 

(2) LV touchdown 

with kinetic energy 

in excess of 75 ft-

lbs 

4C Parachutes are wrapped 

in fireproof Nomex cloth 

that insulates them from 

heat and tension. 

3A 
Inspection: CDR 3.4.1.5  

 

Demonstration: Checklist 

Section Recovery 

Assembly 
R.P.6 

Parachute 

contact with 

motor flame 

1C 1A 

R.P.7 

Parachute 

entanglement 

during 

separation/ 

deployment 

3C 

Parachutes and shroud 

lines are detangled and 

folded according to 

checklist instructions 

prior to flight. 

2B 

Demonstration: Checklist 

Section Recovery 

Assembly 

Jolly Logic Chute Release 

mechanisms deploy the 

main parachute quickly 

to prevent entanglement 

between main and 

drogue. 

Inspection: CDR 3.4.1 

R.P.8 
Shock cord 

disconnection 

Loose quick 

links 

(1) Ballistic descent 

of LV 

 

(2) Complete 

mission failure 

3D 

Quick link tightness is 

confirmed by the safety 

officer immediately prior 

to launch. 

1D 

Demonstration: Checklist 

Section Main/Drogue 

Parachute Assembly 



 

2022 NASA Student Launch | Tacho Lycos 98 

 

R.P.9 
Shock cord 

rip/tear 

Excessive flight 

forces on shock 

cord 

(1) Ballistic descent 

of LV 

 

(2) Complete 

mission failure 

1D 

¢ƘŜ ǘŜŀƳΩǎ ǎƘƻŎƪ ŎƻǊŘ ƛǎ 

made of 5/8-in. Kevlar, 

resistant to 6000 lbf of 

flight forces. 

1B Inspection: CDR 3.4.1 

R.P.10 
Excessive force 

on shock cords 

Late parachute 

deployment 

(1) Severed 

connection 

between shock 

cord and 

parachutes/ 

airframe 

 

(2) Ballistic descent 

of LV 

3D See R.A.6 Mitigation 2B See R.A.6 Verification 

R.P.11 
LV section 

collision 

Simultaneous 

detonation of 

both drogue 

ejection charges 

(1) LV structural 

damage 

 

(2) Parachute 

tangling 

 

(3) High-energy LV 

impact with ground 

3C See S.A.7 Mitigation 2C See S.A.7 Verification 
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R.P.12 

Large touchdown 

distance 

between APPA 

and upper LV 

section 

Fluctuating 

crosswinds APPA inability to 

accurately 

determine 

touchdown 

location of all LV 

components 

3C 

The fin can drogue 

charges and upper 

section drogue charges 

will fire with a one-

second delay, giving 

enough time for the 

sections to separate 

enough to not collide but 

not drift apart 

completely. 

2C Inspection: CDR 3.4.1 
Simultaneous 

detonation of 

upper LV and 

lower LV drogue 

charges 

Hazards to/from Recovery Electronics + Black Powder 

R.A.1 

Dual deployment 

of parachutes 

with main 

parachute at 

apogee 

(1) Hot wire 

mix-up between 

main and 

drogue 

altimeters/ 

charges, 

(2) Drogue hot 

wire is 

misrouted to 

main terminal 

block 

(3) Jolly Logic 

Chute Releases 

separate 

prematurely 

Wind drift; LV 

touchdown outside 

of APPA range 

3C 

(1-нύ bŜƛǘƘŜǊ [± ǎŜŎǘƛƻƴΩǎ 

main parachute will be 

deployed via ejection 

charges. Jolly Logic Chute 

Releases use altitude 

data to deploy 

parachutes. 

 

(3) Two Chute Releases 

are used for each main 

parachute, reducing the 

chance of premature 

release. 

1A 

Inspection/ 

Demonstration: CDR 

3.4.1 

R.A.2 Premature Jolly 

Logic Chute 

Change in 

parachute bay 
3C Two Chute Releases are 

used for each main 
1B Inspection: CDR 3.4.1 
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Release 

deployment 

pressure prior 

to black powder 

ejection 

parachute, reducing the 

chance of premature 

release. 

R.A.3 

Lack of main 

parachute 

deployment 

Loss of power of 

one or more 

Chute Releases 

Ballistic landing; 

APPA inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

3D 

The Jolly Logic Chute 

Release devices are 

connected in series; if 

one fails closed, the main 

parachute will still be 

deployed. 

1C 
Demonstration: CDR 

3.4.1 

R.A.4 
Premature shear 

pin shear 

Shear pins of 

insufficient 

diameter 

Premature section 

separation 
3C 

#4-40 shear pins are 

used, and their ability to 

support the LV will be 

tested immediately after 

assembly and prior to 

launch. 

2C 

Demonstration: CDR 3.1  

 

Test: Checklist section 

Final Measurements 

Excessive tensile 

aerodynamic 

forces on shear 

pins 

A 4:1 ogive nosecone and 

four clipped delta fins 

will be used to direct air 

around the LV. 

Inspection: CDR 3.1.5 

Excessive 

compressive 

forces from 

motor 

Shear pin holes will be 

drilled such that the 

shear pins fit only into 

holes created by flush 

body tube sections; this 

will restrict compressive 

motion between body 

tube sections. 

Inspection: CDR 3.1 
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R.A.5 

Premature 

section 

separation 

Premature 

shear pin shear 

(1) Parachute rips 

and tears.  

 

(2) Failure of LV to 

reach intended 

apogee  

 

(3) APPA inability 

to determine 

ǾŜƘƛŎƭŜΩǎ ƭƻŎŀǘƛƻƴ 

3C 

#4-40 shear pins are 

used, and their ability to 

support the LV will be 

tested immediately after 

assembly and prior to 

launch. 
2C 

Demonstration: CDR 3.1  

 

Test: Checklist section 

Final Measurements 

Premature black 

powder 

detonation 

See R.A.6 Mitigation See R.A.6 Verification 

R.A.6 

Premature black 

powder 

detonation 

Sympathetic 

main/drogue 

black powder 

detonation 

Dual deployment; 

Parachute damage 

1C 

Jolly Logic Chute Releases 

are used in place of main 

black powder charges. 

1A Inspection: CDR 3.4.1.4 

R.A.7 

Oversized 

pressure ports 

2B 

The equation  

ὖ=0.0008ὒὈ2  

will be used to calculate 

pressure port sizing. 

1B 
Analysis: CDR 3.4.1, 

Equation 3.11 Excessive 

number of 

pressure ports 
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R.A.8 
Excessive wind 

drift 

Premature black 

powder 

detonation 

(1) LV touchdown 

outside of range of 

APPA detection 

  

(2) Inability to 

communicate with 

LV GPS; failure to 

recover LV 

2B 
See R.A.6, R.A.7 

Mitigation 
1B 

See R.A.6, R.A.7 

Verification 

R.A.9 
Late section 

separation 

Delayed black 

powder 

detonation 

(1) Excessive force 

on shock cords and 

shock cord 

connections 

 

(2) 

Weakened/broken 

shock cord-LV 

connections 

 

(3) Ballistic landing 

3D See R.A.6 Mitigation 1D See R.A.6 Mitigation 

R.A.10 
Excessive wind 

drift 

Dual 

deployment of 

parachutes 

(1) LV touchdown 

in trees 

 

(2) LV touchdown 

outside of range of 

APPA detection 

3D See R.A.6 Mitigation 1D See R.A.6 Verification 
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R.A.11 

Abrupt pressure 

changes in AV 

bay 

Separation of LV 

components 

while altimeters 

are armed 

Black powder 

detonation during 

arming of 

altimeters 

3C 

(1) Shear pins are placed 

between LV sections 

prior to altimeter arming. 

