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1 Project Summary 

1.1 Team Summary 

Charger Rocket Works Propulsion Research Center, 

301 Sparkman Dr. NW, Huntsville, AL 35899 

 

 

Jason Winningham NAR Mentor 

Level 3 NAR: 89526 / TRA: 13669 

Jason.Winningham@uah.edu 

256-824-6132 

1.2 Launch Vehicle Summary 

The Charger Rocket Works team currently intends to build a single stage rocket 120 inches in length and 6 

inches in diameter. Limited to a maximum launch mass of 50 lb, the rocket will be powered by an AeroTech L1420R 

motor producing an average thrust of 319 lbf and a total impulse of 1035 lbf-s (4603 N-s). After ignition, the rocket 

will launch off the rail at 68.5 ft/s with a static stability of 2.13, reach a peak velocity of 378 mph, and ascend to 4500 

ft above ground level (AGL). To return safely to the ground, the vehicle will employ a traditional, dual deploy, style 

recovery system controlled by redundant StratoLogger CF altimeters. A 24 inch drogue parachute will deploy at 

apogee and a 96 or 84 inch main parachute will deploy at 600 ft AGL, simultaneously pulling the payload from its 

bay, and slowing the rocket to a landing velocity of approximately 15 ft/s. The CRW team will then locate the rocket 

using an XBee-Pro S3B and Antenova GPS. 

1.3 Payload Summary 

To meet the NASA payload mission requirements, the CRW currently plans to design and build a track based 

rover with a bucket style scoop for sample collection.  The current rover design is 12 inches long, 4 ⅜ inches wide, 

and 4 inches tall and has a mass of 8.5 lb. Movement will be achieved by 2 tracks driven by independent motors to 

allow skid-turning. The rover will be symmetric top and bottom so that it will be able to drive regardless of orientation 

and has self-righting features to ensure the vehicle orients to one of the two drivable orientations. Scoops will be 

located on both ends of the vehicle so that the simulated lunar ice can be collected no matter which side of the rover 

is upwards. This system will be connected to a Pixracer controller connected to both a RC transmitter and a computer 

based ground station.  

The current rover design is 12 inches long, 4 ⅜ inches wide, and 4 inches tall and has a mass of 8.5 lb. 

Movement will be achieved by 2 tracks driven by independent motors to allow skid-turning. The rover will be 

symmetric top and bottom so that it will be able to drive regardless of orientation and has self-righting features to 

ensure the vehicle orients to one of the two drivable orientations. Scoops will be located on both ends of the vehicle 

so that the simulated lunar ice can be collected no matter which side of the rover is upwards. This system will be 

connected to a Pixracer controller connected to both a RC transmitter and a computer based ground station.  
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2 Changes Since Proposal 

Since proposal all areas have progressed significantly. There have been improvements in management to the 

schedule, the budget, funding, outreach plans, and social media presence.  The schedule now features a much more in 

depth breakdown by each milestone and is more useful in directing team members in tasking. Additionally, the budget 

and funding aspects of the project have evolved significantly since the proposal, with subscale components being 

purchased and more accurate parts list for both the payload and launch vehicle being available.  Along with those 

advancements, outreach has also progressed and now has several dates and locations proposed for activities with local 

schools and organizations. Additionally, there have been several changes made to both the launch vehicle and payload 

design since the proposal was submitted. Major component design changes and mission parameters for the launch 

vehicle and payload are shown in Table 1 and Table 2, respectively. 

Table 1: Changes to Launch Vehicle Criteria 

Design 

Change 

Proposal 

Specification 

Current 

Specification 
Justification 

Nose Cone 

Design 
5:1 Ogive 4:1 Ogive 

The smaller ratio nose cone is shorter and therefore 

lighter. 

Total Length 126 in 120 in 
The shorter nose cone and revised packaging 

reduced the overall length of the vehicle. 

Total Mass 51 lbm 50 lbm 
The total mass was capped at 50 lbm to comply with 

NASA descent time and kinetic energy regulations. 

Apogee 

Altitude 
4,905 ft 4,500 ft 

Lowered to allow for additional motor options. 

Motor 

Selection 
Cesaroni L3150-P 

Aerotech 

L1420R 

Lower apogee allowed for a less powerful motor. 

 

Table 2: Changes to Payload Criteria 

Design Change 
Proposal 

Specification 

Current 

Specification 
Justification 

Lunar Ice 

Recovery System 

Auger System Scoop System Trade studies showed that scoop systems are 

more practical 

Camera System Camera based remote 

operation 

Line of sight 

operation 

Operating distance was specified in the kick-off 

presentation allowing for line of sight operation 

 

3 Launch Vehicle 

The mission of the 2019-2020 Charger Rocket Works (CRW) team is to build a launch vehicle capable of 

being launched, flown to apogee, and recovered. During descent the vehicle will also deploy a payload so that it may 

complete its mission. In order for the mission to be considered successful, the launch vehicle must adhere to all NASA 

and CRW design and safety requirements along with meeting the criteria listed in the following section. 
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3.1 Mission Success Criteria 

1. The Launch Vehicle shall ascend to an altitude of 4500 ft AGL. 

2. The Launch Vehicle shall deploy its drogue parachute within one second of apogee and deploy its main 

parachute at the designated altitude. 

3. During descent, the Launch Vehicle will deploy the payload section so that it may complete its 

objectives. 

4. The Launch Vehicle shall land safely, sustaining minimal damage, so it may be launched again. 

3.2  Vehicle Design 

While still early in the design process, the CRW team has made decisions on several important elements of 

the launch vehicle design. It is possible for changes to be made however; it is unlikely that any critical components 

will be drastically redesigned going forward. As currently modeled and shown in Figure 1, the CRW rocket will be 

single stage, 120 inches long, and will weigh 50 pounds at launch. Employing a traditional, dual deploy recovery 

system, the rocket will separate into three sections on its decent: the upper airframe, coupler, and lower airframe. The 

full concept of operations of the launch vehicle is displayed in Figure 2. 

 

Figure 1: Full Rocket CAD 
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Figure 2: Con-Ops Diagram 

3.2.1 Upper Airframe and Nose Cone 

The upper airframe consists of the upper body tube and nose cone, visible in Figure 3. The upper body tube, 

at 6 inches in diameter and 54 inches long, will house the payload and payload deployment mechanism, as well as the 

main parachute. At the top of the upper body tube, the nose cone will be permanently attached for the duration of the 

rocket’s flight. The nose cone will be a 6 inch 4:1 Ogive piece, purchased from a supplier, and will house the XBee-

Pro S3B tracker. 

 

Figure 3: Upper Airframe CAD 

In order to select a material for the body tube, a crucial step in assuring that the vehicle meets design criteria, 

a trade study was conducted, seen in Table 3. It is important that the chosen material is capable of meeting the demands 

of ascending to apogee and vehicle separation events over multiple launches. Four materials were considered for the 

body tube; fiberglass, carbon fiber, Blue Tube, and Quantum. These materials were rated based on material 

characteristics with the most important being weight, rigidity, toughness, and cost. 

Availability is important due to upcoming deadlines for the USLI competition, so materials need to be 

obtained quickly. Due to high demand, none of the materials will be easily obtained so priority must be given to 

ensuring all materials are ordered as soon as possible. Weight is the most important attribute due to limiting factors 

such as motor size and USLI requirements for kinetic energy, rail take off speed, etc. Carbon fiber is the lightest of 

the materials, receiving a score of 5 out of 5, and Quantum was the heaviest, receiving a score of 1 out of 5. Rigidity 

and toughness are important for reusability due to the various forces applied on the vehicle throughout the duration of 

the flight. Carbon fiber is the most rigid material. Rigidity is important for resisting the aerodynamic bending moment 

imposed on the vehicle about the center of pressure during flight. Fiberglass is the toughest material. Comparing it to 

carbon fiber, due to their similar scores, fiberglass is more flexible (higher yield) and carbon fiber is more brittle. This 
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will be important for high impacts such as resisting shocks generated when the parachute and drogue are deployed as 

well as at landing. Electrical characteristics of radiolucency is important for communicating with the rocket. Carbon 

fiber is the only material that is not radiolucent, meaning that while carbon fiber could not be used to make the 

nosecone, where the tracking system is housed, it is acceptable for use in the body tube. Due to limited funds, cost is 

an important consideration. Blue tube and Quantum are by far the cheapest options, but due to the difference between 

their score and the other two categories they will not be used. After careful consideration of the selection criteria, 

filament wound fiberglass was chosen as the body tube material and will be purchased from a supplier such as Madcow 

Rocketry. 

Table 3 : Body Tube Material Selection 

Factors Fiberglass 
Carbon 

Fiber 
Blue Tube Quantum 

Criteria 
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Availability 
3 3 9 2 6 3 9 3 9 

Weight 
5 4 20 5 25 2 10 1 5 

Rigidity 
4 4 16 5 20 3 12 3 12 

Toughness 
4 5 20 4 16 3 12 2 8 

Radiolucency 
2 4 8 2 4 4 8 4 8 

Cost 
4 3 12 2 8 5 20 5 20 

Total 

(Higher is 

Better) 

    85   79   71   62 

 

3.2.2 Coupler 

The airframe coupler, displayed in Figure 4, will be located between the upper and lower airframe holding 

them together during flight. It will be 13 inches long and constructed out of filament wound carbon fiber to shield the 

altimeters from electronic interference. It will be secured using plastic shear pins designed to fail when the recovery 

charges are detonated, allowing the vehicle to separate and deploy its parachutes. During the descent the coupler will 

then link the upper and lower airframes with shock cord. Two StratoLogger CF altimeters will be housed in the couplet, 

mounted on a 3D printed sled with the associated electronics required to trigger the separation charges that will be 

located on the outside of the bulkheads on each end. Finally, there will be a switch band located at the center of the 

coupler, which will allow access to two key switches that control power to the avionics while the rocket is fully 

assembled. 
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Figure 4: Coupler CAD 

3.2.3 Lower Airframe 

The lower airframe, seen in Figure 5, will be comprised of the lower body tube and control fins, each made 

of fiberglass. The lower body tube, like the upper body tube, will be a 6 inch diameter, filament wound fiberglass tube 

purchased from a supplier. However the lower airframe body tube will be 40 inches long. Housed in the lower airframe 

will be the motor, motor retention system, and drogue parachute. 

 

 

Figure 5: Lower Airframe CAD 
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Figure 6: Fin Can Design Consideration            Figure 7: Fin Bracket Design Considered 

The fins play a major role in the stability of the rocket. Two designs were considered—the fin can and the 

fin bracket. Table 4 shows a trade study that drove the decision to select the fin brackets. The first design criteria 

considered, fin replacement, was weighted a 3 based on how fast the fins could be replaced if they broke. Design 

complexity was given a weight of 3 because this addresses the fin attachment complexity, while minimizing weight 

and performance concerns such as fluttering. Fin assembly installation was considered to be critical because the score 

was based off assembly time, installation complexity, and body tube space constraints. Ease of manufacturing criteria 

bases the score on the manufacturing complexity and time to 3-D print a part if it breaks. The last criteria, body tube 

modification, was given a weight of 4, because it takes into consideration that more time and planning will be taken 

to determine where to put holes as opposed to slits. 

Table 4: Fin Trade Study 

Factors Fin Can Brackets 

Criteria 

W
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Fin Replacement 3 3 9 5 15 

Design Complexity 3 2 6 4 12 

Fin Assembly 

Installation 
5 5 25 2 10 

Ease of Manufacturing 3 2 6 4 12 

Body Tube Modification 4 1 4 3 12 

Total (Higher is better)     50   61 

 

The bracket design was chosen for many different reasons. When the fin brackets are attached to the rocket, 

replacing the fins is simpler if they break, giving the bracket the higher score.  The fin bracket design is more accessible 

and less time consuming compared to the fin can design. The fin bracket design is also a less complex design because 
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it only controls stability of the rocket and does not serve as a retention assembly for the motor. The fin can design is 

more complex because it acts as both the stability of the rocket and the motor retention system. The highest weighted 

criteria is the fin assembly installation.  Comparisons were made on the difficulty to install the fin can versus the fin 

bracket if all the holes and slits were configured into the body tube. The fin bracket assembly will be harder to install 

because the motor retention and motor will already be installed into the rocket. This will give limited space to see and 

move around a nut or nut plate to connect the bracket. The fin can will be easy to install because if the four slits are 

lined correctly, then it will be easy to secure with screws or bolts from the outside.  The ease of manufacturing plays 

a factor because the brackets will be faster to 3-D print if they break or need to be redesigned compared to 3-D printing 

the fin can. The last consideration was if the body tube needed to be cut. The brackets will only require holes while 

the fin can will require four accurate slits for it to slide inside into the body tube. The fin can is riskier because if the 

slits are cut incorrectly or a last minute redesign is needed to fix stability, the slits cannot be redone without a new 

body tube whereas the holes have some room for error. 

The four control fins will be secured to the rocket using brackets seen in Figure 9. The brackets will be 3D 

printed out of ABS plastic while the fins, seen in Figure 8, will be cut from sheets of G-10 fiberglass.  Both will be 

fabricated in-house. The full scale design will be screwed or bolted into the body tube and secured with nuts or nut 

plates. 

 

 

Figure 8: Fin Design 
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Figure 9: Fin Bracket Design 

3.2.4 Subscale Design 

The subscale rocket has been designed with two major goals in mind; to replicate the performance of the full 

scale rocket and to provide the entire CRW team with an opportunity to gain experience fabricating a high powered 

rocket before beginning construction on the more important, full scale vehicle. 

To achieve the stated goal of replicating the performance of the full scale rocket, the subscale rocket will be 

approximately a 2:1 scale in exterior dimension and the locations of the center of gravity and center of pressure will 

remain the same relative to the scale. The subscale rocket will also retain similar designs of key components such as 

fin brackets, body tube material, identical redundant altimeters, and tracking systems. In addition, the subscale rocket 

will carry the payload’s controller in its payload bay. 

In order to scale down the full scale design into the subscale rocket, two major design changes were required. 

The first change was the motor retention design. Aero Pack does not offer flanged threaded retention ring for 38 mm 

motors, so it was necessary to employ the use of a motor tube and Aero Pack’s epoxy mounted thread on motor retainer 

instead of a thrust plate. Due to the required use of a permanently mounted motor tube, there is no space to configure 

the fasteners needed to secure the brackets, therefore the full scale fin bracket mounting design cannot be used. For 

this reason, the subscale fin brackets will be epoxied to the body tube. A summary of the subscale rocket’s 

specifications is listed in Table 5. 
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Table 5: Subscale Rocket Specifications 

Parameter Value 

Total Length 61.25 in 

Body Tube Diameter  3 in 

Body Tube Material G12 Filament Wound Fiber Glass 

CG Location (from tip) 37.0 in 

CP Location (from tip) 46.2 in 

Launch Mass 4.8 lbm 

Motor Aerotech I218R 

Motor Retention AeroPak Aft Retainer 

Apogee Altitude 2000 ft AGL 

Fins Individual Bracket Mounts 

Altimeters StratoLogger CF 

Tracking XBee-Pro S3B 

Main Parachute Fruity Chutes CFC-30 in 

Drogue Parachute Fruity Chutes CFC-18 in 

 

In order to achieve the goal of the entire team gaining experience in high powered rocket fabrication, two 

subscale rockets will be built. This will more easily allow each member of the team to participate in the construction 

and flight preparations of the rockets and allow for a larger amount of flight data to be collected more rapidly. 

3.2.5 Motor Selection 

OpenRocket was used for motor selection to ensure the altitude, stability, total impulse, and rail-exit velocity 

requirements are satisfied. Wind was estimated to be 5.5 MPH with a deviation of 0.5 MPH, roughly matching what 

an average wind speed day would be according to data from last year shown in Table 21.  

The location of the forward rail button is estimated to be at the CG location, which is currently at 53.5 inches 

from the aft end of the rocket. This reduces the effective length of the launch rail from 144 inches to 90.5 inches. A 

slight angle of 5 degrees was also added to the rail as this is usually used in high power rocketry to angle the rocket 

away from spectators. The average altitude of the Huntsville, AL area is 600 feet above sea level, which was factored 

into flight simulations to account for air density. 

Using all these factors, several rocket motors were tested in OpenRocket, and their results and other factors 

were evaluated to select 4 motors that met all of our requirements. Table 6 shows these 4 final selected motors and 

information on them. 
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Table 6: Subscale Motor Selection 
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L1420R Aerotech 3 68.5 4,438 554 6.38 2.13 

L1350 Cesaroni 3 66 4,025 526 6.15 2.57 

L1365M Aerotech 4 67 4,477 556 6.02 2.3 

L2375-WT Cesaroni 4 88.5 5,060 664 10.87 2.64 

 

A trade study, shown in Table 7, considers 4 motors and various qualities CRW desired, along with weighting 

for the different criteria based on how important the criteria were for the project. 

 

Table 7: Motor Selection Trade Study 

Factors Aerotech L1420R Cesaroni L1350 Aerotech L1350 
Cesaroni L2375-

WT 

Criteria 
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Length 5 5 25 5 25 3 15 3 15 

Availability 3 5 15 4 12 1 3 2 6 

Hardware on Hand 3 5 15 0 0 5 15 0 0 

Thrust Curve 

Profile 
5 4 20 4 20 4 20 5 25 

Total 

(Higher is better) 
    75   57   53   46 

 

The Aerotech L1420R motor was selected for several reasons. Its shorter length made it ideal for either 

having more space in the rocket for recovery and avionics, or for reducing the total length of the rocket. It was also 

readily available with a local vendor. The CRW also has Aerotech 75mm casings available, making this an affordable 

option. For the subscale flight, to achieve similar results for stability, and for an affordable motor with available 

hardware casings, an Aerotech I218R motor was selected. 
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3.3 Recovery Subsystem 

The recovery system of the vehicle serves to slow and orientate the rocket as it descends in the air. Ensuring 

that the structure, deployment, and design of the recovery system operate reliably is of the utmost importance. Failure 

of the recovery system not only fails to meet NASA requirement, but could also lead to serious injuries. Many 

simulations, analyses, trade studies, and examinations of previous CRW USLI teams have been done to guarantee 

functionality. 

3.3.1 Recovery System Type 

The first major decision surrounding the recovery system of the vehicle is which method of recovery the 

vehicle will be utilizing. The proposal had mentioned the use of a tender descender recovery system so that the payload 

could leave the upper airframe without possible entanglement with the main parachute. However, upon further analysis 

the traditional style of recovery was selected as the leading design choice due to various other benefits. A trade study 

highlighting the main benefits and downfalls of the two systems was done by multiple members to ensure the right 

method would be chosen. It should be noted that in both configurations for the recovery system, a black powder charge 

activation system in the avionics bay will be used to release the parachutes at the proper altitude. 

A traditional recovery system, Configuration 1, contains a parachute in each of the airframes and is shown 

in Figure 10.  The drogue parachute is in the lower airframe while the main parachute is in the upper airframe. An 

avionics system for the parachutes is located in the coupler located between the upper and lower airframe. At an 

apogee of 4500 feet, the drogue parachute is released from the forward opening of the lower airframe. If the separation 

event does not occur within 1 second of apogee, the backup separation charge will fire. At an altitude of 600 feet, the 

main parachute is deployed from the aft opening of the upper airframe. In the event that the primary main parachute 

charge does not deploy the parachute, the backup deployment charge will fire at 550 feet.  

 

 

Figure 10: Configuration 1  

A tender descender recovery system, Configuration 2, is shown in Figure 11 and operates completely in one 

of the vehicle airframes, with this design having the parachutes in the lower airframe, and an avionics system located 

just above the motor. The main and drogue parachutes are connected via a pair of tender descenders in the lower 

airframe. This design leaves the upper airframe free for the payload. At an apogee of 4500 feet, the drogue parachute 

would be released from the top of the lower airframe and would pull out the tender descender and main parachute with 
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it. If the separation event does not occur within 1 second of apogee, the backup separation charge will fire, just as with 

Configuration 1. At an altitude of 600 feet, the main parachute would then be released. Again, in the event that the 

primary main parachute charge does not deploy the parachute, the backup deployment charge will fire at 550 feet.  

 

 

Figure 11: Configuration 2  

 

Table 8: Parachute Deployment Trade Study 

Factors Traditional Tender Descender 

Criteria 
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Complexity 3 4 12 2 6 

Reliability 5 5 25 3 15 

Payload Effect on 

System 
4 2 8 4 16 

Cord Length 3 4 12 2 6 

Packing 3 2 6 5 15 

Total (Higher is 

better) 
    63   58 
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Five driving factors were considered for this trade study, with the most important factor being the reliability 

of the recovery system during a launch.  If the recovery system isn’t reliable every time, the rocket could undergo 

serious damage or end up causing injury to personnel. The next major factor deals with how the payload system affects 

the recovery system inside the vehicle; i.e. if entanglement was a major issue for the system. Complexity of the 

manufacturing process, the length of the recovery harnesses needed for each method, and how much total space inside 

the rocket for both airframes were all important factors, but don’t critically affect the success of the recovery system 

and therefore are weighted less. 

Configuration 1 is a highly favorable and widely used recovery system for most USLI teams, as the recovery 

system has low manufacturing complexity and has a large degree of reliability.  Compared to Configuration 2, 

however, Configuration 1 will require more recovery harness. Since the main parachute is located directly aft of the 

payload system and is most likely to be released along with the payload, there is the risk of entanglement with the 

payload upon deployment. Configuration 2, since it’s completely in the lower airframe, has a much lower risk of 

getting entangled with the payload, as well as reducing the overall space inside the vehicle that the recovery system 

requires. Configuration 2 also reduces the amount of independent sections of the rocket, as only the lower and upper 

airframe would be required to split, compared to the coupler having to split as well for Configuration 1. However, 

Configuration 2 requires redundancy in order to be as reliable as the traditional method, which not only increases the 

complexity of the manufacturing process but increases the chance of failure if one of the tender descenders has an 

issue during launch. 

Since the traditional recovery system scored higher on the trade study that was completed, this method has 

been selected as the leading recovery system method for the full-scale rocket. Though both configurations - the 

traditional and tender descender methods - would be an acceptable choice for the vehicle, the traditional recovery 

method’s benefits are more appealing to use. 

3.3.2 Payload Recovery 

The second major decision regarding the recovery subsystem of the vehicle has to do with payload recovery. 

While the payload will be utilizing an air deployment system, the exact method for the process of air deployment 

required a trade study to determine which method would function the best. Note that regardless of which style of 

recovery is selected, the method for which payload will be recovered acts independently so either recovery style would 

work with either method of payload recovery. 

The payload will either be attached to the main parachute of the vehicle via a connection to the recovery 

harness of the main parachute and deploy with the rocket or will deploy independently from the vehicle and will utilize 

a separate parachute and recovery harness. 
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Table 9: Payload Deployment Trade Study 

Factors In-Line Independent 

Criteria 
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Reliability 5 2 10 4 20 

Complexity 4 2 8 3 12 

Cost 2 5 10 2 4 

Packing Size 2 4 8 2 4 

Mass 1 5 5 3 3 

Total (Higher is better)     41   43 

 

As with the method of vehicle recovery, the payload recovery trade study had five driving factors, reliability, 

complexity, cost, packing size, and mass. Reliability and complexity deal with if the payload can safely descend and 

not hinder the vehicle’s own descent. The mass of the payload recovery deals with the weight of the recovery system. 

The most important factor is still the reliability of the recovery system, since if the payload recovery fails the payload 

can’t complete the lunar ice recovery mission. 

If the payload were to be attached in-line with the main parachute, an additional parachute and recovery 

harness would not be required. The packing size, mass, and cost of the recovery system of the vehicle wouldn’t be 

changed, as the payload uses the main parachute of the vehicle to descend. However, this method is more complex 

than if the payload received its own parachute, as properly setting up the payload to the main parachute could prove 

to be a challenge due to the amount of connections that would be required and could lead to an easier recovery failure. 

If the payload were to receive its own parachute and descend independent of the vehicle, there would be an increase 

in the cost of the recovery system, the launch mass, and required payload bay volume. The benefit would be a more 

reliable method of recovering the payload, as the payload recovery wouldn’t be affected by the vehicle recovery. 

Since the scores of the trade study are so similar, being only a couple of points in difference, there is no clear 

winner for the method of payload recovery, though the recovery and payload teams have been leaning more heavily 

towards giving the payload its own chute, even with the extra cost. 

3.3.3 Parachute Calculations 

Initial calculations to determine important parameters for the main and drogue parachutes were carried out 

in Excel. While parachute vendors, such as Fruity Chutes, Apogee Rockets, and Chris’s rocketry all have basic 

parameters of the parachute such as the coefficient of drag CD, the parachute reference area Aref, and the mass of the 

parachute mpar, configuration specific parameters such as the terminal velocity, kinetic energy at landing, and shock 

force of the recovery system must be calculated.  

The first parameter that needed to be determined was the terminal velocity of descending vehicle under the 

main parachute and the drogue parachute. The equation to obtain this parameter are given, in Equations (1), 
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𝑉𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = √
2𝑊

𝜌𝐴𝑟𝑒𝑓𝐶𝐷
× 32.2 

𝑓𝑡

𝑠2, (1) 

 

where “W” represents the drag of the vehicle, ρ is the density of air (taken as sea-level density for the main, and air 

density at 600 ft for the drogue), CD is the parachute drag coefficient and Aref is the parachute drag reference area. 

These terms must be multiplied by a value of 32.2 in order to achieve the necessary conversion to ft/s for velocity. It 

is important to note that the drag for both the drogue and main chutes are affected by the final mass of the vehicle at 

the terminal height; i.e. the drag for the drogue is the mass at a terminal altitude of 600 feet (main release), while the 

drag for the main is at an altitude of sea-level.  

Another calculation can be used for the terminal velocity, in the case that the site the parachute is found on 

doesn’t provide one of the basic parameters but instead gives a general rating (such as 50lb@20fps for the CFC-96” 

Fruity Chute). This is a relationship between the velocity and mass of the rating to the velocity and mass of the rocket 

used and is found in Equation (2). This equation can be used regardless of the parachute being tested is a drogue or 

main chute. 

𝑉1
2

𝑊1

=
𝑉2

2

𝑊2

 (2) 

 

Where 𝑉1 is the velocity known, 𝑊1 is the mass known, 𝑉2 is the terminal velocity of the rocket to be calculated, and 

𝑊2 is the final mass of the rocket used. 

Once the terminal velocity of the vehicle has been obtained, the kinetic energy at landing can be determined. 

Since the requirement for a max kinetic energy at landing of 75 ft*lbf refers to independent sections of the rocket, this 

calculation is done using the section with the greatest mass, and in the case of the CRW rocket is the lower airframe. 

The equation to obtain this parameter is  

𝐾𝐸 =
1

2
𝑚𝑉2 (3) 

where the mass, m, refers to the mass of the first section to landing, or the lower airframe for this case, and the velocity 

term “V” refers to the terminal velocity at landing. NASA USLI requires that the vehicle will land with a vertical 

kinetic energy no greater than 75 ft-lbf per section, therefore if any parachute were to cause a section to have a kinetic 

energy greater than 75 ft-lbf, the parachute wouldn’t be acceptable to use.  

The vehicle will have two significant parts that land at touchdown: the upper and lower airframe. The upper 

airframe will have an estimated mass of 12.29 lbm, which includes the upper airframe, nosecone, tracker, and payload 

deployment hardware. The lower airframe has an estimated mass of 17.48 lbm and will be composed of the lower 

airframe, motor retention and burnout motor, fins, and avionics. Therefore, it is beneficial to have the upper airframe 

hit the ground first; this will cause the upper airframe to have a higher landing speed, as after fully landing the recovery 

system will only need to maintain the remaining mass of the lower airframe. This will reduce the maximum kinetic 

energy experienced on impact.  

Kinetic energy calculations were performed for two options: Payload attached to the vehicle recovery harness 

and Payload with an independent parachute. Both options use a 96 inch main parachute with a 24 inch drogue. With 

the payload attached to the vehicle recovery harness, the terminal velocity with the main deployed was calculated as 

14.2 ft/s, and with the payload on an independent parachute, the vehicle terminal velocity under main will be 12.77 

ft/s. and uses Equation (2) to show an estimated kinetic energy per section. The highest KE value is 55 ft-lbf, when 

the payload is connected to the main chute, which meets the NASA USLI requirements.  
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Table 10: Kinetic Energy with Payload Attach to Main 

Body Section Mass (lbm) Kinetic Energy (ft-lbf) 

Upper Airframe 12.29 38 

Lower Airframe 17.48 55 

Payload 8.4 26 

 

Table 11: Kinetic Energy with Payload detached from Main 

Body Section Mass (lbm) Kinetic Energy (ft*lbf) 

Upper Airframe 12.29 31 

Lower Airframe 17.48 44 

 

Another important parameter to consider for the recovery system is the shock force of the main parachute 

upon deployment. When the main parachute is released from the vehicle, the opening of the parachute canopy can 

impart a large force on the vehicle. This shock force can result in mechanical failure of the recovery harness or the 

interfaces between the recovery harness and the vehicle.  Equation (4) was used to estimate the shock force for the 

selected parachute.   

𝐹𝑚𝑎𝑥 = 𝐹𝑠𝐶𝑘𝐶𝐷𝐴𝑟𝑒𝑓 (
1

2
𝜌𝑉2) (4) 

 

In Equation (4), 𝜌 refers to the density at the altitude of main deployment, 600 feet in this case, V refers 

vehicle velocity at main release, Aref refers to the opening area of the main parachute, and CD refers to the drag 

coefficient of the main parachute. The term Ck is the parachute opening shock factor and was estimated from the 

empirical data shown in Figure 12. A safety factor, 𝐹𝑠, of 1.5 was added to the equation to account for uncertainty in 

the selected parameters. 
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Figure 12: Estimating Shock Factor 

 

The mass ratio of the recovery system, seen in Figure 12, is calculated according to, 

𝔐 =
𝜌(𝐶𝐷𝐴𝑟𝑒𝑓)

3
2⁄

𝑚
 (5) 

where 𝔐 is the mass ratio, 𝜌 is the density at main deployment, 600 feet in this case, CD refers to the drag coefficient 

of the main parachute, Aref refers to the parachute reference area of the main parachute, and the term m refers to the 

total mass of the system. An estimate of the inverse mass ratio for the current configuration was determined using a 

CFC-96 Fruity Chute main with a IFC-24 Fruity Chute drogue. With a total system mass of 36 lb, the estimated inverse 

mass ratio was 0.189.  Since the parachutes under examination are not located in the graph, an estimate was made for 

the shock factor Ck by taking the largest Ck value for the estimated inverse mass ratio. Using the graph on Figure 12, 

the shock factor was estimated as 0.85. Once the Ck term was found, Equation (4) for the shock force could be 

calculated.    Estimates of the opening shock force for the main parachutes are provided in the trade studies in Table 

14,Table 15, and Table 16. 

The last parameter to be determined was the descent time of the parachutes, using Equation (6) . 

𝑡𝑑𝑒𝑠𝑐𝑒𝑛𝑡 =
∆ℎ

𝑉
 (6) 

Where the ∆h term refers to the range of altitude the parachute was used for, and the V term was the terminal 

velocity of the parachute at terminal altitude. For the main parachute,            ∆h = 600 ft and for the drogue, ∆h = 

(4500-600) ft. Making sure the descent times of both the drogue and main parachute fell below the 90 second 

requirement is very important, for if the descent times of the drogue and main together were greater than 90 seconds, 

they couldn’t be used together. 

3.3.4 Wind Drift Calculations 

Upon launch, wind shears will cause the rocket to drift a certain distance from the launch pad; such 

calculations are important for launch safety as winds can potentially cause a rocket to drift into a crowd or into an area 

where proper recovery will not be possible. NASA USLI requires teams to calculate rocket drift for wind speeds 

between 0 and 20 miles per hour in five miles per hour increments. The calculations are made assuming that the 
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crosswinds are constant, unidirectional flows which begin immediately at rocket apogee. Furthermore, the calculations 

assume apogee occurs directly over the launch pad. In reality, the launch rail will most likely be angled in such a way 

that the rocket points away from any crowd, the rocket will fly into the wind during ascent, and the wind shear will 

not be constant nor uni-directional; however, the assumptions made will cause the rocket to drift further and serves as 

a worst-case-scenario. Since OpenRocket does not allow for these assumptions to be computed, MATLAB was used 

to determine the total drift distance. 

OpenRocket data was used for the altitude at specific time values to plot an altitude versus time plot, except 

the x-axis time plot was multiplied by 5, 10, 15, and 20 miles per hour (7.33, 14.67, 22, 29.33 ft/s) steady cross-wind 

speeds to get an altitude versus drift distance plot, shown in.Figure 13. This method is a relatively good estimate for 

worst-case scenario, as this is the same data used for the trajectory plot in Figure 23.  

 

Figure 13: Altitude vs Drift Distance Plot 

Figure 13 shows that the maximum drift distance will occur at a steady and constant cross-wind of 20 MPH 

(a very high, but not unreasonable estimate) and be 2134 feet; this is less than 2500 feet, so the vehicle drift distance 

is adequate for the NASA USLI requirements. 

3.3.5 Drogue Parachute Sizing 

The drogue parachute, while not the major parachute for the recovery system, still plays a very important 

part in ensuring a successful, safe, and reliable vehicle recovery. The drogue parachute serves to slow the vehicle 

down so that the force of the main parachute release is significantly reduced. Without the drogue, the main parachute 

would rip apart the vehicle due to the main parachute’s size. The drogue also helps keep the vehicle in a stable descent 

until the main parachute is released, which reduces the chance of the main parachute experiencing failures upon 

release. Four different drogue parachutes were examined in a trade study, three different-sized Fruity Chute IFC 

Drogue parachutes and a SkyAngle Drogue chute. 
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Table 12: Drouge Parachute Part 1/2 

Factors Fruity Chute IFC-18” Fruity Chute IFC-24” 

Criteria 
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Cost 4 $59.33 3 12 $67.16 3 12 

Availability 4 In Stock 4 16 In Stock 5 20 

Velocity at Main 

Deploy 
3 119.66 ft/s 3 9 89.84 ft/s 4 12 

Descent Time 4 31.76 s 4 16 42.30 s 3 12 

Total 

(Higher is better) 
   53   56 

 

Table 13: Drouge Parachutes Part 2/2 

Factors Fruity Chute IFC-30” Drogue SkyAngle Cert-3 

Criteria 
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Cost 4 $150.50 1 4 27.50$ 4 16 

Availability 4 In Stock 5 20 
Not in 

House 
3 12 

Velocity at Main 

Deploy 
3 69.15 ft/s 5 15 113.23 ft/s 3 9 

Descent Time 4 54.95 2 8 33.56 s 4 16 

Total  

(Higher is better) 
   47   53 

 

The driving factors for the drogue parachute were the cost, availability, velocity of the drogue at main deploy, 

and the time of descent from apogee until main parachute deploy. The cost, availability, and descent time were the 

more important criteria of the trade study, as parachutes are very expensive and not having to buy any additional 
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chutes helps keep the vehicle’s budget down. The descent time is also important, since the rocket only has a 90 second 

descent window starting from apogee, so the longer it takes the rocket to fall to an altitude of 600 feet the less time 

the main parachute descent has.  

The CRW team has leftover IFC-18", IFC-24”, and IFC-30” Fruity Chute drogue parachutes from USLI 

teams in the past, most of which are still in acceptable condition for reuse, while we would have to buy a SkyAngle 

drogue parachute if the drogue was chosen. The velocities of the drogue parachutes decrease as the diameter of the 

parachute increases, which also increases the descent time of the parachute. Because of that basic relationship, he IFC-

18” drogue parachute and SkyAngle drogue parachutes both have low descent times compared to the IFC-24” and 

IFC-30” drogues. However, the IFC-24” drogue parachute would be the best overall chute, as the USLI team has more 

IFC-24” drogues than 18”, so in case of recovery failure during tests, we have spares, and the descent time of the IFC-

24” drogue parachute is only half of the total descent time, which is acceptable. 

3.3.6 Main Parachute Sizing 

The main parachute is the most important part of the recovery system, as the main parachute is responsible 

for ensuring that the kinetic energy of the vehicle, and payload if connected to the vehicle at landing, is low enough 

so that the body of the vehicle isn’t damaged at impact along with meeting NASA requirements. If the main parachute 

were to have a failure at deployment or during descent, the drogue parachute isn’t large enough to ensure that the 

vehicle lands safely, so it’s crucial the proper parachute is chosen for the vehicle. 

In the recovery configuration where the payload is recovered separately from the vehicle, the main parachute 

is responsible for supporting less mass during descent, as shown in Equation (2) in section 3.3.3. This is an important 

fact to mention for the main parachute, since the kinetic energy of the first vehicle part at landing was obtained for 

both a vehicle with the payload as part of the vehicle at landing, and without the payload at landing. NASA requires 

that every section at landing has to fall under a kinetic energy of 75 ft-lbf. A parachute supporting less mass will fall 

at a slower rate than a parachute having to support a much larger mass, which means that the recovery system of the 

vehicle fails to reduce the kinetic energy under 75 ft-lbf when the payload is part of the vehicle because it wouldn't be 

able to handle the additional mass of the payload at landing. The total mass of the vehicle at landing for this case has 

an assumed mass of 35.96 lbm, though this is subject to change for the actual rocket. 

For this recovery configuration, four main parachutes were examined in a trade study. These consist of a 

CFC-60” Fruity Chute, a CFC-84” Fruity Chute, a CFC-96” Fruity Chute, and SkyAngle XL-Cert 3. For these tests, 

an IFC-24” Fruity Chute drogue parachute was used to calculate the values for data. 
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Table 14: Main Parachute: Independent Payload 1/2 

Factors Fruity Chute CFC-60” Fruity Chute CFC-84” 

Criteria 
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Cost 4 $201.49 4 16 $308.96 2 8 

Availability 4 In Stock 4 16 Apogee Rockets 3 12 

Terminal Velocity  3 
20.42 ft/s 

 ft/s 
2 6 

14.58 ft/s 

 ft/s 
4 12 

Kinetic Energy at Landing 5 113 ft-lbf 1 5 57 ft-lbf 3 15 

Shock Force 4 435 lbf 5 20 974 lbf 3 12 

Descent Time 4 29.38 s 4 16 41.14 s 3 12 

Total (Higher is better)  Failed KE! Not usable 79   71 
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Table 15: Main Parachute: Independent Payload 2/2 

Factors Fruity Chute CFC-96” SkyAngle XL-Cert 3 

Criteria 
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Cost 4 $362.69 2 8 $189 4 16 

Availability 4 In Stock 5 20 In Stock 5 20 

Terminal Velocity  3 12.77 ft/s 4 12 17.91 ft/s 3 9 

Kinetic Energy at Touchdown 5 44 ft-lbf 4 20 87 ft-lbf 1 5 

Shock Force 4 1352 lbf 2 8 882 lbf 3 12 

Descent Time 4 47.00 s 2 8 33.50 s 4 16 

Total 

(Higher is better) 
   76 Failed KE! Not usable. 78 

 

Like with the drogue parachute, the cost, availability, terminal velocity at landing, and descent time from 

main release were examined for each main parachute, as well as the kinetic energy of the first part at landing and the 

shock force the main parachute exerts on the vehicle when released. While the cost and availability of the parachute 

is important for the main parachute, the deciding factor for the main parachute is the kinetic energy of the first section 

to land. If any parachute . The shock force and descent time are also very important; if the shock force is too great for 

the vehicle to handle, the rocket will be torn apart, and if the descent time from main release is too slow, it wouldn’t 

meet the 90 second descent time requirement. 

From the trade study, two parachutes automatically are eliminated from being used, the CFC-60” Fruity 

Chute and SkyAngle XL-Cert 3 parachutes, due to both of the parachutes having a first part landing kinetic energy 

well over the 75 ft*lbf requirements. This is due to the small size of the CFC-60” Fruity Chute, and the very low drag 

coefficient (CD=1.06) of the SkyAngle parachute. Between the two options remaining, the CFC-84” and CFC-96” 

Fruity Chutes, the CFC-96” parachute is the more desirable parachute to use. While the CFC-84” parachute is cheaper, 

the USLI team has two CFC-96” parachutes available compared to having to buy a CFC-84” parachute if chosen. 

Also, the kinetic energy at landing is 44.25 ft*lbf for the CFC-96” parachute, much lower than the 57.73 ft-lbf of the 

CFC-84”. One of the main downsides to the CFC-96” parachute is that the descent time is 47 seconds, which is more 

than half of the 90 seconds given to descend, and with the 42 second descent time of the IFC-24” drogue, the vehicle 
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just barely meets the requirement. Also, the CFC-96” parachute has a large shock force, but testing will determine if 

the rocket vehicle could support it. 

In the recovery configurations where the payload is to remain attached to the main launch vehicle parachute, 

it is responsible for the entire burnout mass of the vehicle until landing. This increases the total landing mass of the 

vehicle to 44.4 lbm, subject to change for the actual rocket. Other than adding complexity to the manufacturing of the 

recovery system, the only significant difference in terms of the main parachute choice is the addition of the payload’s 

mass, which will make the vehicle descend at a faster velocity and have an overall higher kinetic energy for the first 

part to land. 

Since the CFC-60” Fruity Chute and SkyAngle XL-Cert 3 parachutes failed the kinetic energy requirement 

for the lower mass system, they were omitted from this trade study, as they would fail to meet the requirement for a 

larger mass. Only two parachutes, the CFC-84” Fruity Chute and CFC-96” Fruity Chute were tested in the trade study, 

to determine which main parachute should be used for this case. For these tests, a IFC-24” Fruity Chute drogue 

parachute was used to calculate the values for data. Since the trade study for the main parachute with the payload 

attached to the main chute is essentially the same as when the payload has an independent parachute, the trade study 

used follows the same guidelines and weights as the previous trade study.  

Table 16: Main Parachute with Payload Attached 

Factors Fruity Chute CFC-84” Fruity Chute CFC-96” 

Criteria 
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Cost 4 $308.96 3 12 $362.69 2 8 

Availability 
4 

Apogee 

Rockets 
3 12 In Stock 5 20 

Terminal Velocity  3 16.20 ft/s 3 9 14.18 ft/s 4 12 

Kinetic Energy First 

Part 
5 71 ft-lbf 2 10 55 ft-lbf 3 15 

Shock Force 4 974 lbf 3 12 1352 lbf 2 8 

Descent Time 4 37.04  s 3 12 42.30 s 2 8 

Total 

(Higher is better) 
   67   71 

 

Between the two options tested in the trade study, the CFC-84” and CFC-96” Fruity Chutes, the CFC-96” 

parachute is the more desirable parachute to use for when the payload is attached to the main parachute. As with the 

previous trade study, though the CFC-84” parachute is cheaper, the USLI team has two CFC-96” parachutes available 

compared to having to buy a CFC-84” parachute if chosen. However, the most important change to the outcome of 

the parachutes is that the kinetic energy at landing increases due to the additional weight of the payload as part of the 

vehicle. The CFC-84” parachute barely meets the requirement, with the vehicle’s first part at landing having a kinetic 

energy of 71.21 ft-lbf, and the CFC-96” parachute having a much lower kinetic energy of 54.59 ft-lbf and is the reason 

the CFC-96” parachute is the better option for this configuration. 
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3.3.7 Leading Recovery System Design 

The leading design for the recovery system of the full-scale vehicle currently makes use of a traditional 

recovery system with the payload having an independent parachute. The drogue parachute shall be released from the 

top of the lower airframe at an apogee of 4500 feet, while the main parachute is released from the bottom of the upper 

airframe at an altitude of 600 feet, with a backup at 550 feet. The leading parachutes for use in the recovery system 

are a IFC-24 Fruity Chute for the drogue parachute and a CFC-96 Fruity Chute for the main parachute, with 1” tubular 

nylon serving as the recovery harness for both of the parachutes. The recovery harness for the main and drogue 

parachute shall be longer than the parachutes and the shroud lines attached to the harnesses, as well as be unequal 

lengths to ensure the upper and lower airframes won’t damage each other during descent. The kinetic energies for this 

configuration for the different independent sections of the vehicle can be seen in Table 11 in section 3.3.3. The descent 

time for the drogue parachute between apogee and main parachute deployment is 42.3 seconds, while the descent time 

for the main parachute between main parachute deployment and landing is 46.7 seconds, leading to an overall descent 

time of 89.0 seconds, just under the 90 second requirement. 

3.3.8 Recovery Harness 

The recovery harness is the additional cord length needed to attach the main and drogue parachutes to the 

vehicle body to ensure that not only will the parachute be able to stay connected to the vehicle but allow the different 

independent vehicle sections to be suspended without damaging each other. A trade study was done for both the full-

scale and subscale rockets to determine which recovery harness would most suit the needs of the vehicles for launch, 

as only the amount of harness required would be different. Recovery harness types of 1/8th inch tubular Kevlar, 1/4 

inch tubular Kevlar, and Tubular Nylon 1 inch were examined. 

Table 17: Recovery Harness Trade Study 

Factors Kevlar 1/8”  Kevlar 1/4” Nylon 1” 

Criteria 
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Temperature 5 850 5 25 850 5 25 490 3 15 

Cost / Foot 4 0.60 3 12 0.75 2 8 0.50 4 16 

Mass / Foot 3 0.01 4 12 0.01 4 12 0.07 2 6 

Max Load 3 1200 1 3 3000 4 12 4000 5 15 

Elongation 3 3.6% 3 9 3.6% 3 9 18.3% 5 15 

Total  

(Higher is better) 
 

Failed shock load 

requirements! Not 

usable. 

61   66   67 

 

The driving factors for the recovery harness consists of the temperature the cord can handle before structural 

failure, the cost/ft of the cords, the mass/ft of the cords, the max load each harness could handle without failure, and 
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the elongation of the cord during descent. The most important of these factors is the temperature at which the harness 

would fail, as the recovery harness might have to sustain high temperatures during launch and failing at lower 

temperatures could lead to higher risk of failure in the recovery system. The cost/ft of the material for the harness is 

also important, due to a limited budget. The mass/ft, max load, and elongation are all important, but they won’t 

necessarily cause a critical failure. 