 

(2) Altimeters are 

disarmed if the LV must 

be disassembled 

immediately prior to 

flight. 

2C 

(1) Test: Checklist Section 

Final Measurements 

 

(2) Inspection: Checklist 

Section Launch Pad Personnel burns, 

cuts, and scrapes 

R.A.12 
LV flight without 

armed altimeters 

Premature 

motor ignition 

Ballistic descent of 

LV 
2D See A.M.4 Mitigation 1D See A.M.4 Verification 

R.A.13 

Terminal block 

wire 

disconnection 

Aggressive 

vibration on AV 

bay 

Ejection charge not 

delivered to blast 

caps; Ballistic 

descent of LV 

4D 

Terminal block wire 

connections are 

confirmed to be secure 

by the safety officer prior 

to flight. 

1D 
Demonstration: Checklist 

Section AV Bay 

 

Table 5-6 Recovery PRA: Left Before Mitigation, Right After Mitigation 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 
A 1A 2A 3A 4A 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

A 1A 2A 3A 4A 
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Low Risk  

0% 

 

0% 

 

0% 

 

0% 

B 

Medium 

Risk 

1B 

 

0% 

2B 

2 

8% 

3B 

 

0% 

4B 

 

0% 

C 

High risk 

1C 

2 

8% 

2C 

 

0% 

3C 

8 

32% 

4C 

1 

4% 

D 

Severe 

Risk 

1D 

2 

8% 

2D 

2 

8% 

3D 

7 

28% 

4D 

1 

4% 
 

Level of 

Severity 

Low Risk 3 

12% 

 

0% 

1 

4% 

 

0% 

B 

Medium 

Risk 

1B 

5 

20% 

2B 

2 

8% 

3B 

 

0% 

4B 

 

0% 

C 

High risk 

1C 

2 

8% 

2C 

7 

28% 

3C 

 

0% 

4C 

 

0% 

D 

Severe 

Risk 

1D 

5 

20% 

2D 

 

0% 

3D 

 

0% 

4D 

 

0% 
 

Table 5-7 Payload FMEA 

Payload Hazards 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to/from APPA Stability 

P.Sta.1 

Chaotic motion 

of APPA 

electronics 

Aerodynamic 

forces on 

parachutes 

Blurry images; 

inability to 
4C 

[±Ωǎ ǊŜŎƻǾŜǊȅ ǎȅǎǘŜƳ 

separates the fin can 

from the upper portion 

3B 
Demonstration: CDR 

3.4.1 
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Fin can 

rotational 

motion 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

of LV to reduce 

instabilities. 

Black powder 

explosion 

The fin can main 

parachute will be 

deployed via a Jolly Logic 

Chute Release. 

Demonstration: CDR 

3.4.1 

P.Sta.2 

Vehicle 

instabilities 

Impulsive 

parachute 

deployment 

forces during 

descent 

(1) Accumulation of 

poor/ inaccurate 

IMU data 

 

(2) Inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

2C 

The IMU will be securely 

fastened to the !tt!Ωǎ 

AV sled ǿƛǘƘ ǘƘǊŜŜ ҁέ 

long 1-64 steel screws.  

2A 

Test: AV Bay vibrational 

response test is 

scheduled to be 

performed on 1/19/2022 

P.Sta.3 

Wind drift 
(1) Blurry images 

 

(2) Inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩs 

location 

4C 

[±Ωǎ ǊŜŎƻǾŜǊȅ ǎȅǎǘŜƳ 

separates the fin can 

assembly from the upper 

portion of LV to reduce 

instabilities. 

3B 
Demonstration: CDR 

3.4.1 Fin can 

rotational 

motion 

P.Sta.4 
APPA camera 

obstruction 

Parachutes, fins, 

and/or shock 

cord in line of 

sight of camera 

Failure of APPA to 

recognize aerial 

and ground-level 

landmarks 

2C 
Two cameras will be 

placed in between fins to 

minimize fin obstruction, 

1B Demonstration: CDR 
4.4.2 



 

2022 NASA Student Launch | Tacho Lycos 106 

 

Cameras 

oriented away 

from the ground 

and many pictures will be 

taken for redundancy. 

Presence of fog 

Launches are not 

conducted during 

inclement weather. 

Inspection: NAR High 

Power Rocket Safety 

Code #9 

P.Sta.5 

Electromagnetic 

interference with 

IMU 

Production of 

magnetic fields 

by LV 

components 

(1) Accumulation of 

poor/inaccurate 

IMU data 

 

(2) Inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

1C 

EMC testing will be 

performed prior to 

launch day to study the 

EMC properties of the LV. 

1A 

Test: EMC Testing is 

scheduled to be 

performed on 1/19/2022 

P.Sta.6 

IMU 

accumulation of 

error 

Improper IMU 

calibration 

(1) Accumulation of 

poor/inaccurate 

IMU data 

 

(2) Inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

1C 

The IMUs will be 

calibrated according to 

calibration instructions. 

1A 
Demonstration: IMU 

Reference sheet 

Hazards to APPA + MOMO Electronics 

P.E.1 
Low electronics 

power 

Delay between 

assembly and 

launch 

Loss of IMU, 

camera, and/or 

Jetson board 

power 

3C 

Screw switches will arm 

electronics immediately 

prior to flight to reduce 

the amount of battery 

drain. 

2C 

Inspection: CDR 4.4.3.4, 

Checklist Section Launch 

Pad 
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7.4V LiPo batteries are 

chosen for their ability to 

continue to provide 

power over a long period 

of time. 

Demonstration: CDR 

4.4.1, Figure 4-3 

P.E.2 

Inaccurate 

altitude 

measurement 

Pressure 

gradient 

between inside 

and outside of 

LV 

Inaccurate altitude 

data delivered to 

neural network; 

APPA inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

3C 

0.2256-in. pressure ports 

will be drilled into the 

airframe to allow the 

APPA altimeter to collect 

pressure data.  

1B 

Demonstration: CDR 

4.4.3.5 

Analysis: CDR 3.4.1.1, 

Equation 3.11 

P.E.3 
Ribbon cable 

exposure to heat 

Ribbon cable 

proximity to 

motor inside fin 

can 

Inability of cameras 

to communicate 

with Jetson nano 

3C 

The area surrounding 

ribbon cables inside of LV 

was temperature-tested 

and shown to not exceed 

temperatures above 219 

degrees Fahrenheit. 

2B 
Test: Subscale Launch 

Performed 11/20/2021 

P.E.4 

Ribbon cable 

rips/tears 

 

Ribbon tape 

exposure to 

aerodynamic 

forces 

2C 

(1) Ribbon cables were 

shown to withstand flight 

forces both inside and 

outside LV during the 

subscale launch. 

 

(2) Aluminum foil tape 

will prevent air leakage 

into the lower payload 

compartment. 

1B 

(1) Test: Subscale Launch 

Performed 11/20/2021 

 

(2) Demonstration: CDR 

4.4.3.3 
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P.E.5 

NVIDIA Jetson 

Nano loss of 

power Temperatures 

exceeding 

operational 

limits 

Complete lack of 

image 

interpretation; 

inability to 

determine vehicle 

location 

4C 

(1) The Jetson Nano will 

use a temperature 

sensor-triggered fan to 

disperse heat. 