From the trade study done, both 1/4th inch tubular Kevlar and 1 inch tubular Nylon  recovery harness would 

be a solid choice to use for the recovery system, though the deciding factor between the two harnesses comes down 

to the cost. While the 1/4th inch tubular Kevlar can handle higher temperatures than the 1 inch tubular Nylon harness, 

the lower cost and higher strength of the nylon compared to Kevlar makes the nylon a much more appealing choice 

overall to use for the vehicle. While for the subscale the difference in cost won’t be as much, for the full-scale vehicle, 

which could require large amounts of cord, the price difference is substantial. 

Though the recovery harness chosen for the recovery system can withstand a certain temperature, the 

harnesses are not inherently protected or resistant to thermal stresses that would be encountered during launches and 

testing. For this matter, thermal protection must be used to ensure the harnesses can be safely and successfully used 

for the recovery of the vehicle, without failure. A Nomex sleeve is the best option, and while the material can be more 

expensive that options like gorilla tape, the protection a Nomex sleeve provides is worth the additional cost. Since 

several CRW USLI teams has used a Nomex sleeve in the past, this thermal protection was chosen. 

3.3.9 Avionics 

The main considerations during selection of avionics were cost, capability, and ease of use. Since most 

altimeters in the $50-$150 price bracket offer virtually identical features and core functionality (i.e. no accelerometers, 

gyroscopes, etc.), cost was the main driving factor in altimeter selection. The solution chosen by the CRW team was 

the PerfectFlite StratoLogger CF altimeter. Since the team owns multiple functioning units, the Stratlogger CF 

provides the best feature set at zero cost to the team. 

 Table 18 illustrates the benefits and drawbacks of the three solutions considered by the CRW team. 

Table 18: Avionics Trade Study 

Factors StratoLogger CF RRC3 “Sport” EasyMega 

Criteria 

W
ei

g
h

ti
n

g
 

S
at

is
fa

ct
io

n
 

S
co

re
 

S
at

is
fa

ct
io

n
 

S
co

re
 

S
at

is
fa

ct
io

n
 

S
co

re
 

Cost 5 5 25 3 15 1 5 

Capability 3 3 9 4 12 5 15 

Ease of use 2 3 6 3 6 3 6 

Total Score 

(Higher is Better) 
  40  32  26 

 

Most of the avionics system in both launch vehicles follow a COTS (commercial-off-the shelf) construction 

philosophy - fasteners, standoffs, screws, altimeters, switches, etc. The availability of these parts allows for quick 
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repair should anything in the avionics subsystem become damaged or broken during or after flight. The biggest 

exception to the COTS design philosophy is the main avionics sled – a 3D-printed part. The avionics sled was designed 

with recesses for the pair of 9V batteries powering the two StratoLogger CF altimeters. The altimeters will be fastened 

to the sled using standoffs to minimize vibrations and maximize stability during flight.  Additionally, the 4 restraining 

bars for the batteries will also be 3D printed. 

The couplers for both full-scale and subscale vehicles will be virtually identical. The coupler will be 

constructed of carbon fiber in order to mitigate potential excitation from other transmitting devices. The coupler for 

the full -scale vehicle is 13 inches long, and 5.9 inches in diameter, and the bay for the subscale is 7 inches long and 

3 inches in diameter. The coupler section will be sealed by fiberglass bulkheads on each end in order to protect the 

altimeters from the black powder charges housed on the external section of the bulkheads. The charges will be housed 

in PVC pipe cups epoxied to the surface of the bulkhead. Additionally, the section will be fastened to the airframe 

using epoxied centering rings. Internally, the coupler will house a set of StratoLogger CF altimeters. Each altimeter 

will be mounted 180 degrees from one another - similarly, their power supplies will also be mounted 180 degrees from 

one another. Each altimeter will be armed and disarmed with its own single-pole, single-throw key switch accessible 

on the exterior of the rocket. Regardless of which configuration for recovery is used, the coupler design will remain 

the same, though the location of the coupler in the air frame changes. For Configuration 1, the avionics bay is located 

inside the coupler in between the upper and lower airframe; in Configuration 2, the avionics bay is instead located in 

a different compartment directly above the motor in the lower airframe. The current coupler design is shown in Figure 

14 and Figure 15. 

 

Figure 14: Avionics Coupler - Isometric View 

 

 

Figure 15: Avionics Coupler - Side View 

3.3.9.1 Redundancy 

The avionics subsystem for both full-scale and subscale rocket design contains two StratoLogger CF 

altimeters wired to independent power supplies, circuit barrier strips, and ignition sources. The ignition sources are 

black powder charges, which will be set to activate at apogee for the drogue parachute and 600 feet above ground for 

the main parachute. There will be two charges on each bullhead – a main charge and a backup charge. The backup 
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charge will be 115% the size of the primary charge to ensure proper deployment. The altimeters and batteries will be 

fastened 180 degrees from each other to ensure proper operation during flight with no interference or influence from 

the other system. 

The redundancies for Configuration 1 and Configuration 2 are slightly different. While both configurations 

will make use of two altimeters in the avionics bay, with one altimeter setting off the black powder charges for both 

parachutes and one altimeter as a backup for the charges, Configuration 2 requires an extra redundancy safeguard. 

Since the tender descender could easily have problems in flight, two tender descenders are needed to be connected 

together for redundancy, while Configuration 1 only requires the additional altimeter in the avionics bay. 

3.3.9.2 Tracking 

Due to the limitations of siren-based tracking systems, and the high cost of commercial GPS tracking systems, 

the leading selection for tracking is a custom device developed by previous CRW teams.  

Similar to the avionics solution selection criteria, cost was the most important in tracking selection. Hence, 

the solution developed by previous CRW teams at no cost was the solution chosen. Table 19 compares the three types 

of solutions considered by the CRW team during preliminary discussion. 

The device is a XBee Pro-S3B radio along with Antenova GPS. The device transmits on the frequency range 

of 902 MHz to 928 MHz and is received through open-source software called X-TCU. The tracker will be housed in 

the nose cone and powered by its own CR123 battery source completely independently from the main avionics system. 

Previous teams have achieved excellent performance from the device - receiving transmissions from up to 6 miles 

downrange. The device is shown in Figure 16. 

 

 

Figure 16: Xbee Pro S3B Tracker 
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Table 19: Tracker Trade Study 

Factors 

CRW Prototype 

XBee-Pro S3B 

radio 

transmitter and 

Antenova GPS 

Apogee Simple 

GPS Tracker 

Pratt Hobbies 

MicroBeacon 

Criteria 
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Cost 4 5 20 1 4 4 16 

Capability 4 3 12 4 16 1 4 

Ease of use 2 3 6 5 10 5 10 

Total 

(Higher is better) 
  38  30  30 

 

3.4 Load Path  

When determining the load path of the rocket there are two elements that need to be considered, what part of 

the flight the rocket is in and what recovery configuration is being used. There are four main parts of the rocket’s 

mission, powered ascent, coast, deployment of drogue, and deployment of main parachute. The main difference caused 

by the different recovery configurations is where the main parachute is located. During powered ascent the thrust 

provided by the motor will be transferred to the thrust plate which will then transfer the force to the airframe. The 

force experienced by these components will be compression since the thrust of the motor has a larger magnitude and 

will be oppose the direction of gravity. The other portion of the ascent of the rocket is the coast phase, during which 

the lower and upper section of the airframe will try to separate due to the differing drag forces experienced by the 

rocket. Therefore, the forces experienced by the airframe are going to be tensile forces. During this phase the motor 

is no longer producing thrust so to prevent the motor case from falling out of the rocket the threaded retention ring 

will transfer the load produced by the weight of the motor case to the thrust plate which will transfer the load to the 

aft centering ring that will transfer the load to the lower airframe. 
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Figure 17: Ascent Load Paths 

During the descent of the rocket there are two main events, deployment of drogue parachute and deployment 

of the main parachute. Since there is an ongoing trade study for the recovery system there are two different load path 

cases that must be considered. The deployment of the drogue will be the same for both cases since it both it will be 

housed in the lower airframe in both configurations. In configuration 1 the main parachute will deploy from the upper 

airframe and will apply tensile forces to the bulkhead. In configuration 2 the main parachute will be held in the lower 

airframe with the drogue and will use the same load path as the drogue parachute but with a large magnitude since the 

drag produced by the main parachute will be larger than the drag produced by the drogue parachute. The forces 

experienced at deployment of the drogue will be tensile forces that will be transferred from the shock cord to the 

recovery bulkhead and then to the lower airframe body. The loads due to main deployment will be transferred in the 

same path as the drogue for configuration 2, for configuration 1 the loads will be transferred to a from the shock cord 

to a separate recovery bulkhead in the upper airframe and then transferred to the body of the upper airframe. 
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Figure 18: Descent Load Paths 

3.5 Mission Performance 

To ensure that all competition requirements are met, CRW has conducted thorough analysis on the baseline 

design to ensure success during flight. Using OpenRocket, an open source rocket model simulation software, the team 

was able to decide on a motor which would deliver the rocket to its designed altitude while maintaining the required 

rail exit velocity, stability margin, and thrust to weight ratio. From the OpenRocket models, it was determined that the 

Aerotech L1420R motor was the optimal choice for motor selection. Once the design is finalized, secondary analysis 

was conducted to ensure the results obtained from OpenRocket were correct and that the rocket would perform as 

designed on launch day. 

3.5.1 Declare Altitude 

CRW has decided that this year’s official launch day altitude will be 4500 feet above ground level. To obtain 

this altitude, the proper motor and hardware needed to be selected based on initial mass estimates.  

The specifications for all Aerotech motors are provided through the company’s website; Table 20 shows 

these specifications for the L1420R motor. The motor has an average thrust of 319 lbf for 3.2 seconds which will give 

the vehicle a burnout velocity of 553 ft/s. The total impulse curve for this rocket is provided in Figure 19; this value 

of total impulse falls within the specifications for an L-class motor and is suitable for the USLI competition. 
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Table 20: Aerotech L1420R Specifications 

Aerotech L1420R 

Hardware RMS-75/5120 

Single-Use/Reload/Hybrid Reloadable 

Total Impulse (lbf-s)/(N-s) 1035/4603 

Propellant Weight (lbm) 5.64 

Loaded Weight (lbm) 12.30 

Weight After Burnout (lbm) 6.66 

Maximum Thrust (lbf) 408 

Average Thrust (lbf) 319 

Burn Time (s) 3.2 
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Figure 19: Thrust Curve for Aerotech L1420 Motor 

3.5.2 Trajectory 

The OpenRocket model provides well-calculated estimates of launch predictions given an array of inputs. 

The model becomes more accurate as the mass estimate for the final rocket becomes more refined later; this mass 

estimate refinement occurs as the overall design progresses and materials are selected. OpenRocket can also 

incorporate weather data into the performance of the launch. Using launch day weather data from previous years, the 

average and maximum values for conditions like air temperature and wind speed can be incorporated into the design 

to get an accurate approximation. Table 21 lists such variables from the previous 11 years. 
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Table 21: Weather Conditions from Previous Years 

Year Avg. Wing 

Speed 

(MPH) 

Max Wind 

Speed 

(MPH) 

Temp (F) 

2019 6 10 75 

2018 5 13 43 

2017 6 12 62 

2016 8 20 57 

2015 3 12 72 

2014 6 15 55 

2013 7 16 70 

2012 3 15 64 

2011 5 14 74 

2010 8 18 60 

2009 5 22 52 

Average 5.6 15.2 62.2 

Deviation 1.7 3.6 10.1 

 

OpenRocket software can calculate the approximate flight profile for the rocket design on launch day. 

OpenRocket uses six degrees of freedom to solve for a multitude of flight parameters using iterative numerical 

methods. Figure 20 depicts the projected performance of the rocket model’s altitude, velocity, and acceleration as 

functions of time. The profiles has three notable events: motor burnout at 3.27 seconds, apogee and drogue parachute 

deployment at 17.3 seconds, and main parachute deployment at an altitude of 600 feet, or 60.8 seconds approximately.  
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Figure 20: OpenRocket Trajectory Model 

Using the current mass estimates for the full-scale design, the flight results were observed in OpenRocket 

and are displayed in Table 22. From the results, the apogee obtained by the rocket is 4438 feet, only 62 feet below the 

declared altitude. This apogee is expected to decrease as mass is added to the rocket; as previously stated, the payload 

is currently modeled as heavier than projected, but items such as avionics, bolts, and other mass components are not 

properly accounted for and will add mass to the rocket. If the apogee remains higher than projected once this mass is 

accounted for, ballast will have to be utilized to reach the altitude goal. Fin shape and size could also be changed to 

either lower or raise the expected flight altitude (depending on whichever is needed) to closer match the target altitude. 

Nonetheless, the remainder of the trajectory summation shows that the current design is within USLI requirements 

and standards. 
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Table 22: Full Scale Flight Simulation Estimation Results 

Event Value Units 

Launch Rail Exit Speed 68.5 ft/s 

Maximum Speed 554 ft/s 

Maximum Acceleration 206 / 6.38 ft/s2 / g 

Time to Apogee 17.32 seconds 

Apogee 4438 feet 

Main Chute Deploy Altitude 600 feet 

Thrust off Rail 344 lbf 

Thrust to Weight Ratio 6.18 N/A 

 

3.5.3 Stability 

Vehicle stability is required for a successful flight and is one of the several requirements for the USLI 

competition. The stability margin, measured in calibers, is defined as the distance between the center of gravity (CG) 

and the center of pressure (CP) of the vehicle divided by the vehicle’s diameter. NASA USLI requirements state that 

the vehicle shall have a static margin of 2.0 or greater by the time the rocket leaves the launch rail and throughout the 

flight. The following equations can be used to solve for the center of gravity and the center of pressure. 

𝐶𝐺 =
∑ 𝑑𝑖𝑤𝑖

𝑛
𝑖=1

𝑊
 (7) 

𝐶𝑃 =
∑ 𝑑𝑖𝑤𝑖

𝑛
𝑖=1

𝐴
 (8) 

Where d is the distance from a reference point, w is the weight of a specific point at that given distance, a is 

the aerodynamic effect at a point at that given distance, W is the total weight, and A is the total aerodynamic effect. 

For configuration 1, Figure 21 shows the position of the CP and CG locations at Mach 0.3; this value is a 

decent estimator for overall stability margin calibers throughout the flight. The CG is shown as the blue and white orb 

to be 66.488 inches from the tip of the nose cone. The CP is shown as the red orb to be 85.376 inches from the tip of 

the nose cone. This gives an estimated stability caliber of 3.05 at Mach 0.3. 
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Figure 21: OpenRocket Model with CG and CP locations at Mach 0.3 (Configuration 1) 

 

Similarly, for configuration 2, Figure 22 shows the position of the CP and CG locations at Mach 0.3. The CG 

is shown as the blue and white orb to be 67.045 inches from the tip of the nose cone. The CP is shown as the red orb 

to be 86.105 inches from the tip of the nose cone. This gives an estimated stability caliber of 3.16 at Mach 0.3. 

 

Figure 22: OpenRocket Model with CG and CP locations at Mach 0.3 (Configuration 2) 

 

The static margin is altered as time progresses and the rocket’s dynamics change. As the motor propellant is 

burned, the center of gravity moves forward up the body of the rocket due to mass loss. Similarly, the center of pressure 

of the rocket moves aft along the body as the vehicle’s velocity increases. Figure 23 depicts the changes in CP, CG 

and the static margin up until apogee as calculated in OpenRocket. OpenRocket also estimates that the stability margin 

will be 2.13 off the rail for configuration 1 and 2.44 for configuration 2, which exceeds USLI standards. 
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Figure 23: Rocket Stability vs Time for Configuration 1 

 

It will be important to monitor the projected margin stability as the vehicle design matures and changes. 

Further changes to the actual mass and exact distribution of mass will change the CG location, which may necessitate 

a change in CP to maintain the stability requirements. One of the easiest ways of achieving this is to change the shape 

of the fins; even a slight modification in fin shape will change the CP location significantly. 

3.5.4 Subscale Performance Predictions and Goals 

USLI teams are required to perform flight tests on scaled models of their rockets to analyze the mission 

performance on a scale level prior to full scale testing. Teams self-define their own goals for their subscale flights and 

use the data to assess the accuracy of their prediction methods and recognize any area of failure or necessary change 

needed for full scale. CRW has decided to design and test a 2:1 scale model of the full-scale rocket with similar 

materials. The largest area of uncertainty for this year’s design falls upon drag forces and obtaining field data for drag 

forces will aid the team in assessing calculation accuracy for both ascension and decent. Another consideration for 

testing a sub-scale rocket will be verification of the stability margin, essentially verifying the rocket remains stable 

throughout flight. To obtain accurate ascension forces, a velocity profile similar to that of full-scale is desired for the 

vehicle. The stability off the rail was also made as accurate to the full scale rocket as possible, as this should be the 

lowest point of stability during flight and will be the factor from subscale that CRW is most interested in. According 

to Aerotech’s website, the Aerotech I218R motor will produce a similar velocity profile while only providing a portion 

of total thrust for the vehicle. The motor specifications are listed in Table 23. 
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Table 23: Sub-Scale Motor Specifications 

Aerotech I218R 

Hardware RMS-38/360 

Single-Use/Reload/Hybrid Reloadable 

Total Impulse (lbf-s)/(N-s) 71.856 / 319.63 

Propellant Weight (lbm) 0.381 

Loaded Weight (lbm) 1.12 

Weight After Burnout (lbm) 0.739 

Maximum Thrust (lbf) 64.98 

Average Thrust (lbf) 50.92 

Burn Time (s) 1.5 

 

A subscale model was created in OpenRocket and flown under similar conditions to the full-scale model. 

From the data, the drag forces do not directly scale, thus it is not safe to assume that for a 2:1 rocket the drag forces 

will be half as much; however, given the data, the calculation methods can be assessed for their accuracy and the full-

scale vehicle modified appropriately. The stability off the rail has also been modified so that it matches the full-scale 

as close as possible. The flight results for the subscale vehicle are listed in Table 24. The subscale model is projected 

to fly on November 9. 
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Table 24: Sub-Scale Flight Simulation Results 

Event Value Units 

Launch Rail Exit Speed 70.8 ft/s 

Maximum Speed 429 ft/s 

Maximum Acceleration 404 / 12.55 ft/s2 / g 

Time to Apogee 11.1 seconds 

Apogee 2088 feet 

Main Chute Deploy Altitude 600 feet 

Thrust off Rail 63.9 lbf 

Thrust to Weight Ratio 10.68 N/A 

 

3.6 Test Plans 

Before flying the completed rocket and payload, several tests must be performed to prove the successful 

operation of subsystems and, more importantly, root out any potential flaws. Table 25 displays a preliminary list of 

intended tests with more likely added as the design process progresses. 

Table 25: Planned Launch Vehicle Tests 

Test Purpose Procedure Desired Outcome 

Full and Sub Scale 

Recovery System 

Deployment Test 

Verify the black powder charges 

reliably fire and are powerful 

enough to deploy the parachutes 

Pack the rocket as it be 

for flight and manually 

detonate the separation 

charges 

The black powder charges will 

successfully separate the vehicle 

and eject the parachutes 

Tracking Test 

Verify that the tracker is 

functioning and determine the 

usable range 

With the tracker in the 

nose cone, continually 

move further from the 

transmitter until the signal 

is lost 

The tracker accurately relays the 

rockets position and has a useable 

range of over 2,500 ft 

Bulkhead Strength 

Test 

Verify the bulkheads connected to 

the recovery harness are strong 

enough to withstand the required 

forces 

Determine the highest 

force that will be 

experienced and replicate 

the force using weights 

The bulkheads will remain firmly 

mounted in the vehicle and have 

sustained minimal damage 
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Test Purpose Procedure Desired Outcome 

Avionics Standby Test 

Verify that the avionics will be 

capable of remaining on the 

launch pad for over two hours 

without draining their batteries 

Power on the altimeters 

with new batteries and 

record the time needed to 

deplete the batteries 

The altimeters will still be 

functional after two hours of 

standby 

Subscale Test Flight 
Collect flight data and verify the 

accuracy of simulations 

Launch and recover 

subscale launch vehicle 

and compare flight data to 

simulation profiles 

The flight profile of the actual 

subscale rocket will closely match 

the profile created by simulations 

Full Scale 

Demonstration Flight 

Verify that the vehicle is fully 

operational and reliable before 

loading in the payload 

Launch and recover the 

complete launch vehicle 

with a simulated mass in 

place of the payload 

The full-scale rocket will perform 

as designed, be recovered with 

minimal damage, and be able to 

be reused with the actual payload 

Full Scale Payload 

Demonstration Flight 

Verify that the entire system 

works as designed 

Launch and recover the 

vehicle and payload as it 

will operate on 

competition day 

All systems will operate 

successfully, the vehicle and 

payload are recovered with 

minimal damage, and they are 

able to be reused 

Fin Assembly Strength 

Test 

Verify that the fins and fin 

brackets are strong enough to 

withstand the forces experienced 

during flight 

Determine the highest 

load the fin assembly will 

experience during flight 

and replicate it using 

weights 

The fins and fin brackets will 

have sustained minimal damage 

and remain securely attached to 

the body of the rocket 

Electronic Interference 

Verify the altimeters perform 

correctly and do not exhibit any 

signs of electrical interference 

While mounted in the 

avionics bay, subject the 

altimeters to an RF source 

and monitor the output 

signals  

The altimeters will be sufficiently 

shielded from interference by the 

avionics bay and operate as 

intended 
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4 Payload Design 

In the following subsections, the payload is discussed, and its overall system, subsystem, and deployment 

method are all evaluated. The Charger Rocket Works team has selected a rover as their payload option for the 2019-

2020 Student Launch Initiative competition. NASA’s competition requirements as well as CRW’s self-derived 

requirements are outlined along with justifications on how the team plans to complete each requirement and have a 

successful mission. A discussion of the design alternatives for each subsystem and deployment method is presented, 

followed by the team’s decision, and a plan for moving forward in the payload design. At the current point in the 

payload design’s maturity, several components require a more thorough analysis before a final design decision can be 

made. These components are discussed in equal fashion, along with a plan of moving forward through research and 

testing. 

4.1 Selection, Design, and Rationale 

The selection process between a UAV and rover payload occurred over the first couple weeks of the project’s 

life cycle. Preliminary concepts were developed for both UAV and rover payloads. Due to the mission requirements 

presented in the 2019-2020 Student Launch Handbook, Charger Rocket Works decided a rover design was more 

feasible than a UAV to complete the mission successfully. 

4.2 Mission Objective and Success Criteria 

The mission objective for the 2019-2020 Charger Rocket Work’s payload team is to design, build, and test a 

payload that is capable of fitting into a six inch-diameter launch vehicle until the time of deployment. The rover must 

travel to one of the five recovery areas on the launch field and recover and secure ten milliliters of simulated lunar ice. 

In addition to completing the USLI competition, the team plans on meeting all of the requirements as given by NASA’s 

2019-2020 Student Launch Handbook as well as CRW’s self-derived requirements. 

 

4.2.1 Success Criteria 

The payload mission objective will be considered a success if the following criteria are met. 

1. The payload will remain secured inside the launch vehicle until the time of deployment. 

2. The deployed payload must safely be ejected at the time of deployment with a parachute. 

3. The payload must land on its upright configuration with no damage to the payload. 

4. The rover must drive to one of the five recovery areas on the launch field. 

5. The rover must recover and secure 10 milliliters of simulated lunar ice. 

6. The rover must drive ten linear feet away once the simulated lunar ice is secured.  

Mission success will be confirmed at the time of the Range Safety Officer (RSO) permission to retrieve the payload.  

4.3 System, Subsystem, and Deployment Trade Studies 

NASA’s competition requirements as well as CRW’s self-derived requirements are used for the successful 

completion of the payload mission and to determine the overall system, subsystem, and deployment components in 

the payload design. All viable options for each of these components are qualitatively and quantitatively researched. 

These components were analyzed through trade studies to determine the optimal design for meeting these 

requirements. Each of the trade studies have their own specific factors, these factors are weighted based on a simple 

scale of five with one being the least important and five being the most important. A satisfaction rating based on a 

simple scale of five was then applied to each component in the trade study with one being poor and five being excellent. 

The components with the highest total scores will be most likely to fulfill the success criterion. 

4.3.1 Rover’s Mechanical Design Trade Studies 

The following trade studies were used to determine the best mechanical designs to use for the rover. The 

following questions were investigated by looking at trade studies: What should the chassis be made of? Does the rover 
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need to expand so that it will not get stuck in the field? What kind of running gear is best? And what kind of recovery 

system is best? All these questions had to be answered before proceeding with the design process. Through this section 

these questions were quantitatively answered leading to a preliminary design. 

4.3.1.1 Chassis Material Trade Study 

The chassis is the main building block of the entire design and must demonstrate an adequate amount of 

strength while remaining light. Three options were considered in the design of the chassis, aluminum, ABS plastic, 

and a combination of both. Table 26 represents the trade study of the three options considered and the pros and cons 

of each material. The trade study includes three weighted concerns, manufacturing, weight, and strength. 

Manufacturing is weighted a four because it is considering the process to manufacture the chassis out of that given 

material. Weight is weighted a four because the payload must stay below a limit of fifteen pounds. Strength is weighted 

a five. The strength of the chassis is very important to the design conditions. The chassis will be housing all the 

electronics, drive motors, and keeping the rover rigid. 

 

Table 26: Chassis Material Trade Study 

Factors Aluminum 
ABS 

Plastic 

Aluminum 

Plate with 

ABS 

Plastic 

Cover 

Criteria 
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Manufacturing 4 3 12 3 12 5 20 

Weight 4 2 8 5 20 4 16 

Strength 5 5 25 3 15 4 20 

Total 

(Higher is better) 
  45  47  56 

 

Aluminum scored a three in manufacturing because aluminum is very good for manufacturing simple parts 

but with very few members on the team with TIG welding experience, complex parts would be very difficult to make. 

Aluminum scored a two in weight because aluminum has a density of 0.1 lb/in3and ABS plastic has a density of 0.037 

lb/in3. The chassis will weigh more if it is solely built from aluminum. Aluminum scored a five in strength versus 

ABS plastics score of three because Aluminum has a yield strength of 42,000psi versus ABS plastics yield strength 

of 7000psi. ABS plastic scored a three in manufacturing. To get strength out of the ABS plastic, much thicker walls 

and more infill would be needed when printing the parts. This would cause long printing times even for simple shaped 

parts. The third option of using a combination of both materials scored a five in manufacturing, four in weight, and 

four in strength. The manufacturing process would be much easier, considering any structural components could be 

made from aluminum and any parts that have a complex shape but do not provide any structural strength could be 3D 

printed. Using both materials, strength could be added to the chassis without adding too much additional weight. 

Therefore, using aluminum and ABS plastic is the best design decision to increase the strength of the chassis without 

having a significantly heavier rover. 
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4.3.1.2 Expanding Linkage versus Hemispherical Bumpers Trade Study 

The rover must fit inside a 6-inch body tube and stay stable and reliable while on the ground when completing 

its mission. Two options were considered, an expanding linkage and hemispherical bumpers. The expanding linkage 

will expand the rover’s width from four inches to eight inches. This will ensure the rover will fit within the body tube 

and will not easily tip over while driving over rough terrain. The hemispherical bumpers take a completely different 

approach. With the hemispherical bumpers the rover would be designed to drive on top and bottom and the bumpers 

would keep the rover from staying on its side. A trade study was conducted on the two options and shown in Table 

27. Several factors were considered for this trade study including cost, weight, complexity, reliability, and the space 

required within the rocket. 

Table 27: Expanding Linkage versus Hemispherical Bumpers Trade Study 

Factors 
Expanding 

Linkage 

Hemispherical 

Bumpers 

Criteria 
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Cost 3 2 6 5 15 

Weight 4 2 8 4 16 

Complexity 5 1 5 3 15 

Reliability 4 3 12 2 8 

Space Required 5 2 10 4 20 

Total  

(Higher is better) 
  41  74 

 

The expanding linkage requires actuation to cause the rover to expand this likely means more motors will 

need to be purchased. This adds cost and weight to the rover. For complexity the expanding linkage receive a score of 

one. Designing a system that will expand from four to eight inches while staying rigid is very difficult. The linkage 

and the actuation require a large amount of space inside the rover. This makes it more difficult to fit the other 

components within the rover. 

The hemispherical bumpers can be 3D printed and the cost would be very low to produce. The two bumpers 

on each side of the rover weighs much less than the entire expanding system. To design the hemispherical bumpers is 

an easy task but it received a three in the complexity factor because it will require the rover to be designed to drive on 

top and bottom. The hemispherical bumpers will be placed in a current section of the body tube that is currently not 

being used. 

4.3.1.3 Wheels/Tracks Trade Study 

A major component of the rover design is the selection of a drive system sufficient to meet the needs of the 

payload mission. These include: Crossing difficult, ploughed-field terrain, traversing a 2500 ft maximum distance 

within the allotted mission time, power conservation, ease of manufacture, and reliability. The options identified in 

the preliminary design meetings included tracked and wheeled vehicles primarily, with nods made to leg-style systems. 

Of these two leading options, further subsets were distinguished, and examples of each are shown in Figure 24, Figure 

25, and Figure 26. These are 4-wheeled, 6-wheeled, 2-tracked, and 4-tracked systems. Uni-wheel or dual-wheel style 
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designs were briefly considered, but these were considered less feasible for the project than the four systems 

highlighted here. In order to make an informed, engineering decision about the leading design of the system, a relevant 

trade study was put together to visualize the respective advantages and disadvantages of each option and is shown in 

Table 28. 

Table 28: Tracks vs. Wheels Trade Study 

Factors 4 Wheels 6 Wheels 2 Tracks 4 Tracks 

Criteria 
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Cost 4 4 16 3 12 4 16 2 8 

Weight 1 4 4 4 4 3 3 2 2 

Power 2 3 6 3 6 2 4 1 2 

Reliability 3 5 15 4 12 3 9 2 6 

Terrain 5 1 5 3 15 5 25 5 25 

Mobility 3 3 9 4 12 4 12 5 15 

Total  

(Higher is better) 
  55  61  69  58 

 

In order to justify the relative scoring of the competing systems, it is necessary to discuss the criteria and 

some relevant details which factored into the study as a whole. To aid with this, various documents were consulted as 

reference material, including two NASA documents, Exploration Rover Concepts and Development Challenges, and 

Results and Proceedings of the Lunar Rover/Mobility Workshop. In addition to this, a thorough compilation of 

information titled, Wheeled Versus Tracked Vehicle Study, was conducted for use by the Army, and was considered 

in the trade study. From these studies, consulting efforts, and past experience, it was identified that the total cost of 

the system as well as its off-road capability were both major constraints and weighted accordingly. Power was also 

noted, particularly by NASA, as a constraint to be aware of, but because of the relatively short mission length and 

sufficient battery availability, it was not as much of a concern. 
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Figure 24: 4-Wheeled Rover Concept 

The commonly used, four-wheeled design demonstrated good points in complexity, weight, and mobility. This 

was due to the trend that wheels are lighter than the track system, including sprockets, idlers, and the tracks themselves. 

For complexity, along similar lines, the wheel-axle design appeared simpler than the tracks, which incorporate more 

moving parts. A potential problem was identified in this system however, as it would require either individually driven 

wheels, which would increase the cost and power draw of the system, or some sort of drivetrain which would increase 

the system complexity. In mobility, the ability of wheeled vehicles to navigate difficult terrain and mud is notably 

reduced relative to the other options, which led to a low score. 

 

Figure 25: 6-Wheeled Curiosity Rover 

The Curiosity-esque 6-wheeled system scored similarly to the 4-wheeled design, with slightly worse marks 

for complexity, and higher marks for traversing terrain. It suffered from similar issues, since it incorporated wheels. 

Either 4 motors, with two idler wheels, or 6 motors would be necessary, driving up cost and weight. While the extra 

wheels would help to avoid high-centering and decrease the overall ground pressure of the vehicle, it is still 

comparatively less functional than tracks in that regard. 
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Figure 26: 2-Tracked Bomb Disposal Robot 

The 2-tracked design, inspired by main battle tanks and similar type vehicles, had medium scores for 

complexity. This is because, despite the additional moving parts, it requires only two drive motors, and skid-steering 

is more effective than with a wheeled system. It also received excellent marks for off-road capability, as the effective 

ground pressure is much lower, which increases performance in muddy, field-like environments. The primary 

drawbacks reside in the power requirements, as there are large frictional losses in the tracks, and reliability, where 

‘throwing a track’ or clearing jammed particulates could be difficult. The frictional component increases the load on 

the motor and results in higher current draw but can be mitigated with larger batteries. The reliability requires some 

specific design of the vehicle to ensure it will be a non-factor. 

 

Figure 27: 4-Tracked Robot Concept 

The 4-tracked design again scored well for terrain travers-ability and overall mobility. The separated tracks 

allow for additional flexibility in suspension, if used, which makes it a good choice for many arctic vehicles and off-

road RC cars. It was, however, limited in the other criteria. It would likely require either 4 motors or a complex drive 

system, which adds to the already-high power draw and complexity and made it less acceptable for the payload mission 

requirements. 

In summary, the two-tracked system showed the most promise, particularly along the lines of the off-road 

performance and a healthy balance of the other criteria. The primary drawbacks include high power consumption and 

a danger of the tracks becoming jammed or otherwise impeded. As mentioned, these foreseeable issues can be 

mitigated with battery choice, appropriate design, and thorough testing. 
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4.3.1.4 Lunar Ice Recovery System Trade Study 

The primary payload mission requirement for the 2019-2020 USLI competition is to recovery and secure ten 

milliliters of simulated lunar ice, on one of the five recovery areas, on the launch field. The payload team came up 

with two different design options to successfully recovery and secure the lunar ice, design option one includes an 

enclosed auger and design option two includes a scoop mechanism. Table 29 represents the trade study of the two 

design options for the lunar ice recovery system. 

The trade study includes four differently weighted concerns, cost, weight, complexity, and reliability. Cost 

was weighted a three. Cost is an important factor in the design process, but there are many other factors that are more 

important to consider. Weight received a four. Since the weight of the payload must be fifteen pounds or less, weight 

is one of the most important factors. Complexity received a two. Simpler is better, however, in comparison to the other 

factors, complexity can be migrated in the final design. Reliability received a five. The payload must successfully 

recovery and secure ten milliliters of lunar ice or the mission fails. 

The enclosed auger, in Figure 28, scored a three in all four concerns. The auger acquires multiple parts and 

motors, causing the cost, weight, and complexity in the design to increase. Since the auger has more moving parts, 

than it also has more chances to fail during the mission. The scoop mechanism, in Figure 29, scored a four in all four 

concerns. The scoop acquires only one part and one servo to operate, therefore, the cost, weight, and complexity in 

the design to decrease. Since the scoop has fewer moving parts, it has a less chance to fail during the mission. 

Therefore, the scoop mechanism is the optimal design option to recover and secure the lunar ice and complete the 

mission successfully.  

Table 29: Lunar Ice Recovery System Trade Study 

Factors Enclosed Auger Scoop 

Criteria 
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Cost 3 3 9 4 12 

Weight 4 3 12 4 16 

Complexity 2 3 6 4 8 

Reliability 5 3 15 4 20 

Total  

(Higher is 

better) 

  42  56 
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Figure 28: Auger 

 

 

 

 

Figure 29: Scoop 

 

4.3.2 Rover’s Electrical Design Trade Studies 

The electrical components used to construct the rover’s drive, control, and tracking system are identified in the 

following sections. Each component or item was selected and compared to similar items using trade studies. Each 

trade study was evaluated such that the criteria was weighed based on how critical that criteria was to the rover’s 

success. Therefore, criteria such as “cost” received a lower weight than that of “size”, since the space inside the rover 

is limited and takes precedence over the budget in this example. Each item compared in the trade study received a 

satisfaction rating, based on the reviewer’s knowledge of the item and the items functionality. The weight factor and 

satisfaction ratings were multiplied to produce the criteria score and the sum of the individual criteria scores formed 

the total item score. The item with the highest score is then selected as the optimal design choice. Optimal design 

choices for the rover’s electrical system are the items which have the smallest physical size, minimal cost, and 

substantial community support or documentation. Most of the following trade studies were conducted in the order 

presented, as the components selected rely on the previous selections; however, this is not true for all of the 

components. 

4.3.2.1 Rover Control Computer 

Since the rover will be operating separately from the vehicle, it will need its own control, tracking, and 

telemetry. The team considered developing an in-house solution that would be capable of communicating with a 

ground station and driving the rover via a hand-held controller. However, the time and testing required to develop 

such a system was beyond the reasonable scope of this project. Therefore, the team opted to select a Commercial Off-

The Shelf (COTS) flight controller that would be capable of performing the aforementioned functions.  

The following COTS flight controllers were considered for the rover. Both of the considered options were 

originally designed for use in unmanned aerial vehicles (UAV); however, can be configured to operate as a rover using 

ArduPilot, an open source autopilot system. The two options considered were compared based on their cost, physical 

size, and pin layout. 
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Table 30: Rover Control Computer Trade Study 

Factors PixRacer Pixhawk Mini Purple Cube 

Criteria 
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Cost 3 $99 3 9 $150 2 6 

Size 5 1.42 x 1.42 in 5 25 1.85 x 1.49 in 3 15 

Pin Layout 4 Multi-direction 4 16 Multi-direction 4 16 

Total 

(Higher is better) 
   50   37 

 

 

Figure 30: Pixracer 

 

Figure 31: Pixhawk Mini Purple Cube 

 

While both the Pixracer and Pixhawk Mini Purple Cube were both acceptable solutions, the Pixracer was 

both cheaper and smaller in size. The Pixracer also has been used by the team previously, making it easier to implement 

than the Pixhawk Mini Purple Cube. Therefore, the Pixracer was selected as the rover’s ground control computer. 

4.3.2.2 Ground Station Software Trade 

Having selected a computer, the next item considered was the ground station software. The ground station 

software is responsible for collecting telemetry data from the rover as well as tracking the rover during the mission. 

Once again, the team opted to select an open-source software rather than creating their own ground station interface 

due to project time constraints. The open-source software considered were compatible with the Pixracer and the 

ArduPilot system. The primary factors considered in this trade study was available documentation and prior 

experience. 
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Table 31: Ground Station Software Trade Study 

Factors 
Mission 

Planner 
QGroundControl 

Criteria 
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Documentation 5 5 25 4 20 

Pixhawk Compatibility - yes yes 

Rover Configuration - yes yes 

Experience - yes no 

Total 

(Higher is better) 
  25  20 

 

 

Figure 32: Mission Planner Interface 

 

Figure 33: QGroundControl Interface 

 

The trade study between Mission planner and QGroundControl was close and either program could have 

been selected. The decision to use Mission Planner was made due to the extensive amount of documentation available 

as well as prior team experience using the software. Having selected Mission Planner and the Pixracer, many of the 

following trade studies were derived from Mission Planner suggested hardware for the Pixracer. 

4.3.2.3 Power Module Trade 

The power module regulates the voltage from the battery to the flight computer from 11.1V to 5.3V. The 

flight computer is rated for a maximum voltage of 6V. Two options were considered for the rover, APM power module 

and the Hobbywing. A trade study was conducted on the two units to decide the best option. 

Several factors were considered such as, cost, weight, size, and Pixhawk compatibility. Since both units are 

very cheap, cost was weighted a two. Size is weighted a five because space is limited within the rover.  
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Table 32: Power Module Trade Study 

Factors APM Power Module Hobbywing 

Criteria 
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Cost 2 $6 4 8 $4 5 10 

Weight 4 0.6 oz 4 16 0.4 oz 5 20 

Size 5 0.9 x 0.8 x 0.4 in 5 25 1.7 x 0.7 x 0.3 in 3 15 

Pixhawk 

Compatible 
5 yes 5 25 difficult 2 10 

Total 

(Higher is better) 
   74   55 

 

 

Figure 34: APM Power Module 

 

Figure 35: Hobbywing 

 

The APM power module scored slightly lower in the cost factor than the Hobbywing because it costs just 

slightly more. The APM power module is about half the size of the Hobbywing. The biggest factor on the decision 

came from the APM power module being Pixhawk compatible. The APM power module has a 6P connector that 

connects directly to the Pixracer. This will reduce the amount of wiring needed in the rover and will keep the wiring 

very simple and clean. The Hobbywing would need to be soldered and wired manually to the Pixracer. The two power 

modules have very similar voltage and current ratings. Both power modules met the requirements but the APM power 

module was selected for its compatibility with the Pixracer. 

4.3.2.4 Servo Trade  

A servo will be used to control the lunar ice recovery system. Table 33 represents the trade study of the two 

servo options for the scoop. The trade study consists of four different criteria factors that include cost, weight, torque, 

and size. As can be seen from the trade study the only main difference from the two servo options are the torque output 
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and the size of the servo. The FEETCH-90-FB, as shown in Figure 36, produces a much lower torque, but the size of 

the servo is very small. The Power HD Mini servo, as shown in Figure 37, produces a much higher torque, but the 

size of the servo is bigger. The overall total scores for the trade study are similar. The Power HD Mini was chosen as 

the pest servo, because of it torque output. The scoop’s main function is to recover and secure the lunar ice, however, 

the scoop can also be used as an arm to help the rover maneuver in the rough terrain. 

Table 33: Servo Trade Study 

Factors FEETCH FS-90-FB Power HD Mini HD-1711MG 

Criteria 
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Cost 3 $7.95 5 15 $9.95 5 15 

Weight 4 0.03 lbf 4 16 0.04 lbf 4 16 

Stall Torque 5 1.1 lbm-in 4 20 3.0 lbm-in 5 25 

Size 3 0.9 x 0.5 x 0.4 in 4 12 1.2 x 0.5 x 1.2 in 3 9 

Total 

(Higher is better) 
   63   65 

 

 

Figure 36: FEETCH FS-90-FB 

 

 

Figure 37: Power HD Mini 

 

4.3.2.5 Motor Controller Trade 

Motor controllers are an essential component of a remote controlled (RC) vehicle. The motor controller will 

supply and control the power to the drive motors. The motor controller also needs to provide enough voltage back to 

the Pixracer to supply the servos for the scoops. The main considerations in deciding a motor controller is the ability 

to handle the amount of power the drive motors require to operate and the number of motor channels. The drive motors 

selected have a max current of 5.5 amps. The number of motor channels will help in reducing the wiring needed. The 

size of the motor controllers and the number of channels is very important considerations for this specific application. 
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Table 34: Motor Controller Trade Study 

Factors Pololu G2 24v12 RoboClaw 2x15 

Criteria 
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Cost 2 $40 5 10 $90 4 8 

Available Documentation 5 Yes 5 25 Yes 4 20 

Weight 4 0.019 lbf 5 20 0.131 lbf 3 12 

Dimensions 5 2.1 x 1.1 x 0.42 in 1 5 2.1 x 2.9 x 0.9 in 5 25 

Channels 5 1 1 5 2 5 25 

Supply Current 4 12 amps 2 8 15 amps 5 20 

Total 

(Higher is Better) 
   73   110 

 

 

 

Figure 38: Pololu G2 24x12 
 

Figure 39: RoboClaw 2x15 

 

4.3.2.6 Battery Trade 

Lithium Polymer (LiPo) batteries have become commonly used in remote controlled vehicles. The payload 

team has chosen this battery type because of the wide availability, small dimensions, and low weight.  

Several factors were considered in the battery trade study. The heaviest weighted factors in the trade study 

are total power, weight, and size. The total power must exceed the power requirement to complete the mission. 

Batteries are very heavy, so weight is a very important consideration when deciding on a battery. The space is limited 

inside the rover and the battery will take up a majority of that space, so the size is weighted heavily as well.  
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Table 35: Battery Trade 

Factors Ovonic 3S-2 Zeee 3S-2 Zeee 4S 

Criteria 
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Total Power 5 4 20 4 20 5 25 

Discharge Rate 2 3 6 5 10 4 8 

Weight 4 5 20 4 16 3 12 

Size 5 5 25 4 20 3 15 

Cost 2 5 10 4 8 4 8 

Total 

(Higher is Better) 
  81  74  68 

 

 

Figure 40: Ovonic 3S-2 LiPo 

 

 

Figure 41: Zee 3S-2 LiPo 
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Figure 42: Zeee 4S LiPo 

Three batteries were considered for the rover. All three batteries meet the power requirements. The Ovonic 

3S-2 and the Zeee 3S-2 batteries have a total power of 88.8Wh. The Zeee 4S battery exceeds the power requirement 

sitting at 106Wh but comes at a cost of weight. The Zeee 4S battery weighs 200 grams more than the other two 

batteries. The Ovonic 3S-2 is slightly smaller than the other two batteries. The Zeee 3S-2 and the Zeee 4S are very 

close to each other in size. Overall the Ovonic 3S-2 is the best battery for this mission by having the required total 

power, being the lightest, cheapest, and the smallest battery out of the three options. 

4.3.2.7 Global Positioning System (GPS) 

When the rover separates from the vehicle to perform its mission, it will need to be tracked via GPS and 

reported to the ground station. Both of the GPS units assessed in this trade study were listed as suggested hardware in 

the Mission Planner documentation. Both models are also directly compatible with the Pixracer. The characteristics 

evaluated in this trade study are the cost, physical size, and accuracy of the GPS units. 

Table 36: GPS Trade Study 

Factors mRo GPS u-Blox Zubax GNSS 2 

Criteria 
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Cost 3 $50 4 12 $150 2 6 

Size 5 2 x 2 x 0.6 in 4 20 2 x 2 x 0.6 in 4 20 

Accuracy 4 7 ft 5 20 7 ft 5 20 

Total 

(Higher is Better) 
   52   46 
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Figure 43: mRo GPS u-Blox 

 

 

Figure 44: Zubax GNSS 2 

 

Both GPS units evaluated had a similar physical size and accuracy of approximately seven feet in the horizontal 

plane. The mRo GPS u-Blox model is significantly cheaper ($50) than the Zubax GNSS 2 model ($150) and the team 

has prior experience using the mRo GPS u-Blox. Therefore, the mRo GPS u-Blox was selected as the GPS and it has 

been shown, through preliminary testing, to have satisfactory accuracy. 