(2) The Jetson Nano has 4 

GB of RAM. 

2C 

(1) Demonstration: CDR 

4.4.2.2 

 

(2) Demonstration: CDR 

4.4.2.2 

Slowed 

operational 

speed of Jetson 

board 

P.E.6 

Imaging 

electronics 

overheating 

Thermal contact 

between motor 

exhaust gases 

and APPA 

electronics 
Permanent 

electronics 

damage; inability 

to determine 

ǾŜƘƛŎƭŜΩǎ ƭƻŎŀǘƛƻƴ 

2D 

(1) Thermal crayons used 

ƻƴ ǘƘŜ ǘŜŀƳΩǎ ǎǳōǎŎŀƭŜ 

flight confirmed that blue 

tube, a more thermally 

conductive material than 

G12 fiberglass, isolated 

imaging electronics from 

motor heat. 

(2) G12 fiberglass isolates 

the motor from APPA 

electronics. This 

fiberglass has a low 

thermal conductivity of 

2.0. 

1B 

(1) Test: Subscale APPA 

thermal insulation test 

performed on 

11/20/2021. 

 

(2) Demonstration: CDR 

3.1.4 

P.E.7 

Jetson Nano 

using too much 

RAM  

4C 

(1) The Jetson Nano will 

use a temperature 

sensor-triggered fan to 

disperse heat. 

(2) The Jetson Nano will 

have 4 GB of RAM. 

2B 

(1) Demonstration: CDR 

4.4.2.2 

 

(2) Demonstration: CDR 

4.4.2.2 
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P.E.8 
Camera lens 

abrasion 

Lens contact 

with launch field 

particulates 

Blurred, difficult-

to-interpret images 

of launch field 

3C 

Each camera is housed by 

a clear, scratch-resistant 

plexiglass casing that 

protects it from abrasion. 

2B 
Demonstration: CDR 

4.4.2.7 

P.E.9 

Low image 

recognition 

confidence 

Low 

quality/quantity 

neural network 

training 

database 

(1) Incorrect 

interpretation of 

landmarks 

 

(2) Inaccurate 

vehicle location 

3C 

Neural networks will be 

trained with a pre-

training + domain-

specific fine-tuning 

approach. 

2B 
Demonstration: CDR 

4.4.1.2 

P.E.10 
Centering ring 

cracks 

Presence of 

holes in 

centering rings 

to 

accommodate 

ribbon cable 

Motor 

misalignment 
3D 

Centering rings will be 

designed and fabricated 

with a safety factor of at 

least 1.5. 

2A Inspection: LVD 1 

P.E.11 
APPA battery 

ejection 

Frayed wires 

connecting 

battery and 

electronics 

(1) Airframe 

structural damage 

 

(2) No power to 

Jetson Nano 

 

(3) APPA inability 

to determine 

vehicle location 

3D 

!tt!Ωǎ ōŀǘǘŜǊƛŜǎ ǿƛƭƭ ōŜ 

inspected for damage 

after charging and prior 

to flight. 

1D 
Inspection: Checklist 

Section APPA Assembly 

Crushed/ 

damaged quick 

disconnect 
Battery connection is 

confirmed to be tight + 

secure by the safety 

officer. 
Quick 

disconnect 

disconnection 

due to flight 
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forces and 

vibrations 

Hazards to APPA + MOMO Structure 

P.Str.1 

APPA sled 

cracking/ 

breaking 

Excessive flight 

forces imparted 

from airframe 

(1) Irreversible 

damage to mission-

critical structural 

elements and 

electronics 

 

(2) IMU motion 

that introduces 

significant error; 

APPA inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

3D 

!tt!Ωǎ ǎƭed is made of 

PLA, a material with a 

tensile strength of 7,250 

psi. 

1B 

Inspection: CDR 4.4.2.1; 

Test: Payload stress test 

scheduled for 1/18/22 
Friction and 

pressure on 

coupler-sled 

connection 

Contact 

between sled 

and high 

velocity 

dislodged LiPo 

battery 

!tt!Ωǎ [ƛtƻ ōŀǘǘŜǊȅ ǿill 

be secured by three zip 

ties and a friction fit 

between the battery and 

the sled. 

Inspection: CDR 4.4.2.1 

P.Str.2 

MOMO sled 

cracking/ 

breaking 

Excessive flight 

forces imparted 

from airframe Uneven force on 

airframe; airframe 

cracking/breaking 

3B 

MOMOΩǎ ǎƭŜŘ ƛǎ ƳŀŘŜ ƻŦ 

PLA, a material with a 

tensile strength of 7,250 

psi. 
1B 

Inspection: CDR 4.6.1.1; 

Test: Payload stress test 

scheduled for 1/18/22 

Contact 

between sled 

and dislodged 

electronics 

ahahΩǎ ŜƭŜŎǘǊƻƴƛŎǎ ǿƛƭƭ 

be soldered to perfboard 

which is epoxied to 

ahahΩǎ ǎƭŜŘΦ 

Inspection: CDR 4.6.1.1 

P.Str.3 
MOMO Sled 

melting 
Contact with 

overheating 

Irreversible 

damage to mission-
2B Each sled will be made of 

PLA, which has a melting 
1B Inspection: CDR 4.6.1.1 
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P.Str.4 
APPA Sled 

melting 

electronics/ 

batteries 

critical structural 

elements and 

electronics 

2D 

temperature of 315-338 

degrees Fahrenheit. 

Electronics will power off 

before reaching this 

temperature. 1B Inspection: CDR 4.4.2.1 
IMU motion that 

introduces 

significant error; 

APPA inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

P.Str.5 

APPA electronics 

cable 

shear/fraying 

Friction on 

contact 

between cables 

and sled 

Loss of power to 

APPA electronics 

3D 

DŀǇǎ ƛƴ !tt!Ωǎ ǎƭŜŘ ǿƛƭƭ 

be narrow enough to 

secure each cable and 

wide enough to not 

constrict cables. 

2B Inspection: CDR 4.4.2.1 

Loss of 

communication 

between APPA 

components; APPA 

inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

P.Str.6 

Separation of 

epoxied sled 

modules 

Overheated/ 

softened epoxy 

(1) Irreversible 

damage to mission 

critical APPA 

components 

 

(2) IMU and 

altimeter motion 

that introduces 

significant error 

3D 

APPA electronics 

vulnerable to 

overheating will use 

temperature sensor-

controlled fans to 

modulate temperature. 
1B 

Demonstration: CDR 

4.4.2.2 

Insufficiently 

strong epoxied 

connections 

Epoxy is allowed to cure 

for at least 24 hours 

before load is applied. 