4.3.2.8 Telemetry Transceiver 

In order to connect the ground station software, running on a laptop, to the rover for tracking and receiving 

telemetry - a set of radio transceivers are required. Unlike a transmitter/receiver set which can only communicate in 

one direction, a set of transceivers allows for communication in both directions - from the rover to the ground station 

and from the ground station to the rover. Since the transceiver interacts with the ground station software, the team 

only evaluated transceivers that were recommended as compatible with the Mission Planner software. 

For the case of the transceiver radio, a frequency of 915 MHz was desired due to its ability to maintain a 

signal over uneven terrain farther than higher frequencies. This is important since the ground station will remain at 

the launch area during the operation of the rover and the rover may be upwards of one mile away. The two transceiver 

radios considered are compared in Table # and the criteria consisted of the cost, physical size, range, and frequency.  
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Table 37: Transceiver Radio Trade Study 

Factors 
Holybro 915 MHz 100mW 

Radio 
jD-RF900Plus 

Criteria 
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Cost 3 $40 3 9 $260 1 3 

Size 5 
1.02 x 2.08 

x 0.42 in 
3 15 2.76 x 1.57 x 0.905 in 1 5 

Range 4 30 miles 3 12 80 miles 5 20 

Frequency 4 915 MHz 5 20 915 MHz 5 20 

Total 

(Higher is better) 
   56   48 

 

 

Figure 45: Holybro 915 MHz 100mW Radio 

 

 

 

 

Figure 46: jD-RF900Plus Radio 

 

The results of the trade study show that the Holybro radio is the preferred option over the jD-RF900Plus. 

While the range of the jD-RF900Plus (theoretical max of 80 miles) is significantly higher than that of the Holybro 

radio (theoretical max of 30 miles), a range of only one mile is required in order to meet requirement UAH-P-07. This 

makes the additional cost and size associated with the jD-RF900Plus is not justifiable. Therefore, the Holybro radio 

was selected for both the ground station laptop and the rover. 
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4.3.2.9 RC Transmitter 

In order to control and drive the rover during the mission, two options were available when using a Pixracer 

and Mission Planner. The rover could either be driven via an RC transmitter or with a gaming joystick controller. The 

primary difference between the two options is that the gaming joystick controller must be connected to the ground 

station laptop; whereas, the RC controller is able to operate anywhere within the rover’s line-of-sight. The gaming 

joystick controller was tested by the payload team and it revealed a small lag between the user input and the rover’s 

response. 

Rather than carry the ground station laptop while operating the rover and endure the laggy response time of 

the joystick controller, the team opted to select an RC transmitter. Since Mission Planner and the Pixracer are 

compatible with most RC transmitter/receivers, only RC transmitters recommended by the Mission Planner 

documentation were considered. 

Of the three RC transmitter models considered, both of the FrSky transmitters have the ability to run the 

ArduPilot FlightDeck interface on the transmitter’s display screen. The ArduPilot FlightDeck interface displays 

information such as the signal strength, rover GPS connection status, battery level, and critical alerts from the Pixracer. 

The ability to view such information on the transmitter would remove the need for constant communication between 

the ground station operator and the rover operator during the mission, simplifying the mission on launch day. Other 

than compatibility with FlightDeck, the RC transmitters were evaluated on cost, range, and on the documentation 

available. 

Table 38: RC Transmitter Trade Study 

Factors 
FrSky Taranis 

X9D Plus 

FrSky Taranis Q 

X7 
Turnigy 9X 

Criteria 
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Cost 3 1 3 3 9 4 12 

Range Required  - Yes Yes Yes 

Compatible with FlightDeck  - Yes Yes No 

Available Documentation 5 4 20 4 20 3 15 

Total 

(Higher is better) 
  23  29  27 
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Figure 47: FrSky Taranis Q X7 

 

 

Figure 48: Turnigy 9X 

All three transmitters ranked very close to one another in the trade study; however, the FrSky Taranis Q X7 

was the preferred option. The FrySky Taranis X9D Plus has the most features; however, the additional features are 

not needed for rover operation and the FrSky Taranis Q X7 contains very similar features at a reduced cost. The 

Turnigy 9X is a cheaper alternative to the FrSky Taranis Q X7; however, it is not compatible with the FlightDeck 

interface. Therefore, the FrSky Taranis Q X7 was selected as the RC transmitter. 

4.3.2.10 RC Receiver 

To connect the RC transmitter to the Pixracer an RC receiver is required. Since the rover operator will be 

able to maintain line-of-sight with the rover during operation, the acceptable range for the RC receiver/transmitter is 

met by all of the receivers listed. The receivers listed also correspond and work with the RC transmitters evaluated in 

the previous trade study. For the RC receiver, the following criteria were considered: cost, available documentation, 

physical size, range required, and smart port compatibility. The smart port allows for the addition of a battery monitor 

that is able to send individual battery cell information directly to the RC transmitter. 
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Table 39: RC Receiver Trade Study 

Factors Frsky XSR Frsky X6R Turnigy iA8 

Criteria 
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Cost 3 4 12 3 9 4 12 

Available Documentation 5 4 20 4 20 2 10 

Size 5 5 25 2 10 3 15 

Range Required  - Yes Yes Yes 

Smart Port - Yes Yes` No 

Total 

(Higher is better) 
  57  39  37 

 

 

Figure 49: FrSky XSR 

 

 

Figure 50: FrSky X6R 

 

The trade study revealed that the FrSky XSR receiver is the optimal choice. The FrSky XSR receiver has the 

smallest physical size, which is important for fitting into the rover, and supports a smart port. It also has two antenna 

port connections which help ensure the rover will keep a strong connection to the RC transmitter, even if the rover 

flips over. 
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4.3.2.11 Radio Frequency Analysis 

The maximum transmission power per component on the rover will not exceed 250 mW, in order to comply 

with requirement NASA-2.22.9. The two transmission sources on the rover come from the telemetry transceiver radio 

and the RC transmitter/receiver pair. Table 40 lists the components as well their respective transmission power. 

Table 40: Component Transmission Power 

Device Power (mW) Frequency (MHz) 

Telemetry transceiver radio 100 915 

RC transmitter/receiver pair 100 2400 

 

Another consideration concerning the radios on the rover was to ensure that each component had different 

frequencies. As seen in Table X, the operating frequency of the telemetry transceiver is 915 MHz, which is 

advantageous for long distance communication. To prevent having to many devices on the same bandwidth, which 

could lead to signal weakening or loss, the RC transmitter/receiver has an operating frequency of 2.4 GHz. While the 

2.4 GHz frequency has a lower operating range than the transceiver, the rover operator has the ability to be within 

close proximity to the rover when driving it. Since the operator can be close to the rover, this will prevent signal loss 

to the RC transmitter and the 915 MHz transceiver will help mitigate the possibility of losing connection with the 

ground station during operation. 

4.3.3 Rover Deployment System Trade Studies 

The following trade studies aided in determining the design selection for rover deployment. Various factors 

contributed to the decision to pursue a selected design. Like previous trade studies, important factors were determined 

for each study. The factors received weights based on the importance of the parameter to the success of the design. 

Once weighted, each design received a satisfaction rating. The satisfaction rating was then multiplied by the assigned 

weight. The total score was found by summing the weighted parameter scores. 

4.3.3.1 Deployment of the Payload from the Rocket 

Two different phases of the flight were identified as potential points to exit from the rocket. The payload 

could either exit the body tube while still in flight or wait until touchdown. The main factors involved in exiting the 

body tube were determined to be cost, weight, complexity, and reliability. 
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Table 41: Rocket Deployment Trade Study 

Factors 
Air 

Deployment 

Ground 

Deployment 

Criteria 
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Cost 3 3 9 2 6 

Weight 3 3 9 2 6 

Complexity 2 3 6 1 2 

Reliability 5 4 20 2 10 

Total 

(Higher is Better) 
  44  24 

 

Cost received an average weighting. Cost is important, however, other factors proved to be of more concern. 

Weight also received an average weighting. While the mass budget received from the propulsion team limits the mass 

that can be dedicated to deployment, the budget is substantial enough that the deployment system should not approach 

the upper bounds of the dedicated deployment mass. Complexity was considered the least important factor. Any 

technical issues arising from the two options will be mitigated within the design. On the other hand, reliability received 

the highest possible weight. The deployment system must work every time for mission success. 

Air deployment proved to be the best option. It will likely be less costly than ground deployment given 

ground deployment must orient and eject the vehicle while air deployment will only require ejection from the rocket. 

Air deployment should also require less mass. The ground deployment would require more systems as stated in the 

cost discussion resulting in a heavier deployment package. Again, air deployment received a better satisfaction score 

for weight as more systems will be required to orient and eject the payload once on the ground. Not only are more 

systems needed, but other technical challenges could present themselves once on the ground. The rocket could end up 

with the body tube exit in an awkward or impossible situation to successfully eject the payload resulting in mission 

failure. Following similar logic, air deployment received a higher satisfaction rating for reliability. The conclusion of 

the trade resulted in an air deployment design. 

4.3.3.2 Air Deployment Trade Study 

After initial research, two design options were examined for deployment in the air. It was determined that for 

each option, the rover would exit the body tube under the main parachute. The tension from the shock cord will pull 

the payload out of the rocket. One design option explores a pyrotechnic ejection while the other seeks to use a 

mechanical system to exit the body tube. The pyrotechnic ejection will be a drawer like mechanism that pulls the rover 

out of the rocket and then an ejection charge will separate the rover from the drawer. The mechanical system will use 

linear rails to guide the payload out of the rocket. The factors considered for the trade study include cost, weight, 

complexity, reliability, and space. 
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Table 42: Air Deployment Trade Study 

Factors Drawer Linear Rails 

Criteria 
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Cost 3 3 9 2 6 

Weight 3 2 6 4 12 

Complexity 2 2 4 4 8 

Reliability 5 4 20 4 20 

Space 5 1 5 3 15 

Total 

(Higher is Better) 
  44  61 

 

The criteria weighting mirrors the rocket deployment study. In addition, the new space parameter received 

the highest weight due to the constraints placed on the design by the area available around the rover inside the body 

tube.  

The drawer design increased in complexity with other design decisions on the rover. From experience, if a 

black powder charge was used to separate the rover from the drawer outside the rover, the drawer would need to be 

made from metal. In the past, while obtaining thrust profiles from solid rocket motors, a plastic apparatus held the 

motor in place. At the end of the burn, the motor fired a black powder parachute ejection charge. Large ejection 

charges damaged the walls adjacent to the detonation. Unlike the test stand, the drawer would not be a quick, cheap 

fix by printing a new component. Another drawback to the drawer design was the use of the space. To wrap around 

the rover, twelve gauge aluminum was the maximum thickness for the various drawer pieces. In addition to the added 

complexity, the weight would be increased over the alternative design due to the amount of metal required. 
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Figure 51: Drawer Concept 

Linear rails decidedly won the study. The linear rails offer a simpler solution with reduced weight, 

complexity. The added reliability and efficient use of space also contributed to the higher satisfaction for the linear 

rails. Overall, the linear rails posed less technical challenge while fitting within the confines of the body tube. 

 

Figure 52: Linear Rail Concept 

4.3.3.3 Payload Parachute Trade Study 

If it is decided from trade studies that it is better for the payload to come down separate from the rocket then 

a parachute has to be selected for the payload. The trade study shown in Table 43 follows the weighting and calculation 

method outlined in Section 4.3.3.2. The only difference from this trade study to Table 43 is the availability row is 

removed. This is due to CRW currently having neither of the parachutes in stock, thus they would both have to be 

purchased giving them an equal score. These values were calculated with the current payload mass prediction of 8.4 

lbs. 
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Table 43: Payload Parachute Trade Study 

Factors 
Fruity Chute CFC-

36” 

Fruity Chute CFC-

48” 

Criteria 
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Cost 4 $95.62 3 12 $127.44 2 8 

Terminal Velocity 3 19.3 ft/s 2 6 14.5 ft/s 3 9 

Kinetic Energy 5 48.8 ft-lbf 3 15 27.5 ft-lbf 4 20 

Shock Force 4 71.2 lbf 4 16 108.5 lbf 3 12 

Descent Time 4 31 s 4 16 41 s 3 12 

Total 

(Higher is Better) 
   65   61 

 

This trade study shows that the Fruity Chute CFC-36” is the leading parachute. The largest concern is that if 

the rover experiences mass creep to over 10.4 lbs this parachute will no longer meet the kinetic energy requirements 

at landing.  

4.4 Leading Design 

The design section of this report provides a detailed look at the rover and deployment leading system designs. 

These design decisions draw from the results of the numerous trade studies seen in Section 4.3. Currently the design 

consists of a 2 tracked vehicle with a scoop to collect simulated ice. 

4.4.1 Selected Rover Mechanical Design 

This section showcases the current leading design for the mechanical component of the rover. Overall the 

parts lean heavily toward being manufactured by 3-D printing this allows for complex geometries that are not always 

easily machined. This also allows for small sections of interfaces to be quickly prototyped to verify fit and iteratively 

optimize the design. While 3-D printing is a great tool it does not solve everything such as the chassis which will 

utilize aluminum as the main structural material. 

4.4.1.1 Chassis Design 

The chassis will be made from three major components, an aluminum plate and two 3-D printed covers. This 

design will ensure the rover will remain rigid during the landing and while driving through the plowed field. The 

aluminum plate will have two extensions on both ends and the top and bottom that will connect to the gear boxes. The 

aluminum plate will also provide rigidity to the rover. All of the electrical components will be attached to the aluminum 

plate on the top and bottom. A hole will be drilled to provide a wiring route between the electronics on the top of the 

plate and the bottom of the plate. The aluminum plate will be 2.125 inches wide and 10 inches long. It will be made 

from ⅛ inch thick aluminum plate. The extensions on each end extend away from the plate ½ inches and will be 

welded to the plate. 
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Figure 53: Chassis Plate 

The 3-D printed covers will be made from ABS plastic and will encase the electronics. The plastic covers 

will help protect the electronics while the rover is trekking through the dirt and mud. The plastic cover will be screwed 

to the aluminum plate and to the gearbox. The plastic cover will also have a mount to attach a scoop and act as the lid 

for the scoop when the scoop closes. A way to mount the scoop to the chassis is still being developed. This is a very 

important part of the rover and the mount needs to be strong in case the scoop gets pushed into the ground. This is still 

a preliminary design and options are still being considered. 

 

 

Figure 54: Chassis Cover 

In Figure 55 the full assembly of the chassis is shown including the gear boxes that will be attached. The gear 

boxes are shown in blue to distinguish it from the chassis plate. 

 

Figure 55: Chassis Assembly 

 

4.4.1.2 Track Design 

The track system, including the tracks or track links, as well as the sprockets, idler wheels, and associated 

systems, must be designed with several factors in mind. These include form factor, reliability, manufacturing, weight 

distribution, and optimization for all-terrain capability. Each of these present challenges, many of which are 

interconnected, and should be understood and mitigated to the best extent possible. 

The first is form factor. Since the non-expanding design was chosen, the rover must fit into a narrow 4” x 

4.25” x 12” box. Of particular concern was the length-to-width ratio, as it seemed that a very long, narrow rover could 

be prone to tipping. Linked to this was also the track shape, and whether a 4” maximum size sprocket or smaller should 



  

68 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

be used. Figure 56, Figure 57, and Figure 58 illustrate the different track designs considered, with considerations made 

toward previously successful designs, as well as documentation. Of particular use was a document titled Tank Theory, 

which was translated from the original Russian text. It details the design of a battle tank from the ground-up, with the 

payload team’s primary area of interest being the tracks. 

 

Figure 56: M60 Main Battle Tank 

 

Figure 57: Construction Vehicle Tracks 

 

 

Figure 58: British Mark V Tank 

The primary purpose of the various track arrangements it to maximize their ability to clear obstacles and 

navigate difficult terrain. A further detail that was taken into account was the necessity to operate the payload in a 

right-side-up or up-side-down orientation, dictating a symmetrical track was desired. The Mark V tank, built by the 

British Army in World War 1, provided some good design insight and features, so much so that it was chosen as a 

template for the rover design. The symmetrical parallelogram shape allows for identical operation in either orientation, 

while still affording the advantages of the sloped front end. This slope allows the vehicle to traverse steeper slopes 

and greater obstacles while maintaining maximum track-to-ground contact. In addition, it was noted that the vehicle 

dimensions were 8 ft 4 in wide (without the side-mounted sponsons), and 26 ft 5 in long, which bore a strong 

resemblance to the width-to-length ratio of the concept rover. The historical reason for this elongated size was to 

enable the vehicle to cross trenches without becoming stuck, which is similar to crossing a rough, ploughed field. This 

design also allows for good surface contact between the sprocket and the tracks. A 45-degree angle on the fore and 

rear tracks allows for 135 degrees of useful mesh of the two components, which will reduce the tendency of slipping 

and throwing a track. 

With these parameters in mind, a preliminary design could be formulated to maximize launch-day 

effectiveness. Double strand steel sprockets were chosen as the main drive components, as they are easy to purchase 

and allow for standardized parts to be used. The sprockets, in Figure 59, will be driven by gearmotors, mounted parallel 

to the system, which runs through a right-angle bevel gearbox. These will be steel gears, to withstand the output torque 

of the motors, and the box itself will be aluminum, to ensure adequate structural integrity. 
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Figure 59: Sprocket and Bevel Miter Gear Selections 

For motor selection, the criteria for capability was based on an overestimation of the required power, which 

would act as a safety factor to mitigate weight creep and other factors. A motor stall torque was selected such that a 

single motor could support the 15 lb maximum payload on a fully vertical incline, or 240 oz*in torque. The leading 

candidate is the Polulu 37D 50:1 gearmotor, whose specs are listed in Table 44. 

Table 44: Polulu 37D 50:1 Specifications 

Rated 

Voltage (V) 

Stall 

Current (A) 

No-Load 

Current (A) 

Gear 

Ratio 

No-Load Speed 

(RPM) 

Stall Torque 

(oz*in) 

Max Power 

(W) 

12 5.5 0.15 50:1 200 290 10 

 

Table 45 summarizes the effects of sprocket and motor choice on overall mission capability, assuming ideal 

conditions for a 1st-order analysis. 

 

Table 45: Effects Of Sprocket And Motor Choice On Time To Target 

Sprocket 

Diameter (in) 

Effective Torque (per 

motor) (oz*in) 

Angular 

Velocity (rad/s) 

Linear 

Velocity (mph) 

Distance 

(ft) 

Time to 

Target (min) 

1.45 200 20.94 0.86 2500 32.93 

 

As for the tracks, several ideas were analyzed, including roller chains, timing belts, purchased tracks, and 

printed tracks. The belt and purchased options proved to be too expensive for the project and were neglected from 

further research. The remaining two concepts were selected as candidates, one as a leading, and the other as a backup, 

design. The most promising, lead design, is to 3-D print the tracks as a solid entity, using NinjaFlex as the rubberized 

filament. Compared to segmented tracks, this will be much simpler to print and assemble, will have fewer moving 

parts, and therefore will be much easier to work with and less likely to fail in use. As a backup, the choice of a standard 

sprocket allows for the use of #35 double pitch roller chain in the event that the tracks cannot be mission-ready. 

 

4.4.1.3 Lunar Ice Recovery Design 

The lunar ice recovery mechanism will consist of two separate scoops. The scoops will be 2.125-inch-wide, 

3.25-inch-long, and 0.25-inch-thick. Each scoop will be 3D printed with ABS plastic and be operated by a servo. 

Figure 60 displays the preliminary scoop design. The scoop’s primary function is to recover and secure the simulated 

lunar ice, however, if the rover gets stuck or jammed during the mission, the scoops can act as an arm to help maneuver 

the rover through the rough terrain. Figure 61 shows the overall payload with the scoop design. The overall payload 

design will be symmetrical; therefore, the team plans to add a scoop on the front and backside of the payload. The 

scoop on the payload’s back half is upside down. Since the payload is symmetric, it can drive on either the top or 
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bottom side. Therefore, if the payload gets flipped upside down at any point during the mission, the back half scoop 

will be right side up, and still can complete the mission successfully. 

 

 
Figure 60: Scoop's Preliminary Design 

 

 
Figure 61: Payload with Scoop Design 

 

For the servo selection, the criteria for capability was based on an overestimation of the required power, 

which would act as a safety factor to mitigate weight creep and other factors. The size of the servo was selected based 

on the limited space in the payload. Along with recovering and securing the lunar ice, the scoop will also help the 

payload maneuver itself from getting stuck during the mission. A stall torque was selected such that a single servo 

could support the weight of the 0.2 lb scoop, and the 15 lb payload. The leading candidate for the servo is the Power 

HD Mini HD-1711MG as seen in Figure 62, whose specs are listed in Table 46. 
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Figure 62: Power HD Mini Servo 

Table 46:  Power HD Mini HD-1711MG Specifications 

Rated Voltage 

 (V) 

Speed at 6V  

(sec/60°) 

Weight 

(lbs) 

Size 

(inch) 

Stall Torque 

 (oz*in) 

6 0.11 0.04 1.2x0.5x1.2 48.6 

 

4.4.1.4 Preliminary Mechanical Testing 

The tracks will the 3-D printed from NinjaFlex filament. NinjaFlex is a flexible 3-D printer filament with a 

Shore hardness of 85A. This means that the material is similar to that of a shoe’s sole. Small scale tracks, shown in 

Figure 63, have been printed and are undergoing testing at CRW. 

 

 
Figure 63: 3-D Printed Track Prototype 

Current testing is ongoing to determine if the printed tracks will be durable enough for the competition. The 

bench top test apparatus shown in Figure 64 has shown that the tracks are flexible enough to change shape while 

moving over the guide roller and drive sprocket. This test apparatus consists of 3-D printed parts, 12 V motor, DC 

power supply, and various bolts. Testing has aided in exploring how dimensions and printer settings affect track 

rigidity.  
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Figure 64: Preliminary Track Testing 

4.4.2 Rover’s Electrical Design 

The payloads electrical design is based on the part trade studies conducted and shown in this document. A 

summary of the parts selected can be seen in Table 47.  

 

Table 47: Electrical Trade Study Summary 

Description Quantity Model/Specification 

Computer 1 Pixracer 

GPS 1 mRo GPS u-Blox 

Power Module 1 APM Power Module 

Motor Controller 1 RoboClaw 2x15 

Motor 2 Pololu 50:1 Gearmotor 

Servo 2 FEETCH FS-90-FB 

Battery 1 Ovonic 3S-2 

Telemetry transceiver 2 Holybro 915 MHz 100mW Radio 

RC receiver 1 Frsky XSR 

RC transmitter 1 Taranis Q X7 

Ground Station Software - Mission Planner 
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Figure 65: Payload Electrical Block Diagram 

Utilizing the parts from Table 47, a block diagram of the rover’s electrical components is shown in Figure 

65. The 3s LiPo is used to power the motor controller, which is responsible for providing power to the two brushed 

DC drive motors. The motor controller also provides a regulated five volt power source to the Pixracer’s servo bar, 

which is used to control and power the two servos. In order to power the Pixracer, a power module is placed between 

it and the battery, that way the Pixracer is properly supplied with 5.3 volts. The Pixracer is then connected to several 

auxiliary components such as the GPS and Compass module, the transceiver radio, and the RC receiver. Included with 

the RC receiver is a battery monitor sensor. On the right hand side of Figure 65 the two radio sources are shown. The 

RC transmitter directly connects to the RC receiver and the ground station laptop communicates with the rover through 

the attached transceiver radio. 

4.4.2.1 Power Budget 

For the payload to be successful on the mission a large enough battery must be selected. An estimation for 

the payload power requirements was made by splitting the mission into several stages, pad standby, flight, driving to 

ice, harvest ice, and drive away from ice. The power requirements were calculated for each stage by looking at each 

component separately. The total power requirement for each stage was then multiplied by the total time it will take to 

complete that stage. A factor of safety of 1.5 is applied to the total power requirements of the mission to account for 

errors and unforeseen power draws. 
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Table 48: Power Budget 

Mission Leg Time (min) Power Draw (W) 

Pad Standby 120 4.2 

Flight 5 4.2 

Driving to Ice 30 78.2 

Harvest Ice 5 89.3 

Drive Away From Ice 2 78.2 

Total  2.7 (hr) 
 

Total Power Required  
 

58 (Wh) 

Total Power with Safety Factor of 1.5 
 

86.9 (Wh) 

Approximate Battery Size: 3S LiPo: 8000mAh, 11.1V (88.8 Wh) 

 

Pad standby is the longest leg of the mission but requires very minimal power. During pad standby and flight 

the Pixracer, GPS, telemetry transceiver, and the RC receiver are all consuming power. These four items consume 

very little power compared to the drive motors. The last three stages include the rover driving and both drive motors 

are consuming power. The drive motors consume 33.3W per motor. This drives the last three legs of the mission to 

require much more power than the first two stages. The total power required for the mission is 58Wh. A factor of 

safety of 1.5 is applied changing the total power requirement to 86.9Wh. The approximated battery size is a 3S LiPo 

with a total power of 88.8Wh. 

4.4.2.2 Link Budget 

The rover contains two radio sets, a telemetry transceiver radio and an RC transmitter/receiver. The telemetry 

transceiver radio is responsible for tracking and communicating with the rover through the ground station, which will 

be located in the team viewing area during the day of the launch. The RC transmitter/receiver are used to control the 

movement of the rover and the rover operator will be within close proximity of the rover during its operation. For both 

radios it is important that they remain connected to the rover during operation; therefore, a link budget was tabulated 

in order to find the maximum possible range of the radios. 

The maximum free space loss can be calculated using the following equation: 

 

𝐿𝐹𝑆 =  −20 log10(
4𝜋𝜆

𝐷
) 

(9) 

 

Where the terms are defined in Table 49. 

The received power is calculated using the following equation: 

 

𝑃𝑅𝑋 = 𝑃𝑇𝑋  +  𝐺𝑇𝑋 + 𝐿𝐹𝑆 +  𝐿𝑀  +  𝐺𝑅𝑋 
(10) 

 

Where the terms are defined in Table 49. In order to maintain a signal connection, the calculated 𝑃𝑅𝑋 must 

be lower (since its measured in dB) than the radios listed RX signal sensitivity. Table 49 shows the values used to 

calculate the maximum range of the radios, this is where  

𝑃𝑅𝑋  =  𝑃𝑅𝑋𝑚𝑖𝑛𝑖𝑚𝑢𝑚 
. (11) 
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Table 49: Link Budget 

Parameter Symbol Transceiver Radio RC Transmitter/Receiver 

Frequency (MHz) 𝑓 915 2400 

Wavelength (in) 𝜆 13 5 

Transmission Power (dBm) 𝑃𝑇𝑋 20 30 

TX Di-Pole Antenna Gain (dB) 𝐺𝑇𝑋 2 2 

Maximum free space loss (dB) 𝐿𝐹𝑆 -125 -106 

Fade Margin (dB)  𝐿𝑀 -15 -15 

RX Di-Pole Antenna Gain (dB) 𝐺𝑅𝑋 2 2 

Calculated RX Power Received (dBm) 𝑃𝑅𝑋 -116 -87 

RX Signal Sensitivity (dB) 𝑃𝑅𝑋𝑚𝑖𝑛𝑢𝑚𝑢𝑚 
 -117 -90 

Calculated Max Range (miles) 𝐷 30 1.2 

 

The results of Table 49 show that the transceiver radio has a theoretical max range of 30 miles and the RC 

transmitter/receiver has a range of 1.2 miles. The transceivers range of 30 miles is well within the CRW ground station 

range requirement (CRW-P-07) of one mile. As for the RC transmitter/receiver, the rover operator will be within 

fifteen feet of the rover during operation; therefore, its range of 1.2 miles is also satisfactory. 

Due to the range of both the transceiver radio and the RC transmitter/receiver being acceptable using the 

dipole antennas provided with the radios, the team opted to not change the antennas. Other antenna options would be 

monopole or yagi antennas, which exhibit non-isentropic gain making them advantageous for increasing the radio's 

range. However, this also means that the antennas are directional, unlike a dipole which has an isentropic gain, and 

they would need to be actively pointed at the rover during operation. Since the current range is satisfactory and being 

required to point the antenna at the rover adds complexity to mission operation, the decision to keep the factory dipole 

antennas was made. 

4.4.2.3 Preliminary Electrical Testing 

Having selected all of the electronic components through trade studies, preliminary testing has been done 

using the chosen parts. Since the rover has not yet been constructed, an alternative testing platform was chosen, an 

RC car. The RC car was used to test and demonstrate the ability to connect the Pixracer to a motor controller as well 

as test the telemetry link between the Pixracer and ground station. Having successfully tested basic rover control and 

telemetry link, further testing was done through participation in the 2019 NASA International Space Apps Challenge. 
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Figure 66: Autonomous Rover Test Platform 

Team members utilized the RC testing car during the Space Apps Challenge and outfitted it with GPS in 

order to create an autonomous moon rover demonstration model. To drive the vehicle autonomously, the autopilot 

feature of Mission Planner was used to set GPS waypoints for the rover to follow. By participating in the Space Apps 

Challenge, valuable experience using both Mission Planner and the Pixracer were gained and the team has a better 

understanding of both systems. The GPS and telemetry radios were also tested and proven to be satisfactory. Although 

the team currently intends to manually drive the rover during the USLI competition, the autopilot features of Mission 

Planner were tested successfully and may prove useful during future tests. 

4.4.3 Deployment Method 

The leading design focuses on the selection of linear rails as well as the bearing selected for the linear motion. 

The initial technical challenges that have been identified are extension over a potential coupler, interface with the 

vehicle, alignment of the rails within the body tube, interface with the rover, and retention of the rover during ascent.  

The length of the rail will be based upon a few factors. In addition to the length of the rover, the rails will 

need to extend over a six inch coupler to provide movement to the opening of the body tube. The payload will be 

pulled from the rocket by the main parachute requiring the rail to extend the length of the packed parachute. 

 

Figure 67: Linear Rail Length 

The current leading rails are ⅜ inch aluminum rails that will be machined to the necessary length. To 

complement the rails, self-aligning linear sleeve bearing will provide the linear motion. More investigation will need 

to be conducted to ensure the bearing that are selected will provide the needed static and dynamic load capacity to 

survive launch. 
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The interface with the body tube will be additively manufactured. Once the vehicle team selects the body 

tube for the rocket, the body mounts will use an epoxy to adhere to the rail and the tube. 

 

 

Figure 68: Body Mount 

To properly align the linear rails 180 degrees from one another, an additive manufactured jig will be used 

when adhering the linear shafts to the body tube. The jig that will be used to accomplish the alignment is still in 

development. 

Interface with the vehicle will rely on extension from the linear rail to the chassis cover of the rover. The 

extension will seek to attach permanently to the linear sleeve bearing and release from the rover when ejecting from 

the body tube. The current concept is to use shear pins to attach to the rover. The shear force applied to the rover will 

need to be tested to ensure enough shear is generated to cause failure in the pins.  

 

Figure 69: Rover Interface 

Pending the location of the payload within the vehicle, the ideal retaining system would be to use a linear 

actuator attached to a bulkhead to release the payload when the main parachute deploys. The interface between the 

actuator and the rover would be something resembling a cotter pin. Right before firing the main parachute, the servo 

could release the pin allowing the rover to be pulled out of the body tube as the main parachute deploys. If no bulkhead 

is present, the actuator will need to mount to the body tube and interface with the rover from above or below. The 

linear rail system will be directly above and below the rover making adding the actuator attachment point more 

difficult. From the currently planned subscale launches, the position of the payload within the rocket will be decided 

allowing for decisive action on the payload retention design to be taken. 

4.4.4 Mass Budget 

The total mass of the rover as well as the deployment system has been estimated based on the sum of all the 

rover’s mechanical and electrical component masses. The mechanical component masses were calculated within 

SolidEdge by assigning the appropriate material to the part, which yields a density. The electrical component masses 

were given by their manufacturer specifications. Table 50 includes the estimated total weight of the payload including 

an added ten percent margin. The total weight of the payload with the added ten percent margin does not exceed the 

payload team’s self-derived requirement (CRW-P-02) of twenty pounds. As more of the components are acquired and 
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assembled for the rover and deployment system, the exact weight will be more accurately known, and the ten percent 

margin can be reduced to zero as the design is finalized. 

Table 50: Mass Budget 

Rover and Deployment Components Mass (lbs) 

Electrical Components 1.6 

Motors 0.8 

Rover Chassis and Side Plates 2.3 

Tracks, Pulleys, and Gear Box 2.0 

Scoops 0.2 

Deployment system 0.8 

10% Margin 0.7 

Total 8.4 

 

4.5 Current Rover Test Plans 

Testing is an important part of any design process. The rover team is currently planning on completing the 

tests in Table 51. This is a preliminary list and more tests are expected to be developed throughout the design and 

construction process. 



  

79 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

Table 51: Rover Test Plans 

Test Purpose Procedure Desired Outcome 

Ejection Test 

To ensure the payload 

is correctly ejected 

from the vehicle 

Pull payload out of the body tube 

using a spring scale 

Payload requires less force to 

come out of body tube than 

shock cord will exert 

Drop Test 

To verify that payload 

will endure the force of 

landing 

Drop rover from height equivalent 

to kinetic energy force expected at 

landing 

No damage to the structure of 

the rover 

Endurance 

Test 

To test the maximum 

time rover can operate  

Drive rover until batteries are fully 

depleted 

Travel distance covers at least 

0.6 miles 

Retention 

Test 

To verify rover will not 

exit the body tube pre-

maturely 

Secure rover in body tube, then 

apply loads to verify retention 

Retention system handles loads 

greater than expected flight 

loading 

Telemetry 

Range Test 

To test the range limits 

of the telemetry 

transceiver 

Move the payload away from the 

ground station until the telemetry 

connection is lost 

Telemetry remains connected at 

a distance of at least one mile 

Ice 

Collection 

Test 

To test the payloads 

ability to collect ice 

Operate the payload scoops and 

collect simulated ice 

The payload scoops collect the 

required amount of simulated 

ice 

Ground Test 
To test the complete 

mission of the payload 

Drive the payload a predetermined 

distance, collect ice, and drive away 

from the ice location 

Complete the entire mission 

outline within one hour and 

without power or telemetry loss 
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5 Safety 

The 2019-2020 CRW USLI team has agreed to make safety a priority, and to follow all safety requirements 

outlined in the CRW USLI code, seen in Appendix A (CRW NASA Competition Safety Code) which is the team 

collection of all applicable regulations. This code includes NASA, FAA, and NAR regulations, as well as all derived 

requirements unique to the project and facility by the PRC. Demonstrations for how these regulations will be met are 

also included in the code. The team has also agreed to follow a safety system of procedures outlined in the next section, 

which was created to implement these regulations and demonstrations throughout the project. 

5.1 Safety System 

A system of safety has been designed to minimize hazards, risks, and failure modes throughout the entirety of 

the project, as well as to oversee the design to ensure an emphasis on safety. The Safety Officer, Jessy McIntosh, has 

assumed the role outlined by NASA in Safety Regulation 5.3. Two Safety Deputies, Claudia Hyder and Maggie 

Hockensmith, will assist with communications and implementation of all hazard, risk, and failure mode mitigation 

within sub-teams, as well as implementing safety emphasis during design. Outside of the team, the PRC has its own 

safety committee that will be overseeing and approving all test plans. While the safety team personnel take 

responsibility for ensuring safe practices during the build, testing, and flight of the CRW rocket, all team members 

will be well informed and understand all risks and hazards involved. 

5.1.1 Safety Briefings 

Safety briefings will be held to communicate all of the safety team’s findings in regard to risks, hazards, and 

failure modes, when applicable to testing and launches. Safety briefings will also serve as a preliminary introduction 

to the testing plans and operating procedures. They will be held the night before, or morning of an event. A safety 

briefing schedule applicable to the next two months can be observed in Table 52 

Table 52: Safety Briefing Schedule 

Safety Briefing Schedule 

Event Date Number of SOPs Approximate Duration 

General Safety 10/30/2019 0 15 minutes 

Black Powder Testing 11/01/2019 1 20 minutes 

Sub-Scale Launch 11/09/2019 2 30 minutes 

 

5.1.2 Safety Analysis 

The analysis of all Hazard, Risk, and Failure Modes, will be done through a standardized matrix. The matrix 

includes a severity and likelihood score that is then color coded for criticality as red yellow or green. The matrix will 

be applied before and after mitigation. If any Hazard, Risk, or Failure mode is still red (indicating a high risk) after 

mitigation, further action will be needed to either change the design or the circumstances. The analysis will be included 

in a table with the hazard, risk, or failure mode information, and will be included in all Standard Operating Procedures 

(SOPs), as well as in a living safety manual for which the entire team will have access to. The matrices are summarized 

in Appendix B (Risk/Probability Matrices).  

5.2 Personnel Hazard Analysis 

A preliminary Personnel Hazard Analysis has been done and is included in Appendix C (Personnel Hazard 

Analysis). A system of identification of hazards, causes, and effects has been created and implemented. 
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5.2.1 Identification of Hazards 

Identification of personnel hazards will be derived from multiple sources. The first source will be to induct 

the hazards from the safety regulations in our CRW USLI Safety Code. Specifically asking “What kind of personnel 

characteristic provides grounds for an accident to happen?” such as inhalation or unprotected eyes. The next source 

will be the unique hazards past teams have identified as well as relying on the experience of our mentors. Finally, the 

last source will be from Material and Safety Data Sheets (MSDS), and equipment usage manuals (shown in Appendix 

F (MSDS’s)).  

5.2.2 Identification of Causes 

The cause of a given hazard will be determined by considering the safety measure that was lacking that 

created a hazardous situation, such as Personal Protective Equipment (PPE). A lot of causes can be assumed by 

regarding the PRC’s regulations for personal safety when using equipment or labs. Deviating from those regulations 

will typically prove to be the cause. So, causes will be assessed again by evaluating safety regulations, past 

experiences, and dangers associated with certain materials, machinery, and chemicals. The severity and likelihood of 

each cause will be quantified using the appropriate matrix Appendix B (Risk/Probability Matrices).  

5.2.3 Identification of Resulting Effects 

Resulting effects will be derived from asking the question “how can this hazard cause harm to an individual?” 

A hazard can have several resulting effects, so attempts to include all possible harms will be made. 

5.3 Failure Modes and Effects Analysis 

A Preliminary Failure Modes and Effects Analysis (FMEA) has been done and is included in Appendix H 

(FMEA/CDS’s) in the form of Component Data sheets (CDS). The scope for FMEA has been the design of the rocket, 

payload, integration, and launch equipment and operations. A system of Identification of failure modes, causes, and 

effects has been created and implemented. 

5.3.1 Identification of Failure Modes 

Failure modes are identified in a number of ways. Primarily, by examining critical pieces that pose the 

greatest threat to a successful flight and mission completion if damaged and determining if the flight loads could cause 

them damage, or what kind of human error in assembly could cause them to fail. Since the failure modes can be hard 

to identify, a CDS serves as an interfacing document between the safety team and the designer or selector of each 

piece. The person responsible for the design or selection of each made or purchased piece, who is the most 

knowledgeable about the possible failure modes of the item, will fill out the CDS. Another important source for 

information regarding failure modes is the NAR report on “Launching safely in the 21st century,'' that lists statistics 

on common failure modes, as well as the experience of the team’s mentors. The template for the CDS is shown in 

Appendix G (Component Data Sheet Template).  

5.3.2 Identification of Causes 

Typically, the possible causes for such failure will be determined by the individual picking out the part. Their 

job will be to think of any way that something could go wrong if their component were to become damaged or broken. 

This will be done by doing thorough research on the part, such as finding out how it was manufactured and who 

manufactured it, as well as investigating if there has been any difficulties with the part in the past. Doing this will 

allow for the individual to both verify that they picked the correct object for the job (in terms of reliability) and will 

allow for the individual to derive ways to prevent such causes from happening. 

5.3.3 Identification of Effects 

Once an individual has named all of the possible causes for part failure, they will then identify what kind of 

effect this would have if such causes were to occur. All possible effects will be determined, and how the effect will 

affect all of the other connecting components of the system will be also be accounted for. 

5.3.4 Mitigations 

 Mitigation will be conducted in order to do as much possible to prevent any failure from occurring, and to 

lessen the impact on such failure if it were to occur. Usually such mitigation involves simple actions that can easily 
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be forgotten such as inspecting the object before any test run and taking extra precaution when running tests with 

objects with a higher probability of failure (if it is not possible to choose a safer alternative).  The probability and 

severity will then be quantified again, this time assuming that mitigation will be implemented all of the time. 

5.3.4.1 Standard Operating Procedures 

The main mitigation for most hazards, failure modes, and risks, will be to have a standard operating procedure 

for every test and flight. These operating procedures will be a step by step list of what to do and will require signed 

verifications of things that specifically mitigate a hazard, risk, or failure mode. 

5.3.4.2 Team Awareness 

Another mitigation crucial to the CRW safety goals will to ensure the team is well educated about what they 

will be doing, and the all of the potentially harmful outcomes. Safety briefings as mentioned previously serve this 

function, but furthermore, use of machines and the shop will only be used under the supervision of a mentor or 

experienced individual to ensure that knowledge of machine use is easily accessible. 

5.3.4.3 Personal Protective Equipment and Dress Code 

Personal protective equipment and a dress code alleviate many potential dangers from the build to the launch 

of the rocket. Personal protective equipment will be inspected and regularly available in the shop and provided at 

launches and tests. In SOPs there will be a signed compliance of PPE use for the test or launch red team to sign before 

continuing. To ensure PPE use and proper dress in the shop, the team has already signed a compliance of the safety 

team regulations form.  

5.4 Environmental Effects Analysis 

Environmental hazards are categorized as either risks to the safety of the vehicle from environmental 

conditions, or as risks to environmental safety posed by the project or launch vehicle. Hazards were identified and 

analyzed using the Risk Assessment Criteria (RAC) Matrix, shown in Appendix B (Risk/Probability Matrices) to find 

suitable mitigations for hazards with significant impact. 

5.4.1 Environmental Hazards to Launch Vehicle 

The Environmental Hazards Analysis, shown in Appendix E (Environmental Hazards) describes the 

anticipated risks, associated with various weather, climate, and field conditions, that could endanger the success of 

the project. Although many of the identified hazards also pose risks to personnel, this analysis primarily focuses on 

the impact these hazards have on the vehicle, components, and launch.  

External factors such as weather or high winds are often beyond the team’s control and difficult to predict. 

Mitigations can assist in lowering the levels of the associated risks, but unfavorable conditions still have a high risk 

of jeopardizing a launch. In these cases, the launch will be delayed, and conditions monitored until the launch can be 

conducted at a lower risk level. Hazards associated with terrain or topography are mitigated by conducting an 

assessment of the launch field to ensure the presence of minimal hazards, such as trees or bodies of water, within the 

drift range of the rocket. 

5.4.2 Vehicle Launch Hazards to Environment 

The Launch Vehicle Hazards Analysis, shown in Appendix E (Environmental Hazards) identifies the hazards 

the project poses to the environment. These include materials or processes during manufacturing and testing, or events 

during launch that could have a significant or lasting impact on the environment.  These ecological impacts are 

analyzed with respect to their effects on humans, wildlife, ground water, air quality, and surrounding property or 

equipment. This analysis table has the potential to expand as new materials and processes are explored, in order to 

remain as comprehensive as possible over the course of the project. 

Environmental hazards will be mitigated by adherence to strict guidelines for manufacturing, testing, and 

launch, which will be outlined in the standard operating procedures for each process. Proper disposal of hazardous 

materials and waste is a significant concern, as are the chemical contaminants and gas emissions generated during the 

course of the project. Hazardous chemical disposal will be conducted in accordance with MSDS’s and coordinated 

with the CRW Office of Environmental Health and Safety (OEHS). If complete prevention is not possible, as in the 

case of accidental fire, mitigations will seek to minimize the ecological damage, in this case by having extinguishers 

on hand during any flight or testing, and personnel trained to use them. 
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5.5 Project Risks 

Aside from maintaining personnel and environmental safety, another scope of the safety team is to balance 

mitigating project risks such as time, resources, budget, and functionality while emphasizing safety mitigations. 

Moving forward, as the design continues to become more detailed, a factor of safety will be implemented to determine 

things such as how many screws to use in the fin brackets. It will serve to balance safety with all of the other basic 

project concerns. Thus far, project risk assessment has been done for all of the most basic challenges the team faces 

in regard to time, resources, budget, and functionality. It’s been included in Appendix I (Risk Assessment).  

5.6 Team Certification 

In order to meet the safety requirement of the PRC, that all participants in testing within the facility be CPR, 

AED, First Aid certified, the team has started the process of certifying all members that will need to be present for 

testing within the facility.  

6 Project Plan 

6.1 Requirements  

The CRW USLI team has carefully reviewed the requirements set by NASA. These requirements are from the 

2020 NASA SL Handbook and Request for Proposal. Those are set by NASA to ensure the safety and success of the 

mission and are used to aid the team throughout the design process. Team members from each subsection are designing 

each component of the project to meet these NASA requirements. The success of the mission is dependent on the 

team’s ability to meet the requirements. 

6.1.1 Derived Requirements 

After reviewing the requirements set by NASA, the team has identified specific derived requirements. A 

derived requirement is a requirement set by the team and is necessary for the success of the mission. These derived 

requirements are in Appendix J (NASA Requirements). The derived requirements are organized into four categories: 

vehicle, payload, recovery, and safety. The requirements are named with three identifiers (e.g. CRW-X-YY). The first 

identifier is “CRW” to distinguish the team derived requirements from the NASA requirements. The second identifier 

distinguishes the section it is a part of. The second identifier will be either ‘V’ for vehicle, ‘P’ for payload, ‘R’ for 

recovery or ‘S’ for safety. The third identifier simply distinguished derived requirements in the same section from one 

another by assigning them a number. Each derived requirement is given justification for why it is necessary. The 

justification will explain where the derived requirement originated from. Many of the justifications will state either 

the NASA requirement, safety requirement, or the applicable local, state, or federal laws and regulations. 