Inspection: STD 1 
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(3) APPA inability 

to determine 

ǾŜƘƛŎƭŜΩǎ ƭƻŎŀǘƛƻƴ 

 

Table 5-8 Payload PRA: Left Before Mitigation, Right After Mitigation 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

 

0% 

2A 

 

0% 

3A 

 

0% 

4A 

 

0% 

B 

Medium 

Risk 

1B 

 

0% 

2B 

1 

4.348% 

3B 

1 

4.348% 

4B 

 

0% 

C 

High risk 

1C 

2 

8.696% 

2C 

3 

13.04% 

3C 

5 

21.74% 

4C 

4 

17.39% 

D 1D 2D 3D 4D 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

2 

8.696% 

2A 

2 

8.696% 

3A 

 

0% 

4A 

 

0% 

B 

Medium 

Risk 

1B 

9 

39.13% 

2B 

5 

21.74% 

3B 

2 

8.696% 

4B 

 

0% 

C 

High risk 

1C 

 

0% 

2C 

2 

8.696% 

3C 

 

0% 

4C 

 

0% 

D 1D 2D 3D 4D 
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Severe 

Risk 

 

0% 

2 

8.696% 

5 

21.74% 

 

0% 
 

Severe 

Risk 

1 

4.348% 

 

0% 

 

0% 

 

0% 
 

Table 5-9 Propulsion/Aerodynamics FMEA 

Hazards to Propulsion/Aerodynamics 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to/from Motor 

A.M.1 

Uneven pressure 

buildup inside of 

motor tube 

Defects 

(cracks/holes) in 

propellant grain 

Catastrophe on 

Takeoff (CATO) 

 

3D 

Motors are purchased 

from AeroTech, a motor 

company demonstrated 

to be reliable. 

1D Inspection: CDR 1.2.2 

A.M.2 Motor ejection 

Loose motor 

retainer 

2D 

Motor assembly is 

performed under the 

guidance of Level 3-

certified Tripoli 

personnel. 1D 

Inspection: Checklist 

Section Motor Assembly 

Centering ring 

epoxy failure 

Epoxy is allowed to cure 

for at least 24 hours 

before load is applied.  

Demonstration: STD 1 
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Crack in fin can 

body tube 

Body tubes are made of 

G12 fiberglass and have a 

tensile strength of 43,000 

psi. 

Inspection: CDR 3.1.4 

A.M.3 
Cracks/holes in 

propellant grain 

Torsional load 

applied to grains 

during assembly 

Uneven thrust 

curve 

3D 

Motor assembly is 

performed under the 

guidance of Level 3-

certified Tripoli 

personnel. 

1D 
Inspection: Checklist 

Section Motor Assembly 

CATO 

A.M.4 
Premature 

ignition 

Ignition system 

static discharge 

Severe personnel 

burns 

3D 

(1) Ignition systems are 

provided by certified 

Tripoli personnel. 

 

(2) Ignition assembly is 

performed under the 

guidance of Level 3-

certified Tripoli 

personnel. 

1D 
Inspection: Checklist 

Section Launch Pad 

LV flight without 

armed altimeters 

A.M.5 

Airframe 

exposure to 

motor exhaust 

gases 

Premature 

section 

separation 

during ascent 

Inability of LV to 

withstand flight 

forces 

2D See R.A.5 Mitigation 1C See R.A.5 Verification 

A.M.6 Motor thrust 

vector not 

Motor 

misalignment 
Vehicle instability 3D See A.A.2 Mitigation 2A See A.A.2 Verification 
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aligned parallel 

to LV 

Failure to reach 

intended apogee 

Hazards to Aerodynamics 

A.A.1 
LV 

weathercocking 

Vehicle over-

stability Failure to reach 

intended apogee 

3A 
(1) The LV has a stability 

margin of 2.20, 

calculated in RockSim 

and measured 

immediately prior to 

launch. 

 

(2) MOMO, an 

experimental payload, 

sits in the upper payload 

bay and acts as a 

stabilizing ballast. 

2A 

Analysis: CDR 3.5.2 

 

Inspection: CDR 4.6.1 A.A.2 

Divergence from 

expected 

trajectory 

Vehicle 

instability 
3D 2A 

Motor propulsion 

directed towards 

ground 

Premature, ballistic 

descent 

A.A.3 Fin flutter 
Transonic LV 

speeds 

Fin structural 

damage 
1C 

Simulations in RockSim 

determined that the LV 

stays below the transonic 

range. 

1A 

Analysis: LV speed 

simulation performed on 

10/15/2021 

A.A.4 

Centering ring, 

fin can bulkhead, 

and motor 

retainer 

structural failure 

Unexpectedly 

high motor 

thrust 
Motor travel 

through LV 
2D 

Motors are purchased 

from AeroTech, a motor 

company demonstrated 

to be reliable. 
1D 

Demonstration: CDR 

1.2.2 

Weak epoxy 

connections + 

wood 

Thin layers of aircraft 

grade birch plywood are 

layered with epoxy that 

is given at least 24 hours 

Demonstration: STD 1 
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to cure. Bulkheads have a 

safety factor of at least 

1.5. 

A.A.5 
Fin structural 

damage 
Fin flutter 

Fin loss 

1C 

Simulations in RockSim 

determined that the LV 

stays below the transonic 

range. 

1A 

Analysis: LV speed 

simulation performed on 

10/15/2021 

Divergence from 

expected trajectory 

Vehicle instabilities 

A.A.6 

Abnormal/ 

uneven thrust 

curves 

Propellant grain 

gaps, cracks, 

holes, and 

bubbles 

Failure to achieve 

intended apogee 

2B 

Motors are purchased 

from AeroTech, a motor 

company demonstrated 

to be reliable. 

1D 
Demonstration: CDR 

1.2.2 
Excessive force 

applied to 

structural 

bulkheads 

Table 5-10 Payload PRA: Left Before Mitigation, Right After Mitigation 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

 

0% 

2A 

 

0% 

3A 

1 

8.333% 

4A 

 

0% 

B 1B 2B 3B 4B 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

2 

16.67% 

2A 

3 

25% 

3A 

 

0% 

4A 

 

0% 

B 1B 2B 3B 4B 
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Medium 

Risk 

 

0% 

1 

8.333% 

 

0% 

 

0% 

C 

High risk 

1C 

2 

16.67% 

2C 

 

0% 

3C 

 

0% 

4C 

 

0% 

D 

Severe 

Risk 

1D 

 

0% 

2D 

3 

25% 

3D 

5 

41.67% 

4D 

 

0% 
 

Medium 

Risk 

 

0% 

 

0% 

 

0% 

 

0% 

C 

High risk 

1C 

1 

8.333% 

2C 

 

0% 

3C 

 

0% 

4C 

 

0% 

D 

Severe 

Risk 

1D 

6 

50% 

2D 

 

0% 

3D 

 

0% 

4D 

 

0% 
 

Table 5-11 Personnel FMEA 

Hazards to Personnel Safety 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to Skin and Soft Tissue 

Pe.S.1 
Slips, trips, and 

falls 

Material spills 

around lab 

Skin 

abrasion/bruising 
3B 

After handling of 

liquid/powder assembly 

materials, lab floors will 

be inspected for 

material spill. 2B 

Inspection: HPRC Safety 

Handbook 

Wet/uneven 

launch field 

conditions 

Only required recovery 

personnel are allowed 

on launch field to 

recover rocket; closed-

Inspection: Checklist 

Section Recovery 
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toe, heavy duty shoes 

are required. 

Pe.S.2 

Personnel fingers 

caught in 

bandsaw blade 

Bandsaw blade 

contact with 

clothes and/or 

jewelry Skin and muscle 

tear/abrasion 
2D Personnel working with 

manufacturing 

equipment are trained 

in its proper use and 

PPE required. 