6.1.2 Requirement Verification Plan 

The team has written a validation plan for each requirement. These verification plans are in Appendix K (UAH 

Derived Requirements). A verification plan is necessary to ensure compliance with each requirement. The progress of 

each requirement is tracked as well and is identified as one of three stages. Each requirement starts in the “Incomplete” 

phase. Once the verification process can begin the requirement moves to the next phase labeled “In Progress”. Finally, 

upon successful completion of the verification plan the requirement moves to the final phase labeled, “Complete”. 

Tracking the progress of each requirement’s verification will help the team monitor which requirements have been 

met and the requirements that still need to be addressed. 

6.2 Project Financial Overview 

The CRW S.L.I. team’s financial status is outlined in the following sections. The goal of this analysis is to 

accurately predict the overall project budget and funding necessary to bring the project to a successful conclusion. 

Additionally, this will ensure the CRW USLI program is left in a healthy financial state upon completion of the 2020 

competition to help foster the sustainability of the CRW team in the future. 
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6.2.1 Overall Budget Analysis 

The top level budget as it currently exists can be summarized by Table 53 and Figure 70. Additionally, a 

budget timeline can be viewed in Figure 71. The budget is divided into 4 main sections, each covering a separate 

major aspect of the project. These are the subscale rocket, full scale rocket, payload, and administration costs. Each 

section will cover all respective supplies, services, shipping costs and taxes in order to complete each subsection. 

Additionally, a 15% overrun buffer is being applied to the projected total cost in order to cover any unexpected funding 

needs that may arise as the project progresses. Each of the subsections will be explored in further detail in the following 

sections. 

Table 53: Budget Overview 

Budget Summary Totals  

Subscale Vehicle $735.40 

Full Scale Vehicle $4,176.80 

Payload $1,621.50 

Administration $400.00 

15% Margin $1039.80 

Total $7971.80 
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Figure 70: Overall Budget Breakdown 

 

Figure 71: Budget Timeline 

6.2.1.1 Subscale Cost Analysis 

The overview of the total costs for two planned subscale launches can be viewed in Table 54. Currently, all 

components necessary for the completion of the vehicles have been ordered and represent the true final costs for this 

aspect of the project. Since the subscale launches plan to test two different recovery methods, parts were purchased in 

order to construct rockets of both designs. This testing need is reflected in the selection of parts outlined in Table 54. 
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Table 54: Subscale Cost Overview 

Subscale: 

Item Supplier Quantity Unit Price Cost 

5/8" Royal Blue Tubular 

Nylon Shock Cord (200ft) 

CS Rocketry 200 $0.45 $90.00 

Aerotech I218R-14A 

Redlione Rocket Motor CS Rocketry 2 $45.00 $90.00 

38mm G12 Motor Tube 

16" Long 

Mad Cow 

Rocketry 2 $18.00 $36.00 

3" G12 Body Tube 

60" Long Thin Wall 

Mad Cow 

Rocketry 2 $100.00 $200.00 

3" G12 Coupler 9" Long 

Mad Cow 

Rocketry 2 $22.00 $44.00 

3" G12 Switch Band 

Standard Wall 

Mad Cow 

Rocketry 2 $4.00 $8.00 

3"x38mm G10 

Fiberglass Centering Ring 

Mad Cow 

Rocketry 6 $6.00 $36.00 

3" / 75 mm Natural G10 

Airframe Bulkplate 

Mad Cow 

Rocketry 4 $5.00 $20.00 

3" / 75 mm Black G10 

Coupler Bulkplate 

Mad Cow 

Rocketry 6 $5.00 $30.00 

3" FIBERGLASS 4:1 

OGIVE NOSE CONE 

Apogee 2 

$32.19 $64.38 

MadCow Shipping (10/23/19) Mad Cow 

Rocketry 

1 

$31.30 $31.30 

AERO PACK 38MM 

RETAINER - P 

CS Rocketry 1 

$25.00 $25.00 

 
Total: $674.68 

 

6.2.1.2 Full Scale Rocket Cost Analysis 

Outlined in Table 55 are the currently known costs for the construction of this year’s full scale rocket capable 

of meeting the mission requirements. This rocket will be constructed similarly to past years and as such the cost 

analysis of previous years’ experience proved useful in estimating the final total costs of the launch vehicle at this 

stage in the project. 
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Table 55: Full Scale Cost Overview 

Full Scale: 

Item Supplier Quantity Unit Price Cost 

Aerotech 1420R CS Rocketry 1 $279.99 $279.99 

Aeropack 75mm Motor Retainer 

Apogee 

Rockets 1 $72.22 $72.22 

Aerotech 75/5120 Complete Hardware (Already Have) 

($590) CS Rocketry 1 $590.00 $590.00 

Thrust Plate 

Apogee 

Rockets 1 $65.05 $65.05 

Rail Buttons 

Apogee 

Rockets 1 $4.84 $4.84 

Nosecone 4:1 Ogive 6" with metal tip 

Mad Cow 

Rocketry 1 $149.95 $149.95 

Multipurpose Flame-Retardant Garlite G-10/FR4 Sheets and 

Bars (thick 1/8") 12" X 12" (85345k612) McMaster-Carr 4 $17.87 $71.48 

 Total: $1,233.50 

 

6.2.1.3 Payload Cost Analysis 

Table 56 contains a preliminary summary of the selected components and materials in order to construct the 

payload section of the project. Specifically, a tracked rover will be constructed with the capability to be deployed from 

the full scale rocket and collect the simulated lunar ice as specified by mission objectives. An emphasis was placed 

on weight savings and size constraints, which is reflected in the materials selected for principal construction. 
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Table 56: Payload Cost Analysis 

Payload: 

Item Supplier Quantity Unit Price Cost 

Motors  4 $150 $600 

Battery  2 $200 $400 

Tracks  2 $100 $200 

Control system  1 $70.00 $70.00 

GPS  2 $25.00 $50.00 

Camera  2 $20.00 $40.00 

Miscellaneous (screws, nuts, bolts, paint, etc.)  N/A $600.00 $50.00 

3D Printer Filament 1.75mm, 

Black Amazon 1 $24.95 $30.94 

 
Total: $1,441 

 

6.2.1.4 Administration Cost Analysis 

The costs associated with the administration of the project will represent the smallest portion of the budget. 

However, this is greater than what was initially anticipated since initially only travel costs were predicted for this 

section of the budget, and this would be a zero cost due to the proximity of CRW to various launch sites and the final 

USLI launch events. But other costs began to emerge as the project has progressed, and most likely will continue to 

grow as more need arises. For example, an unforeseen cost arose when a need to train team members in a certified 

CPR course to fulfill a safety requirement for test plans. Other potential sources of administration costs could be 

related future outreach events and further CPR training. The current cost overview can be viewed in Table 57. 

Table 57: Administration Cost Overview 

Administration: 

Item Supplier Quantity Unit Price Cost 

CPR Training Red Cross 8 $32.00 $256.00 

 
Total: $256.00 

 

6.2.2 Funding 

The 2019-2020 CRW USLI team will seek to fund the project from multiple sources. This year’s 

team will benefit greatly from the sustainability efforts of past teams in this effort. Directly, the previous 

team had a budget surplus amounting to $1460.00. This sum is directly available to this year’s team and is 

currently being used to fund the construction of the two subscale launch vehicles as well as initial aspects 

of the rover development.  
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Additional funding has been available to past teams from The Alabama Space Grant Consortium 

(ASGC), the UAH Vice President Research (VPR) office, the Mechanical and Aerospace Engineering 

Department, and from the Propulsion Research Center. Currently, a proposal is being prepared for the 

ASGC in order to acquire a $5000.00 outreach grant. Between the surplus funds and the projected 

contribution from the ASGC the current total funding for the team amounts to $6460.00, which can be 

viewed in Figure 71. Based on the final project costs of many previous team’s projects, additional funding 

sources will most likely be explored from the sources mentioned previously. A final source of funding will 

be found in reclaimed materials from past USLI team’s projects. These materials and components will be 

identified by sub-team members as the project progresses and will be accounted for in the funding side of 

the budget.   
 

 

Figure 72: Project Funding Overview 

6.3 Project Schedule 

A timeline for the entire duration of the 2019-2020 project can be viewed in Figure 73. Since the CRW USLI 

team is operated as a class, the three main phases of the project will revolve around the Fall semester, Winter Break, 

and the Spring semester. As such, the scheduling of deliverables requires special attention in order to account for these 

concerns. Beyond the scheduling of specific deliverables, the timeline also incorporates internal deadlines for drafts 

of documents, full scale and subscale test launches, and payload demonstrations. Due to the unpredictable nature of 

available launch dates, multiple opportunities are accounted for as to ensure the necessary launches take place. 
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Figure 73: Overall Project Timeline 

In Figure 74, a detailed schedule can be seen for the first 16 weeks of the project, covering the Fall semester 

and Winter Break of project work. Notable milestones during this time are the completion and flight of 2 subscale 

rockets, the critical design review (CDR) documents, and the beginning of construction of both the full scale launch 

vehicle and the payload. As of PDR no slippage on deadlines have occurred, however if delays do occur in the future 

they will be tracked here. 

 

Figure 74: Detailed Fall & Winter Timeline 

 

6.4 STEM Outreach 

The CRW USLI team has plans to educate and engage the local community on several aspects of rocket design 

via outreach events throughout the year. Team members will give a short presentation to the students on several 

concepts of rocket design, including propulsion and vehicle design, projectile motion, and the effects of forces on 

motion. The team also plans to engage students with hands on demonstrations involving Estes rockets.   
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The team will do a more in depth outreach presentation with the engineering preparation classes at the high 

schools of Bob Jones and Liberty Middle. This presentation will include a presentation about the forces and 

engineering concepts behind rocket design that will fit well with the concepts these students will be covering in the 

engineering preparation classes. The team will also share information about the university and the different STEM 

majors offered during these outreach sessions. The team will answer any questions students have about the team’s 

experience studying engineering at the university level.  

The current goal for outreach is to engage with a minimum of 1,000 individuals. The team has several events 

that we will volunteer at as well as plans to engage with local schools with outreach presentations and demonstrations. 

These events are outlined in Table 58. Additionally, there are plans to do tailored outreach events at nearby schools 

that are also listed in Table 58. 

Table 58: Outreach Events 

Event Date Purpose 
Anticipate Number 

of Individuals 

Society of Women Engineers: 

First LEGO League Qualifier 

Nov-16 To assist UAH SWE in hosting robotics 

event, while presenting rocketry 

seminar to attendees 

100 

Hampton Cove Middle School: 

First LEGO League Qualifier 

Dec-17 To assist in hosting robotics event, 

while presenting rocketry seminar to 

attendees 

100 

Science Olympiad Varies Present Rocketry Basics 50 

Hampton Cove Elementary 

School 

TBD Propulsion and vehicle design 

presentation 

100 

Bob Jones High School: 

Engineering Preparation Class 

Varies Heat Shields & Payload Protection 

Design 

100 

Additional High School 

Outreach 

Varies Present rocketry basics 660 

    Total Impacted 1,110 

 

The team also plans to coordinate outreach visits with Discovery and Rainbow Elementary in an effort to 

engage and inspire the younger students within the local school system. The team anticipates each outreach event to 

have approximately 100 individuals. Last year’s outreach efforts reached 1,037 individuals. The 2019-2020 CRW 

team has set a goal of reaching over 1,110 individuals. By leveraging the connections with local educators established 

by the previous team as well as creating new connections the goal of exceeding the previous team’s total individuals 

reached should be obtainable.  
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7 Appendix A (CRW NASA Competition Safety Code) 

FAA Regulations, CFR, Title 14, Part 101, Subpart C, Amateur Rockets 

 101.21 Applicability. 

(a) This subpart applies to operating unmanned rockets. However, a person operating an 

unmanned rocket within a restricted area must comply with §101.25(b) (7) (ii) and with any 

additional limitations imposed by the using or controlling agency. 

(b) A person operating an unmanned rocket other than an amateur rocket as defined in §1.1 of this 

chapter must comply with 14 CFR Chapter III. 

101.22 Definitions. 

The following definitions apply to this subpart: 

(b) Class 2—High-Power Rocket means an amateur rocket other than a model rocket that is 

propelled by a motor or motors having a combined total impulse of 40,960 Newton-seconds 

(9,208 pound-seconds) or less. 

101.23   General operating limitations. 

(a) You must operate an amateur rocket in such a manner that it: 

(1) Is launched on a suborbital trajectory; 

(2) When launched, must not cross into the territory of a foreign country unless an agreement is in 

place between the United States and the country of concern; 

(3) Is unmanned; and 

(4) Does not create a hazard to persons, property, or other aircraft. 

(b) The FAA may specify additional operating limitations necessary to ensure that air traffic is not 

adversely affected, and public safety is not jeopardized. 

101.25   Operating limitations for Class 2-High Power Rockets and Class 3-Advanced High-Power 

Rockets. 

When operating Class 2-High Power Rockets or Class 3-Advanced High-Power Rockets, you 

must comply with the General Operating Limitations of §101.23. In addition, you must not 

operate Class 2 or Class 3 Rockets— 

(a) At any altitude where clouds or obscuring phenomena of more than five-tenths coverage prevails; 

(b) At any altitude where the horizontal visibility is less than five miles; 

(c) Into any cloud; 

(d) Between sunset and sunrise without prior authorization from the FAA; 

(e) Within 9.26 kilometers (5 nautical miles) of any airport boundary without prior authorization from the 

FAA; 

(f) In controlled airspace without prior authorization from the FAA; 
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(g) Unless you observe the greater of the following separation distances from any person or property that 

is not associated with the operations: 

(1) Not less than one-quarter the maximum expected altitude; 

(2) 457 meters (1,500 ft.); 

(h) Unless a person at least eighteen years old is present, is charged with ensuring the safety of the 

operation, and has final approval authority for initiating high-power rocket flight; and 

(i) Unless reasonable precautions are provided to report and control a fire caused by rocket activities. 

101.27   ATC notification for all launches. 

No person may operate an unmanned rocket other than a Class 1—Model Rocket unless that 

person gives the following information to the FAA ATC facility nearest to the place of intended 

operation no less than 24 hours before and no more than three days before beginning the 

operation: 

(a) The name and address of the operator; except when there are multiple participants at a single event, 

the name and address of the person so designated as the event launch coordinator, whose duties include 

coordination of the required launch data estimates and coordinating the launch event; 

(b) Date and time the activity will begin; 

(c) Radius of the affected area on the ground in nautical miles; 

(d) Location of the center of the affected area in latitude and longitude coordinates; 

(e) Highest affected altitude; 

(f) Duration of the activity; 

(g) Any other pertinent information requested by the ATC facility. 

NAR High Power Rocket Safety Code 

1.     Certification. I will only fly high power rockets or possess high power rocket motors that are 

within the scope of my user certification and required licensing. 

2.     Materials. I will use only lightweight materials such as paper, wood, rubber, plastic, fiberglass, 

or when necessary ductile metal, for the construction of my rocket.  

3.     Motors. I will use only certified, commercially made rocket motors, and will not tamper with 

these motors or use them for any purposes except those recommended by the manufacturer. I will 

not allow smoking, open flames, nor heat sources within 25 feet of these motors. 

4.     Ignition System. I will launch my rockets with an electrical launch system, and with electrical 

motor igniters that are installed in the motor only after my rocket is at the launch pad or in a 

designated prepping area. My launch system will have a safety interlock that is in series with the 

launch switch that is not installed until my rocket is ready for launch and will use a launch switch 

that returns to the “off” position when released. The function of onboard energetics and firing 

circuits will be inhibited except when my rocket is in the launching position. 

5.     Misfires. If my rocket does not launch when I press the button of my electrical launch system, I 

will remove the launcher’s safety interlock or disconnect its battery and will wait 60 seconds after 

the last launch attempt before allowing anyone to approach the rocket. 

6.     Launch Safety. I will use a 5-second countdown before launch. I will ensure that a means is 

available to warn participants and spectators in the event of a problem. I will ensure that no person is 

closer to the launch pad than allowed by the accompanying Minimum Distance Table. When arming 

onboard energetics and firing circuits I will ensure that no person is at the pad except safety 

personnel and those required for arming and disarming operations. I will check the stability of my 

rocket before flight and will not fly it if it cannot be determined to be stable. When conducting a 
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simultaneous launch of more than one high power rocket I will observe the additional requirements 

of NFPA 1127. 

7.     Launcher. I will launch my rocket from a stable device that provides rigid guidance until the 

rocket has attained a speed that ensures a stable flight, and that is pointed to within 20 degrees of 

vertical. If the wind speed exceeds 5 miles per hour I will use a launcher length that permits the 

rocket to attain a safe velocity before separation from the launcher. I will use a blast deflector to 

prevent the motor’s exhaust from hitting the ground. I will ensure that dry grass is cleared around 

each launch pad in accordance with the accompanying Minimum Distance table and will increase 

this distance by a factor of 1.5 and clear that area of all combustible material if the rocket motor 

being launched uses titanium sponge in the propellant. 

8.     Size. My rocket will not contain any combination of motors that total more than 40,960 N-sec 

(9208 pound-seconds) of total impulse. My rocket will not weigh more at liftoff than one-third of the 

certified average thrust of the high-power rocket motor(s) intended to be ignited at launch. 

9.     Flight Safety. I will not launch my rocket at targets, into clouds, near airplanes, nor on 

trajectories that take it directly over the heads of spectators or beyond the boundaries of the launch 

site and will not put any flammable or explosive payload in my rocket. I will not launch my rockets 

if wind speeds exceed 20 miles per hour. I will comply with Federal Aviation Administration 

airspace regulations when flying and will ensure that my rocket will not exceed any applicable 

altitude limit in effect at that launch site. 

10.  Launch Site. I will launch my rocket outdoors, in an open area where trees, power lines, 

occupied buildings, and persons not involved in the launch do not present a hazard, and that is at 

least as large on its smallest dimension as one-half of the maximum altitude to which rockets are 

allowed to be flown at that site or 1500 feet, whichever is greater, or 1000 feet for rockets with a 

combined total impulse of less than 160 N-sec, a total liftoff weight of less than 1500 grams, and a 

maximum expected altitude of less than 610 meters (2000 feet). 

11.  Launcher Location. My launcher will be 1500 feet from any occupied building or from any 

public highway on which traffic flow exceeds 10 vehicles per hour, not including traffic flow related 

to the launch. It will also be no closer than the appropriate Minimum Personnel Distance from the 

accompanying table from any boundary of the launch site. 

12.  Recovery System. I will use a recovery system such as a parachute in my rocket so that all parts 

of my rocket return safely and undamaged and can be flown again, and I will use only flame-

resistant or fireproof recovery system wadding in my rocket. 

13.  Recovery Safety. I will not attempt to recover my rocket from power lines, tall trees, or other 

dangerous places, fly it under conditions where it is likely to recover in spectator areas or outside the 

launch site, nor attempt to catch it as it approaches the ground. 

National Fire Protection Association Regulations 

NFPA 1122: Code for Model Rocketry 

'Model rockets' are rockets that conform to the guidelines and restrictions defined in the NFPA 1122 

document. These rockets weigh less than 1500 grams, contain less than 125 grams of total fuel, have no 

motor with more than 62.5 grams of fuel or more than 160 NS of total impulse, use only pre‐ 

manufactured, solid propellant motors, and do not use metal body tubes, nose cones or fins. One 

inconsistency with this is the CPSC definition of a model rocket motor, which by their definition must 

contain no more than 80NS total impulse. NFPA 1122 contains the most complete definition of a model 

rocket and the model rocket safety code. This is the same safety code as adopted by NAR. 'Large Model 

Rockets' is a term used in the FAA FAR 101 regulations. It refers to NAR/NFPA model rockets that are 

between 454 and 1500 grams (1 to 3.3 pounds) total liftoff weight and contain more than 113 grams but 

less than 125 grams of total fuel. 

NFPA 1127: Code for High Powered Rocketry 

'High power rockets' are rockets that exceed the total weight, total propellant or single motor total impulse 

restrictions of model rockets, but otherwise conform to the same guidelines for construction materials and 

pre‐manufactured, commercially made rocket motors. High power rockets also allow the use of metal 
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structural components where such a material is necessary to ensure structural integrity of the rocket. High 

power rockets have no total weight limits but do have a single motor limit of no more than O power 

(40,960NS maximum total impulse) and have a total power limitation of 81,920NS total impulse. NFPA 

document 1127‐1985 contains the most complete definition of a high-power rocket and also the high-

power rocketry safety code. This safety code has been adopted by both the NAR and TRA. Metal bodied 

rockets are allowed by NFPA 1127 where metal is required to ensure structural integrity of the rocket 

over all of its anticipated flight. 

State of Alabama Regulations 

13A-11-224. Keeping black powder or explosives in city or town 

Any person who keeps on hand, at any one time, within the limits of any incorporated city or town, for 

sale or for use, more than 50 pounds of gunpowder or other explosives shall, on conviction, be fined not 

less than $100.00. The explosive material on such terms as the corporate authorities may prescribe.  

  

Regulation Compliance 

Regulation Entity 

and Number/Letter 

Demonstration 

FAA 101.23-A1 The rocket has been designed to reach an altitude of 4500 feet, by simulation. 

FAA 101.23-A2 The parachute has been set to deploy at a specific moment such that it will land 

well within a 2500 foot radius.  

FAA 101.23-A3 No living thing will accompany the rocket on its launch.  

FAA 101.23-A4 The rocket will be launched at a designated spot and location as to ensure it will 

not cause harm to aircraft, persons, or property. Launch and ground testing will 

ensure the rocket leaves the rail without mishap, and that it will land at a safe rate 

of descent. 

FAA 101.23-B All FAA additional operating limitations will be adhered to if they should arise. 

FAA 101.25-A The rocket will not be launched on a day with excessive cloud coverage, or 

conditions that obscure view. 

FAA 101.25-B The rocket will be launched in an area with flat topography where visibility is free 

for a 5 mile radius all around.  

FAA 101.25-C The rocket will not be launched if there is a cloud directly visible overhead. 

FAA 101.25-D The rocket will be launched well after sunrise and before sunset.  

FAA 101.25-E The rocket will only be launched in an approved location that is at least five 

nautical miles away from the nearest airport.  

FAA 101.25-F The rocket will only be launched in uncontrolled airspace. 

FAA 101.27-A-G The rocket will be launched at an event, only after the following information is 

collected: name and address of event coordinator, date and time, radius of the 

designated launch area, latitudinal and longitudinal center of the radius, highest 

affected altitude, duration, and any information requested.  
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NAR HPRSC 1 Only the mentor, who is certified, will handle the level 2 rocketry motor for the 

CRW rocket.  

NAR HPRSC 2 The primary material used in building the rocket will be fiberglass, and only other 

plastics and ductile metal will be used.  

NAR HPRSC 3 A certified commercially produced rocket will be purchased from a reliable 

vendor and will be exclusively handled by the mentor to ensure proper handling 

and storage. 

NAR HPRSC 4 Only an electrical launch system will be used. Igniters will be installed at the 

launch site. A safety interlock will be installed only directly prior to launch will 

be installed. The function of onboard energetics will be disabled when not in 

launch position.  