1D 

Inspection: HPRC Safety 

Handbook 

Personnel 

misuse of 

bandsaw 

Pe.S.3 
Contact with hot 

soldering iron 

Personnel 

misuse of 

soldering 

system 

Mild to severe 

burns 
3C 1B 

Pe.S.4 

Personnel 

collision with LV 

Launch rail 

tipping with 

assembled LV 

Skin and muscle 

abrasion/tear 

2C 

Launch rails, provided 

by TRA personnel, have 

a locking mechanism 

that is engaged when 

the LV is righted. 

1C 
Inspection: Checklist 

Section Launch Pad 

Pe.S.5 

Sideways 

propulsion from 

severe 

instability 

3D 

The stability margin of 

the launch vehicle was 

calculated in RockSim to 

be 2.20. If the measured 

stability margin is less 

than 2.0, the LV will not 

launch. 

1D 
Inspection: NASA 2.14, 

Analysis: CDR 3.5.2 

Pe.S.6 LV touchdown 

within close 
2D 

The LV is angled 20 

degrees away from 

personnel; personnel 

1B 
Inspection: NAR Safety 

Code 
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proximity to 

personnel  

are instructed to keep 

eyes on all falling LVs.  

Pe.S.7 

High load placed 

on personnel 

muscle 

Lifting heavy LV 

components 
Muscle strain/tear 4C 

At least two persons 

carry the LV in its fully 

assembled state. 

2B 
Inspection: Checklist 

Section Launch Pad 

Pe.S.8 Bug sting/bite 

Prolonged 

exposure to 

wildlife during 

launch 

Itchiness, rash, 

and/or anaphylaxis 
4A 

Bug spray is provided to 

team members during 

launches. 

2A 

Inspection: Checklist 

Section Night Before 

Checklist 

Pe.S.9 

Personnel 

contact with 

ejection charges 

Contact with 

unblown black 

powder after 

touchdown 

Mild to severe 

burns and 

abrasions 

3C 

Personnel approaching 

the LV are provided with 

Nomex gloves and a fire 

extinguisher; LV sections 

are inspected for 

unblown charges prior 

to handling. 

2B 
Inspection: Checklist 

Section Recovery 

Pe.S.10 

Contact with 

large, airborne 

shrapnel 

CATO 

Severe skin 

abrasion/ 

laceration 

2D 

(1) Personnel are 

separated from the 

launch pad according to 

the minimum distance 

table. 

 

(2) AeroTech motors are 

chosen for their low 

likelihood of 

catastrophic failure. 

1C 

(1) Inspection: NAR High 

Power Rocket Safety 

Code 

 

(2) Inspection: CDR 1.2.2 
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Pe.S.11 

Contact with 

small, airborne 

shrapnel 

Sanding, cutting, 

or drilling brittle 

or granular 

materials 

Cuts and bruises 3C 

Protective eye and face 

equipment are provided 

to personnel working 

with power tools. 

1C 
Inspection: HPRC PPE 

Cabinet 

Pe.S.12 

Exposure to 

uncured epoxy 

fluid 

Working with 

epoxy 

(1) Skin rash 

 

(2) Skin irritation 

3A 

Nitrile gloves are 

provided to personnel 

working with hazardous 

liquid/vapor materials. 

2A 

Inspection: HPRC PPE 

Cabinet 

Pe.S.13 

Exposure to 

vaporous 

chemicals  

HazMat off-

gassing 
2A 1A 

Pe.S.14 
Skin exposure to 

APCP 

Assembling LV 

motors 
2A 

(1) Nitrile gloves are 

provided to personnel 

assembling motors. 

 

(2) Motor assembly is 

overseen by Tripoli 

personnel. 

1A 
Inspection: Checklist 

Section Motor Assembly 
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Pe.S.15 

Excessive 

amount of 

walking 

Far away vehicle 

touchdown 

(1) Muscle sprain 

 

(2) Shin splints 

3A 

The LV is equipped with 

a GPS tracker; if the 

location of the LV is 

sufficiently far away 

from the launch site, 

recovery personnel are 

driven to the recovery 

site. 

1A 
Inspection: Checklist 

Section Recovery 

Hazards to Bones and Joints 

Pe.B.1 
Slips, trips, and 

falls 

Material spills 

around lab (1) Bone fracture 

 

(2) Bone bruise 

 

(3) Dislocation 

1D 

After handling of 

liquid/powder assembly 

materials, lab floors will 

be inspected for 

material spill. 

1B 
Inspection: HPRC Safety 

Handbook 

Wet/uneven 

launch field 

conditions 

Only required recovery 

personnel are allowed 

on launch field to 

recover rocket; closed-

toe, heavy duty shoes 

are required. 

1B 
Inspection: Checklist 

Section Recovery 

Pe.B.2 

Excessive 

amount of 

walking 

Far away LV 

touchdown 
Stress fracture 2D 

The LV is equipped with 

a GPS tracker; if the 

location of the LV is 

sufficiently far away 

from the launch site, 

recovery personnel are 

driven to the recovery 

site. 

1A 
Inspection: Checklist 

Section Recovery 
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Pe.B.3 

Personnel fingers 

caught in 

bandsaw blade 

Bandsaw blade 

contact with 

clothes and/or 

jewelry 
Bone break 2D 

Personnel working with 

manufacturing 

equipment are trained 

in its proper use and 

PPE required. 

1D 
Inspection: HPRC Safety 

Handbook Personnel 

misunderstand-

ing of bandsaw 

operation 

Pe.B.4 

Contact with 

large, airborne 

shrapnel 

CATO 

(1) Bone fracture 

requiring 

immediate medical 

attention 

 

(2) Limb loss 

2D 

(1) Personnel are 

separated from the 

launch pad according to 

the minimum distance 

table. 

 

(2) AeroTech motors are 

chosen for their low 

likelihood of 

catastrophic failure. 

1C 

(1) Inspection: NAR High 

Power Rocket Safety 

Code #9 

 

(2) Demonstration: CDR 

1.2.2 

Hazards to Respiratory System 

Pe.R.1 
Exposure to 

epoxy fumes 

Working with 

epoxy 

Difficulty 

breathing, 

respiratory 

irritation 

2C 

(1) Personnel working 

with epoxy are provided 

particle masks. 

 

(2) An oxygen sensor in 

the lab goes off when 

1B 

Inspection: HPRC PPE 

Cabinet 

 

Inspection: HPRC Lab 

Space 
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insufficient oxygen is 

present. 

Pe.R.2 
Exposure to 

COVID-19 

Working in close 

proximity with 

potentially 

infected 

personnel 

(1) Respiratory 

infection 

 

(2) Hospitalization 

 

(3) Death 

 

(4) Outbreak 

amongst team 

members 

4D 

Personnel are required 

to wear masks at all 

times. 

 

Personnel are 

encouraged to get 

vaccinated, if possible. 

2C 

Inspection: Contact 

Tracing Spreadsheets 

stored electronically 

Pe.R.3 

Exposure to 

carcinogenic 

particulates 

Working with 

fillet epoxy 

(1) Respiratory 

irritation and/or 

infection 

 

(2) Cancer 

4D 

Personnel working with 

fillet epoxy are provided 

particle masks. 

2B 
Inspection: HPRC PPE 

Cabinet 

Pe.R.4 

Inhalation of 

aerosolized 

particulates 

Sanding, cutting, 

and/or drilling 

(1) Respiratory 

irritation 

 

4B 

Personnel working with 

materials prone to 

particulate production 

are provided particle 

masks. 

2B 
Inspection: HPRC PPE 

Cabinet 



 

2022 NASA Student Launch | Tacho Lycos 124 

 

Pe.R.5 

Inhalation of 

spray paint 

fumes 

Working with 

spray paint for 

rocket 

aesthetics 

(2) Difficulty 

breathing 

4B 

Spray paint activities are 

conducted outside and 

personnel working with 

spray paint are provided 

respirators. 

2B 
Inspection: HPRC PPE 

Cabinet 

Pe.R.6 

Inhalation of 

combustion 

reactants 

Close proximity 

to LV motors 

and ejection 

charges 

3B 

(1) Personnel in the 

vicinity of burning 

chemicals are provided 

particle masks. 

 

(2) Personnel are 

instructed by the RSO to 

stand a minimum 

distance away from 

burning motors. 

2B 

(1) Inspection: HPRC PPE 

Cabinet 

 

(2) Inspection: NAR High 

Power Rocket Safety 

Code 

Hazards to Head 

Pe.H.1 

Personnel 

contact with 

high-energy LV 

components 

High-energy LV 

sections 

 

Personnel 

proximity to LV 

touchdown 

(1) Concussion 

 

(2) Brain damage 

 

(3) Memory loss 

 

2D 

(1) The LV has a dual-

redundant recovery 

system. 

 

(2) Personnel are 

instructed by the RSO to 

stand a minimum 

distance away from the 

launch pad. 

1C 

(1) Demonstration: CDR 

3.4.1 

 

 

(2) Inspection: NAR High 

Power Rocket Safety 

Code 
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Pe.H.2 
LV tipping during 

assembly 

Launch rail 

instability 

(4) Skull fracture 

3D 

Launch rails, provided 

by TRA personnel, have 

a locking mechanism 

that is engaged when 

the LV is righted. 

1C 
Inspection: Checklist 

Section Launch Pad 

Pe.H.3 
Slips, trips, and 

falls  

Attempting to 

jump 

through/over 

launch field 

irrigation 

ditches 

3D 

Personnel members are 

made aware that 

jumping over ditches is 

strictly forbidden. 

1D 
Inspection: Checklist 

Section Recovery 

Pe.H.4 

Contact with 

large, airborne 

shrapnel 

CATO 2D 

(1) AeroTech motors are 

chosen for their low 

likelihood of 

catastrophic failure 

 

(2) Personnel are 

instructed by the RSO to 

stand a minimum 

distance away from the 

launch pad. 

1C 

(1) Inspection: CDR 1.2.2 

 

 

(2) Inspection: NAR High 

Power Rocket Safety 

Code 

Hazards to Eyes 

P.E.1 
Exposure to 

epoxy fumes 

Working with 

epoxy 

(1) Eye irritation 

 
3D 

Personnel working with 

epoxy shall be provided 

safety glasses. 

2A 
(1) Inspection: STD 2 
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(2) Temporary 

blindness (from 

tear production) 

 

(3) Permanent or 

semi-permanent 

blindness 

(2) Demonstration: HPRC 

PPE Cabinet 

P.E.2 

Exposure to 

aerosolized 

particulates 

Working with 

spray paint 

(1) Eye irritation 

 

(2) Eye abrasion 

 

(3) Temporary 

blindness 

 

(4) Permanent 

blindness 

2D 

Personnel working with 

spray paint work outside 

and are provided safety 

glasses.  

2A 

Sanding, cutting, 

or drilling 

Personnel sanding, 

cutting, or drilling shall 

be provided safety 

glasses. 

P.E.3 

Eye contact with 

the sun/bright 

sky 

Maintaining eye 

contact with 

falling rockets 

(1) Temporary 

blindness 

 

(2) Permanent 

blindness 

1B 

Personnel maintaining 

eyes with falling rockets 

are encouraged to wear 

sunglasses. 

1A 
Inspection: Checklist 

Section Recovery 

 



 

2022 NASA Student Launch | Tacho Lycos 127 

 

 

Table 5-12 Payload PRA: Left Before Mitigation, Right After Mitigation 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

 

0% 

2A 

2 

6.25% 

3A 

2 

6.25% 

4A 

1 

3.125% 

B 

Medium 

Risk 

1B 

1 

3.125% 

2B 

 

0% 

3B 

2 

6.25% 

4B 

2 

6.25% 

C 

High risk 

1C 

 

0% 

2C 

2 

6.25% 

3C 

3 

9.375% 

4C 

1 

3.125% 

D 

Severe 

Risk 

1D 

1 

3.125% 

2D 

9 

28.125% 

3D 

4 

12.5% 

4D 

2 

6.25% 
 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

5 

15.63% 

2A 

4 

12.5% 

3A 

 

0% 

4A 

 

0% 

B 

Medium 

Risk 

1B 

5 

15.63% 

2B 

7 

21.88% 

3B 

 

0% 

4B 

 

0% 

C 

High risk 

1C 

6 

18.75% 

2C 

1 

3.125% 

3C 

 

0% 

4C 

 

0% 

D 

Severe 

Risk 

1D 

4 

12.5% 

2D 

 

0% 

3D 

 

0% 

4D 

 

0% 
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Table 5-13 Hazards to Environment FMEA 

Hazards to Environment 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to Wildlife 

E.W.1 

Fire on launch 

field 

Motor ignition 

(1) Crop damage 

 

(2) Wildlife injury 

 

(3) Personnel burns 

3D 

(1) Ground areas around 

the launch pad are 

confirmed to be free of 

flammable debris. 

 

(2) Launch rails are fitted 

with blast plates that 

deflect exhaust gases 

away from the ground. 

2C 
Inspection: NAR High 

Power Safety Code #7 

E.W.2 
Black powder 

ignition 
2C 

Recovery personnel are 

provided a fire 

extinguisher and handle 

the LV with fireproof 

Nomex gloves.  

1B 
Inspection: Checklist 

Section Recovery 

E.W.3 
APPA battery 

explosion 
2D !tt!Ωǎ ōŀǘǘŜǊƛŜǎ are 

isolated from moisture, 

abrasion, and heat on its 

sled. 

1C 

Inspection: NASA 2.22 

E.W.4 
APPA/MOMO 

battery explosion 

Battery 

puncture 

leading to 

(1) HazMat leakage 

onto launch field; 
3D 1C 
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contact with 

moisture 

water 

contamination 

 

(2) Fire on launch 

field 

Excessive heat 

surrounding 

battery 

E.W.5 
APPA/MOMO 

battery ejection 

Frayed wires 

connecting 

battery and 

electronics 

(1) HazMat leakage 

onto launch field; 

water 

contamination 

 

(2) High-energy 

impact of LV 

components with 

wildlife; ground/ 

water wildlife 

injury/death 

3D 

APPA and MOMO 

batteries will be 

inspected for damage 

after charging and prior 

to flight. 

1D 
Inspection: Checklist 

Section APPA Assembly 

Crushed/ 

damaged quick 

disconnect 
Battery connection is 

confirmed to be tight + 

secure by the safety 

officer. 

Quick 

disconnect 

disconnection 

due to flight 

forces and 

vibrations 

E.W.6 

Contact between 

LV components 

and birds 

LV flight in 

proximity to 

bird flight 

(1) Wildlife injury 

 

(2) Wildlife death 

 

2C 

Airways in the flight path 

of the LV are confirmed 

to be clear before flight 

by the RSO. 

1C 

Inspection: NAR High 

Power Rocketry Safety 

Code #9 
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(3) Obstruction of 

bird migration 

patterns 

E.W.7 

Permanent 

jettisoning of 

Nomex sheet 

Rips and tears in 

Nomex 

(1) Contamination 

of wildlife shelters 

 

(2) Contamination 

of wildlife 

food/water supply 

3A 

Nomex is rated to 

withstand flight forces 

and is flame resistant 

against black powder 

charges. 

1A 
Demonstration: Nomex 

MSDS 

E.W.8 

Nomex 

connection 

breakage 

2A 

(1) Nomex sheets are 

connected to shock cord 

by steel quick links. 

 

(2) Quick links are 

confirmed to be tight by 

the safety officer prior to 

flight. 

1A 

(1) Inspection: CDR 

3.4.1.5 

 

(2) Inspection: Checklist 

Section Main/Drogue 

Recovery Assembly 

E.W.9 
LiPo explosion 

near wildlife 

APPA LiPo 

contact with 

moisture 

Wildlife 

injury/death 
3D 

Entry points to the inside 

of the airframe are 

covered with aircraft 

tape. 
1C 

Inspection: CDR 4.4.3.3 

Launches will not be 

occur during humid 

conditions/inclement 

weather. 

Inspection: NAR High 

Power Rocket Safety 

Code #9 

E.W.10 Unblown black 

powder charges 

LV touchdown 

in/around 

irrigation ditch 

(1) Toxin 

consumption by 

wildlife 

3C See E.N.3 Mitigation 1B See E.N.3 Verification 
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in irrigation 

ditches 

Ballistic landing 

due to lack of 

BP ignition 

 

(2) Wildlife 

digestive upset, 

skin irritation, and 

death 

Excess unblown 

BP charges 

remaining after 

recovery events 

E.W.11 

Toxin 

consumption by 

wildlife 

Solid + liquid 

waste littering 

(1) Wildlife 

digestive upset 

 

(2) Wildlife 

injury/death 

3D 
Littering on launch day is 

STRONGLY prohibited. 
2B Verification Pending 

E.W.12 CATO Motor defects 

(1) Wildlife 

injury/death 

 

(2) Contamination 

of wildlife water 

supply 

2D 

AeroTech motors are 

chosen for their low 

likelihood of catastrophic 

failure. 

1D 
Demonstration: CDR 

1.2.2 

E.W.13 
LV touchdown in 

trees 

Premature 

parachute 

deployment 
Destruction of 

wildlife habitats 
4C See R.A.8 Mitigation 2C See R.A.8 Verification 

High wind drift 
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E.W.14 
Microplastic 

emission 

Use of single-

use plastics and 

epoxy 

(1) Wildlife 

infertility 

 

(2) Wildlife bodily 

inflammation 

 

(3) Wildlife choking 

hazard 

4B 

Epoxied components are 

allowed to cure for 24 

hours prior to use to 

minimize the creation of 

microplastics. 

3B Inspection: STD 1 

3D printed and COTS 

plastic components are 

securely fastened within 

the LV. 

E.W.15 

Contact between 

LV components 

and bird 
LV flight in 

proximity to 

bird flight 

Wildlife 

injury/death 
2D 

Airways in the flight path 

of the LV are confirmed 

to be clear before flight 

by the RSO. 

1D 

Inspection: NAR High 

Power Rocket Safety 

Code #9 Non-recoverable 

launch vehicle 

Hazards to Land 

E.L.1 

High-energy 

impact of LV with 

the ground 

Late/no 

parachute 

deployment 

(1) Permanent 

ruts/dips in launch 

field 

 

(2) Inability of field 

to be used to grow 

crops 

3A See R.A.6 Mitigation 2A See R.A.6 Verification 
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E.L.2 
Non-recoverable 

tree landing 

Premature 

parachute 

deployment 
Tree 

damage/death 
2D See R.A.6 Mitigation 1D See R.A.6 Verification 

High wind drift 

E.L.3 
Fire at launch 

field 

CATO 

Tree destruction; 

inability to use land 

for farming 

2D See E.A.7 Mitigation 1D See E.A.7 Verification 

Motor ignition 

Black powder 

detonation 

APPA battery 

explosion 

E.L.4 

LV touchdown on 

non-field 

property such as 

homes and 

farming 

equipment 

Premature 

parachute 

deployment 
Permanent 

ruts/dips in launch 

field and 

surrounding areas 

2D See R.A.6 Mitigation 1D See R.A.6 Verification 

High wind drift 

Hazards to Air/Water 

E.A.1 
Greenhouse gas 

emissions 

Transportation 

to and from 

launch field (1) Air pollution 

 

(2) Global warming 

4B 

Carpooling is coordinated 

and encouraged. 

4A 

Verification Pending 

Motor and black 

powder 

combustion by-

products 

Aerotech motors are 

chosen for their low 

environmental impact. 

Inspection: CDR 1.2.2, 

Inspection: Aerotech 

Motor SDS 
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Use of power-

drawing 

electronics 

E.A.2 
Microplastic 

emission 

Use of single-

use plastics 

Air and water 

contamination 
4A 

PLA, a material that 

produces few 

microplastics, is used in 

all 3D printed 

components on the LV. 

3A 
Inspection: CDR 4.4.2.1, 

CDR 4.4.2.7, CDR 4.6.1.1 

E.A.3 
Chemical off-

gassing 

Working with 

HazMats 

Air pollution 

1B 

HazMats that off-gas are 

used in well-ventilated 

areas only. 

1A Verification Pending 

E.A.4 

Emission of 

smoke 

CATO 2B 

AeroTech motors are 

chosen for their low 

likelihood of catastrophic 

failure. 

1B 
Demonstration: CDR 

1.2.2 

E.A.5 Motor ignition 2B 
In nominal 

circumstances, LV 

operation produces 

minimal combustion 

byproducts. Ejection 

charge sizes are between 

4.6 and 6.0 grams. 

1B (1) Demonstration: CDR 

3.4.1.6 

 

(2) Analysis: Table 319 
E.A.6 

Black powder 

detonation 
3B 1B 

E.A.7 
Man-made 

wildfire 
2D 

Heat sources are not 

allowed within 25 feet of 

LV motors. 

1B 

Inspection: NAR High 

Power Rocket Safety 

Code #3 
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E.A.8 

Creation of 

vaporized 

hydrochloric acid 

APCP 

combustion 

byproduct 

contact with 

water 

2B 

AeroTech L motors do 

not produce enough by-

product to create 

hydrochloric acid. 

1B 

Demonstration: CDR 

1.2.2 

 

Inspection: Aerotech 

Motors Safety Data Sheet 

Table 5-14  Hazards from Environment FMEA 

Hazards from Environment 

Label Hazard Cause Effect 
Pre-

LS 
Mitigation 

Post-

LS 
Verification 

Hazards to LV Structure 

E.S.1 
LV contact with 

water 

LV touchdown 

in irrigation 

ditch 

Airframe structural 

damage 
4C 

The full-scale LV is made 

of fiberglass, a water-

resistant material. 

2B Inspection: CDR 3.1.4 

E.S.2 

Contact between 

LV components 

and birds 

LV flight in 

proximity to 

bird flight 

Airframe 

abrasion/rupture 
2B 

Airways in the flight path 

of the LV are confirmed 

to be clear before flight 

by the RSO. 

2B 

Inspection: NAR High 

Power Rocket Safety 

Code #9 

E.S.3 
LV touchdown in 

trees 

Large gusts of 

wind 

contributing to 

wind drift 

(1) Inability to 

recover rocket 

 

(2) Mission failure 

3D 

Launches do not occur if 

wind speeds exceed 20 

mph. 

1D 

Inspection: NAR High 

Power Rocket Safety 

Code #9 

Hazards to Personnel 
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E.Pe.1 Bug bites/stings 
Contact with 

bugs 

(1) Skin irritation 

 

(2) Rash 

 

(3) Anaphylaxis 

3C 

Personnel are shielded 

from bug-infested areas 

via a tent. 

1B 
Inspection: Checklist 

Section AV Bay Assembly 

E.Pe.2 

Personnel 

contact with 

sunlight and heat 

Lack of personal 

protective 

equipment and 

devices 

(1) Heat stroke 

 

(2) Sunburn 

4B 

(1) Personnel are 

provided sunscreen and 

are instructed to bring 

sunglasses. 

 

(2) A tent is set up for 

personnel to take shelter. 

1B 
Inspection: Checklist 

Section AV Bay Assembly 

Hot launch 

conditions 

E.Pe.3 
Personnel slips, 

trips, and falls 

Uneven ground 

conditions 
(1) Bruising 

 

(2) Broken bones 

 

(3) Concussion 

4C 

(1) Personnel are 

instructed to wear 

closed-toed, protective 

shoes to launch activities. 

 

(2) Only recovery and 

launch pad personnel are 

permitted on the launch 

field. 

2B 

Inspection: Checklist 

Sections Launchpad, 

Recovery 

Sharp rocks on 

field 

Working near 

irrigation 

ditches 

E.Pe.4 Rain/hail 

Inclement 

weather 

conditions 

(1) Rips, dents, and 

holes in airframe 

 

3C 

Launches are not 

conducted during 

inclement weather. 

1C 

Inspection: NAR High 

Power Rocket Safety 

Code #9 
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(2) Personnel injury 

(concussion, 

bruising) 

E.Pe.5 Lightning strike 

(1) Personnel 

injury/death 

 

(2) Rips, dents, and 

holes in airframe 

 

(3) LV electronics 

damage 

2D 1D 

E.Pe.6 
Wet and icy 

terrain 

Personnel slips, 

trips, and falls 
2C 

Only recovery and launch 

pad personnel are 

permitted on the launch 

field 

1C 

Inspection: Checklist 

Sections Launch Pad and 

Recovery 

Hazards to APPA 

E.P.1 

Lower payload 

compartment 

contact with 

water 

Lower payload 

compartment 

touchdown in 

irrigation ditch 
APPA waterlogging 

damage 
3C 

(1) All ribbon cables and 

entry points to the inside 

of the LV are covered by 

water tight aircraft tape. 

 

(2) APPA camera lenses 

are covered by plexiglass 

housings. 

1B 

(1) Demonstration: CDR 

4.4.3.3 

 

(2) Demonstration: CDR 

4.4.2.7 

Water/moisture 

leakage through 

pressure ports 
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(3) The airframe is made 

of water resistant G12 

fiberglass, reducing the 

risk of water leaking into 

the interior of the lower 

payload compartment. 

E.P.2 
Blurry/obscured 

images 
Presence of fog 

Blurry images; 

inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

2C 
Launches are not 

conducted during 

inclement weather. 

1B 
Inspection: NAR High 

Power Rocket Safety 

Code #9 

E.P.3 Lightning strike 

Inclement 

weather 

conditions 

APPA electronics 

damage 
2C 1A 

E.P.4 
APPA camera 

abrasion 

Birdstrike 

Blurry images; 

inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

2C See E.W.6 Mitigation 1C See E.W.6 Verification 

Aerosolized dirt 

+ rock 

particulates 

3D 

Each camera is housed by 

a clear, scratch-resistant 

plexiglass casing that 

protects it from abrasion. 

2B 
Demonstration: CDR 

4.4.2.7 

High-energy 

contact 

between lower 

payload 

compartment 

and rough 

terrain 

3D 

A thorough, dual-

redundant recovery 

system is used for all LV 

components.  

1C 
Demonstration: CDR 

3.4.1 
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LV touchdown 

in trees 
2D 

(1) See R.P.8 Mitigation 

 

(2) Launches do not 

occur if wind speeds 

exceed 20 mph. 

1D 

(1) See R.P.8 Verification 

 

(2) Inspection: NAR High 

Power Rocket Safety 

Code #9 

E.P.5 
APPA camera 

instability 

LV contact with 

wind shears 

Blurry images; 

inability to 

ŘŜǘŜǊƳƛƴŜ ǾŜƘƛŎƭŜΩǎ 

location 

3D 

Launches do not occur in 

inclement weather or if 

wind speeds exceed 20 

mph. 

2C 

Inspection: NAR High 

Power Rocket Safety 

Code #9 

Force on fin can 

from upper 

assembly shock 

cord 

Traditional recovery 

systems require LV 

sections to stay 

connected via a shock 

cord throughout flight. 

By splitting the LV into 

two parts, the fin can 

becomes more stable 

after separation and 

during data collection. 

Demonstration: CDR 

3.4.1 

Hazards to Mission Success 

E.M.1 
Damp propellant 

grains 

High humidity 

conditions 

(1) No motor 

ignition 

 

(2) Inability of LV to 

fly 

2D 

Launches are not 

conducted during 

inclement weather. 

1D 

Inspection: NAR High 

Power Rocket Safety 

Code #9 
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E.M.2 
Damp black 

powder grains 

(1) No black 

powder detonation 

 

(2) Ballistic landing 

 

(3) Undeployed BP 

charges on 

touchdown 

2D 1D 

E.M.3 

Contact between 

LV components 

and birds 

LV flight in 

proximity to 

bird flight 

(1) Diverted flight 

path 

 

(2) Failure of LV to 

reach intended 

apogee 

2B 

Airways in the flight path 

of the LV are confirmed 

to be clear before flight 

by the RSO. 

2A 

Inspection: NAR High 

Power Rocket Safety 

Code #9 
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Table 5-15 Environmental PRA: Left Before Mitigation, Right After Mitigation 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

 

0% 

2A 

1 

2.128% 

3A 

2 

4.256% 

4A 

1 

2.128% 

B 

Medium 

Risk 

1B 

1 

2.128% 

2B 

5 

4.255% 

3B 

1 

2.128% 

4B 

3 

6.383% 

C 

High risk 

1C 

 

0% 

2C 

6 

12.77% 

3C 

4 

8.511% 

4C 

3 

6.383% 

D 

Severe 

Risk 

1D 

 

0% 

2D 

11 

23.4% 

3D 

9 

19.15% 

4D 

 

0% 
 

 

Likelihood of Occurrence 

1 

Very 

Unlikely 

2 

Unlikely 

3 

Likely 

4 

Very 

Likely 

Level of 

Severity 

A 

Low Risk 

1A 

4 

8.511% 

2A 

2 

4.256% 

3A 

1 

2.128% 

4A 

1 

2.128% 

B 

Medium 

Risk 

1B 

10 

21.28% 

2B 

5 

4.255% 

3B 

1 

2.128% 

4B 

 

0% 

C 

High risk 

1C 

8 

17.02% 

2C 

3 

6.383% 

3C 

 

0% 

4C 

3 

6.383 

D 

Severe 

Risk 

1D 

9 

19.15% 

2D 

 

0% 

3D 

 

0% 

4D 

 

0% 
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