NAR HPRSC 5 If the CRW rocket does not launch when fired, the safety interlock will be 

removed, and 60 seconds will be allowed to pass before anyone approaches the 

rocket.  

NAR HPRSC 6 Before launching, no one will be allowed closer to the launch pad than the 

distance designated by the minimum distance table, and only safety and arming 

personnel will be present at the arming of the energetics. The stability of the 

rocket will be closely monitored for a clear determination of it’s stability before 

launch. It will not be launched it is is not stable. 

NAR HPRSC 7 The rocket will be launched from a provided stable device, with specifications of 

rail length based on wind speed.  

NAR HPRSC 8 The CRW rocket will be powered by a motor providing less than the 40,960 N-

sec limit and will not weigh more than one third of the certified average thrust of 

our motor.  

NAR HPRSC 9 Rocket launches will not be aimed at clouds, or near any flying vehicle, nor on a 

trajectory that is overhead of spectators. All other limitations unique to the 

location and time of launch will be adhered to as well.  

NAR HPRSC 10 The CRW rocket will be launched at designated and approved locations, and 

according to dimension altitude ratios.  

NAR HPRSC 11 The CRW rocket will be launched at a designated and approved location.  

NAR HPRSC 12 A recovery system that has been designed and tested alongside simulations and 

calculations will be used to ensure a safe landing and recovery of an undamaged 

rocket and payload.  

NAR HPRSC 13 The recovery of the rocket by hand will be done once the rocket has safely landed 

on the ground. No attempts to recover a rocket from a dangerous location will be 

made.  

NFPA 1122-1127 NFPA Rocket size, dimensions and motor specifications, as also outlined in NAR 

regulations, will be met.  
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State of Alabama 

13A-11-224 

Less than 50 pounds of gunpowder will be possessed for use by the PRC.  

 

8 Appendix B (Risk/Probability Matrices) 

Risk Assessment Criteria (RAC) 

Probability 

Level 

Severity Level 

1 

Catastrophic 

2 

Critical 

3 

Marginal 

4 

Negligible 

A – Highly Probable 1A 2A 3A 4A 

B – Likely 1B 2B 3B 4B 

C – Moderate 1C 2C 3C 4C 

D – Unlikely 1D 2D 3D 4D 

E – Improbable 1E 2E 3E 4E 

 

Severity Level 

Description Criteria 

1 – Catastrophic 
Loss of life or permanent injury, irreparable major damage to facilities or hardware, 

complete project failure. 

2 – Critical 
Severe personal injury, significant damage to hardware or facilities, significant impact 

on overall schedule. 

3 – Marginal 
Minor personal injury, reparable damage to facilities or hardware, significant impact on 

immediate schedule. 

4 – Negligible 
Minor personal injury, little to no damage to hardware, little impact on immediate 

schedule. 

 

Risk Level and Approval Chart 

Risk Level Criteria 

High Risk Unacceptable; must be mitigated. Risk level too extreme for operation. 

Moderate Risk 
Undesirable; requires signature of Team Leadership, Team Mentor, 

Faculty Advisor, and Safety Committee for approval. 

Low Risk 
Acceptable; requires signatures of Team Leadership and Safety 

Committee for approval 

Minimal Risk Acceptable; does not require signature for approval. 
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Probability Level 

 

Description 

 

Criteria 

Qualitative Quantitative 

A – Highly Probable 
Highly expected to occur or to occur 

frequently during project duration. 
85% < Probability 

B – Likely 
Expected to occur or to occur several times 

during project duration. 
50% < Probability < 85% 

C – Moderate 
Potential to occur multiple times during 

project duration. 
25% < Probability < 50% 

D – Unlikely 
Remote potential to occur with exception of 

rare occasion during project duration. 
1% < Probability <25% 

E – Improbable 
Highly unexpected to occur during project 

duration. 
Probability < 1% 

 

9 Appendix C (Personnel Hazard Analysis)  

Personnel Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Power tool 

accident 

 

Under 

educated 

about proper 

use of 

equipment 

Cuts, 

splinters, 

debris in 

eyes, loss of 

limb 

2B 

 

 

 

 

 

Presentation 

of risk and 

hazard 

analysis, 

education on 

equipment 

usage, PPE 

use 

PPE use 

signed 

compliance, 

safety 

briefings, 

mentors 

present for 

machining 

2D 

Skin contact 

with abrasive 

or hot objects 

Mishandling 

of soldering, 

sanding 

equipment  

Skin 

irritation, 

burns, skin 

abrasions 

3B Protective 

clothing 

when 

machining, 

PPE 

Dress code 

requirements 

for machine 

use, PPE use 

signed 

compliance 

3D 

 

 

 

Exposure to 

loud noises 

Machining, 

explosives 

testing,  close 

proximity to 

Hearing loss 4A Ear plugs, 

noise 

canceling 

earmuffs 

Signed 

compliance for 

use of ear 

plugs when 

working under 

4C 
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Personnel Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

rocket launch such 

conditions 

Particle 

exposure/ 

inhalation 

Using 

sanding/ 

grinding 

equipment 

Irritation to 

eyes, nose 

and throat; 

allergic 

reactions 

3B Use of PPE Signed 

compliance for 

use of PPE 

when 

machining 

3E 

Inhalation of 

toxic fumes 

from epoxy/ 

paint/ 

soldering 

Working with 

chemicals 

and materials 

that fume 

Irritation to 

eyes, nose, 

and throat; 

allergic 

reactions; 

nausea or 

lightheadedne

ss 

4B Use of PPE Signed 

compliance for 

use of PPE 

when handling 

hazardous 

materials and 

chemicals 

4D 

Falling/ 

dropped parts 

or tools 

 

 

Improper 

storage of 

equipment; 

lack of 

appropriate 

attire; 

tripping over 

loose power 

cords 

Personal 

injury, 

damage to 

equipment or 

components 

4B Workshop 

organization

, and 

placement 

planning 

Workshop 

inspections 

4C 

Exposure to 

chemical 

components 

Improper 

storage or 

handling of 

chemicals; 

exposure to 

battery acid; 

improper use 

of PPE 

Chemical 

burns or 

irritation to 

skin, eyes, or 

lungs; 

inhalation of 

toxic fumes; 

allergic 

reaction; 

chemical 

spills 

2C 

 

 

 

Use of PPE, 

limited 

access to 

chemicals, 

team access 

to chemical 

information 

Signed PPE 

compliance, 

MSDS folder 

in google drive 

and SOPs, 

regulated use 

of chemicals 

2D 

High voltage 

shock 

Improper use 

of welding 

equipment 

Death or 

severe 

personal 

injury from a 

high voltage 

shock 

1C Equipment 

inspection 

before use, 

education on 

equipment 

usage 

Regular 

workshop 

safety 

inspections, 

safety 

briefings, 

mentors 

1D 
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Personnel Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

present for 

machining 

Motor 

installation 

accident  

Withdrawal 

distances not 

observed 

during 

testing; 

igniter wire 

inserted 

prematurely; 

improper 

handling, 

assembly, or 

storage; 

unsafe 

proximity to 

heat source 

or spark 

Death or 

severe 

personal 

injury; 

damage to 

equipment 

and 

surroundings; 

fire 

1C Standardized 

motor 

installation 

procedures, 

motor 

handled by 

mentor 

Followed SOP 

for flight, 

mentor 

handling the 

motor at all 

times 

1D 

Rocket 

falling with 

too high of a 

kinetic 

energy 

Failed 

parachute 

deployment, 

failure of 

separation 

charges, or 

electrical 

component 

failure 

Injury or 

possible 

death to 

personnel and 

bystanders  

due to impact 

from free-

falling 

components 

1C Recovery 

system 

testing, 

standard 

parachute 

packing 

procedures  

Flight SOP, 

and successful 

recovery test 

results 

1E 

Ignition of 

separation 

charge during 

handling 

Ignition due 

to static 

discharge; 

premature 

connection to 

battery; 

altimeter 

powered on; 

unsafe 

proximity to 

heat source 

or spark 

Severe burns; 

potential loss 

of eyesight, 

limbs, or 

hearing 

2C 

 

 

 

Standard 

procedures 

for 

installation 

of the 

separation 

charge 

connections, 

separation 

charge 

testing 

Flight SOP, 

successful 

results of 

separation 

charge testing 

2E 

Forceful 

ejection of 

components 

during 

separation 

Withdrawal 

distances not 

observed 

during 

testing; 

Bruising, 

minor cuts, or 

scrapes due to 

stray 

components 

3D 

 

Safe testing 

distance for 

test 

personnel  

Signed 

compliance of 

safe proximity 

before ignition 

3E 
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Personnel Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

charge testing inattention 

during 

ground 

testing 

striking 

personnel 

 

in the SOP 

Electrical 

shock 

 

Exposed 

wiring; static 

buildup; 

improper 

shielding of 

electrical 

systems; 

improper 

regulation of  

power to 

circuits 

during testing 

Mild to 

severe burns, 

electrocution; 

destruction of 

electrical 

components; 

potential 

detonation of 

black powder 

charges 

2B 

 

 

 

 

Equipment 

inspection 

before use, 

education on 

equipment 

usage 

Regular 

workshop 

safety 

inspections, 

safety 

briefings, 

mentors 

present for 

machining 

2D 

Battery 

explosion 

 

Overcharging

, overheating, 

or puncture 

of batteries 

due to 

improper 

handling or 

storage, or 

due to 

forceful 

landing 

Moderate to 

severe burns 

from battery 

explosion; 

structural 

damage to 

launch 

vehicle 

2C 

 

 

 

 

Batteries 

stored 

appropriatel

y, inspected 

before use, 

monitored 

while 

charging 

Signed battery 

inspection 

compliance in 

SOP, batteries 

stored 

carefully in 

designated 

location 

2E 

 

 

 

Exposure to 

radio 

frequency 

transmissions 

Extended 

exposure to 

high powered 

RF 

transmissions

, especially 

those over 

80-100 MHz 

Potentially 

harmful 

biological 

effects, such 

as radiation 

burns, 

headaches, 

and nausea. 

4C Exposure 

limited 

Exposure 

necessity 

limited to 

under 4 hours 

based on 

design 

4E 

Unstable 

Launch of 

Rocket 

Miscalculatio

n of vehicle 

stability; high 

winds 

Moderate to 

severe 

physical 

injury 

2D 

 

 

 

Launch 

testing, 

standard 

launch 

procedures 

Flight SOP, 

successful 

launch testing 

results 

2E 

Shop fire Motor 

testing; 

Potential for 

serious 

1C Testing 

procedures, 

Test SOPs,  

signed 

1E 
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Personnel Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

 improper 

wiring; 

overheated 

equipment or 

components 

personal 

injury and 

death; major 

damage to 

equipment 

and property 

 wire 

inspections, 

regulation of 

equipment 

use time 

compliance in 

SOPs of wire 

inspections, 

Shop 

inspections, 

equipment use 

regulation 

 

10 Appendix D (Hazards Analysis) 

Machine/Tool Usage Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Bodily 

harm 

(cuts, 

bruises, 

loss of 

limb) 

Improper 

training or 

operation of 

machines; 

lack of PPE 

Severe 

physical 

injury 

2B Use of PPE, 

machine 

operation 

training 

Signed PPE 

use, mentor 

present for 

machining 

2C 

 

 

 

Eye injury/ 

irritation 

Improper 

operation of 

machines; 

lack of PPE 

Severe injury, 

possible 

blindness 

3B 

 

 

Use of PPE, 

machine 

operation 

training 

Signed PPE 

use, mentor 

present for 

machining 

3D 

 

 

Skin 

abrasion/ 

irritation 

Improper 

operation of 

sanding 

equipment; 

lack of 

appropriate 

attire 

Minor to 

severe 

personal 

injury; 

allergic 

reaction 

3B 

 

 

Proper attire 

when 

machining, 

machine 

operation 

training 

Shop dress 

code, mentor 

present during 

machining 

3C 

 

 

Electrical 

shock/ burns 

Improper use 

of arc 

welders; 

improper 

assembly/ 

operation of 

electrical 

Severe 

personal 

injury or 

death; 

electrocution; 

fire 

1C 

 

 

 

Machine 

operation 

training 

Mentor 

present during 

machining 

1D 
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Machine/Tool Usage Hazard Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

systems  

 

 

 

Noise-

induced 

hearing loss 

Lack of PPE 

when 

working 

around 

machinery in 

operation 

Permanent 

hearing 

damage or 

loss 

4A 

 

 

 

  

Regulation of 

noise 

exposure 

Ear plug use 

signed 

compliance in 

test and flight 

SOPs 

 

4D 

 

 

Hazard Analysis 

Chemical Handling: Black Powder, Loose 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Unintentional 

Detonation 

Unintentional 

compression, 

friction, heat, 

outside sources 

of energy, 

improperly 

handled. 

Fire or 

explosion. 

Immediate 

physical 

danger 

potentially 

resulting in 

severe injury 

or death. 

Minor 

damage to 

facilities. 

1B Energetics will 

be handled 

exclusively by 

the Team 

Mentor. 

Correct PPE 

including 

impervious 

rubber gloves 

and non-static 

producing 

clothing. 

SOP and 

MSDS 

1D 

Inhalation Chronic 

exposure 

without PPE 

and/or 

insufficient 

ventilation. 

Severe 

irritation, 

choking, 

permanent 

respiratory 

damage. 

2C Use in well 

ventilated 

areas. 

SOP and 

MSDS 

2E 

Skin Exposure Chronic 

exposure 

without PPE. 

Inhalation or 

Severe 

irritation.  

2C Ensure safe 

work 

practices. 

Wear 

SOP and 

MSDS 

2E 



  

104 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

Hazard Analysis 

Chemical Handling: Black Powder, Loose 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Skin Contact 

with Powder 

protective 

clothing. 

 

Hazard Analysis 

Chemical Handling: West System Epoxy  

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Contact with 

eyes 

Improper 

handling. 

Mild 

irritation 

3D Proper PPE 

including 

safety 

glasses. 

Chemical 

must be used 

in close 

proximity to 

an eyewash 

station. 

SOP and 

MSDS 

3E 

Skin exposure Improper 

handling 

and/or lack of 

power PPE. 

Mild 

irritation 

3C Proper PPE 

including 

gloves and 

protective 

clothing. 

SOP and 

MSDS 

3E 

Inhalation Chronic 

exposure 

without PPE 

and/or 

insufficient 

ventilation. 

Irritation 3C Use in well 

ventilated 

area. 

SOP and 

MSDS 

3E 

Unintentional 

combustion 

Presence of 

open flames, 

sparks, heat, 

or oxidizing 

materials.  

Fire, damage 

to personnel, 

hardware, 

and facilities 

1B Safe 

workplace 

practices and 

avoiding 

flame. 

SOP and 

MSDS 

1E 

 



  

105 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

11 Appendix E (Environmental Hazards) 

Environmental Hazards to Launch Vehicle Risk Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Inability to 

track vehicle 

after launch 

or during 

recovery 

phase 

Low cloud 

cover/fog 

Loss of 

vehicle or 

components 

3D 

 

Launching in 

fair weather 

conditions 

Weather 

confirmation 

in flight SOP 

3E 

 

Damage to 

electrical 

components 

and systems 

in vehicle 

Rain/high 

humidity 

Unable to 

launch; 

rocket fails to 

separate or 

deploy 

parachute 

2C Launching in 

fair weather 

conditions, 

controlled 

storage of 

rocket and 

components 

Weather 

confirmation 

in flight SOP 

2E 

Moisture in 

black powder 

charges 

Rain/high 

humidity 

Black powder 

charges fail to 

ignite; loss of 

vehicle 

2D Launching in 

fair weather 

conditions,co

ntrolled 

storage of 

rocket and 

components 

Weather 

confirmation 

in flight SOP 

2E 

Swelling or 

warping of 

components 

High 

humidity 

Difficulty 

assembling 

rocket at 

launch site 

3D 

 

 

Humidity 

check, 

controlled 

storage of 

rocket and 

components 

Humidity 

confirmation 

in flight SOP 

3E 

Excessive 

drift 

High winds Unpredictable 

flight; rocket 

drifts out of 

bounds; 

potential loss 

of parachute 

3B Launching in 

fair weather 

conditions 

No flight of 

rocket in wind 

speeds beyond 

20 mph 

3D 

Damage to 

structure and 

systems 

Trees/ 

obstacles in 

field 

Damage to 

vehicle, 

property, or 

environment; 

components 

may be 

irretrievable 

3C Launching in 

a clear 

environment 

Launch spot 

designated by 

NASA, and 

verified to be 

clear 

3D 
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Environmental Hazards to Launch Vehicle Risk Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Electrical 

systems 

damage 

Landing in 

water or on 

muddy/ 

swampy 

terrain 

Irretrievable 

rocket 

components; 

loss of flight 

data 

2B Launching in 

fair weather 

conditions, 

electrical 

systems 

capable of 

water 

resistance 

Visual 

inspection for 

standing 

water, design 

of vehicle to 

be water 

damage 

resistant 

2D 

Reduced/ 

drained 

battery 

charges 

Extreme low 

temperatures 

Electrical 

failures in 

communicati

ons and 

recovery 

systems 

2B Launching in 

fair weather 

conditions, 

controlled 

storage of 

rocket and 

components 

No launching 

under 32°F, 

rocket stored 

inside at room 

temperature 

until launch 

2C 

Black powder 

charge 

ignition 

failure 

Extreme low 

temperatures 

Failure to 

separate; loss 

of vehicle 

1C Launching in 

fair weather 

conditions,co

ntrolled 

storage of 

rocket and 

components 

No launching 

under 32°F, 

rocket stored 

inside at room 

temperature 

until launch 

1E 

 

 

 

 

Ice buildup 

on rocket 

body 

Extreme low 

temperatures 

Increased 

mass, drag, 

and internal 

pressure; 

unstable 

flight or 

higher impact 

energy 

4D Launching in 

fair weather 

conditions, 

controlled 

storage of 

rocket and 

components 

No launching 

under 32°F, 

rocket stored 

inside at room 

temperature 

until launch 

4E 

Malfunction 

or 

performance 

reduction of 

electronics 

Extreme high 

temperatures 

Decreased 

battery life, 

recovery 

systems 

failure, 

unusable 

flight data 

3B 

 

 

 

 

Launching in 

fair weather 

conditions, 

controlled 

storage of 

rocket and 

components 

No launching 

over 90°F, 

rocket stored 

inside at room 

temperature 

until launch 

3D 

Over 

discharging 

of battery 

Extreme high 

temperatures 

Risk of fire or 

explosion; 

chemical 

hazards 

2B Launching in 

fair weather 

conditions, 

controlled 

No launching 

over 90°F, 

rocket stored 

inside at room 

2D 
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Environmental Hazards to Launch Vehicle Risk Analysis 

Hazard Cause Effect Pre-RAC Mitigation Verification Post-RAC 

storage of 

rocket and 

components 

temperature 

until launch 

Adhesive 

degradation 

Extreme high 

temperatures; 

extended 

period of UV 

exposure 

Structural 

failure; 

unstable 

flight; 

potential loss 

of vehicle or 

components 

3B Launching in 

fair weather 

conditions, 

UV exposure 

limited, 

controlled 

storage of 

rocket and 

components  

No launching 

over 90°F, 

rocket stored 

inside at room 

temperature 

until launch 

3D 

Warping of 

body tube or 

structural 

components 

Extreme high 

temperatures 

Unstable or 

unpredictable 

flight; loss of 

altitude or 

loss of 

vehicle at 

launch 

3C Launching in 

fair weather 

conditions, 

controlled 

storage of 

rocket and 

components 

No launching 

over 90°F, 

rocket stored 

inside at room 

temperature 

until launch 

3E 

Severe 

structural and 

electrical 

damage 

Lightning Unable to 

launch or 

potential  loss 

of rocket 

1D Launching in 

fair weather 

conditions 

Using a 

weather app to 

ensure there 

hasn’t been 

lightning in 

the area 

1E 

In-flight 

impact 

Collision 

with flying 

birds 

Damage to 

vehicle; 

deviation 

from flight 

path; loss of 

stability and 

altitude 

4C Ensuring the 

sky is clear 

before 

launch 

Confirmation 

of clear sky 

before launch 

in the Flight 

SOP 

4E 

 

Launch Vehicle Hazards to Environment Risk Analysis 

Hazards Cause Effect Pre-RAC Mitigation Verification Post-RAC 

High velocity 

impact of 

launch 

Recovery 

system 

failure; high 

Injury or 

death to 

bystanders; 

damage to 

1C Recovery 

system 

testing, 

standard 

Successful 

recovery 

system tests, 

Flight SOP,  

1D 
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Launch Vehicle Hazards to Environment Risk Analysis 

Hazards Cause Effect Pre-RAC Mitigation Verification Post-RAC 

vehicle winds vehicles, 

equipment, or 

property; 

environmenta

l pollution 

and hazards 

to wildlife 

due to debris 

scattered 

during impact 

procedures 

for loading 

recovery 

system, flight 

regulations 

for wind 

speed  

no flying 

beyond a 20 

mph wind 

speed 

 

 

 

 

 

Chemical 

substances 

permeating 

into 

groundwater 

Improper 

disposal of 

batteries; 

leakage of 

fuel or 

damaged 

batteries; 

epoxy or 

hardener 

spillage 

Environmenta

l 

contaminatio

n, resulting in 

groundwater 

pollution; 

harmful 

effects on 

humans, 

plants, and 

wildlife; 

potential 

chemical 

reactions with 

organic 

material, 

leading to fire 

4B Careful 

handling of 

chemicals, 

proper 

disposal, 

Access to 

MSDS sheets 

Standard 

procedures 

for chemical 

handling  

4E 

Harmful gas 

emissions 

Burning of 

ammonium 

perchlorate 

motors 

Potential 

environmenta

l or health 

impacts from 

exposure 

4B Limited 

burning of 

motors to 

minimize 

emissions. 

Signed 

compliance 

on motor 

testing and 

launch SOPs 

4D 

Toxic fumes Spray 

painting, 

soldering 

Water and 

ground 

contaminatio

n; 

atmospheric 

pollution 

4C Spray 

painting 

conducted in 

areas where 

overspray 

cannot enter 

soil or water 

system 

Standard 

procedures 

for chemical 

handling  

4E 

Battery 

ignition at 

launch field 

Improper 

charging/disc

harging; use 

of damaged 

Fire, 

explosion; 

damage to 

property and 

1C 

 

Use of 

batteries in 

proper 

Battery 

inspection 

signed 

compliance 

1E 
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Launch Vehicle Hazards to Environment Risk Analysis 

Hazards Cause Effect Pre-RAC Mitigation Verification Post-RAC 

battery potential 

injury to 

personnel and 

wildlife 

 

  

condition  on Flight 

SOPs 

Plastic and 

wire waste 

materials 

Improper 

disposal of 

debris/ 

trimmings 

produced 

during 

fabrication of 

electrical 

components, 

or when 

fabricating 

parts 

Hazards to 

wildlife; 

ground water 

contaminatio

n; 

environmenta

l pollution 

4B 

 

 

 

 

Proper 

disposal of all 

scrap 

materials 

Marked 

disposal bins 

for 

trimmings, 

debris, and 

sharp objects 

4D 

Carbon 

emissions 

Travel to 

launch sites 

with a 

number of 

vehicles 

Excessive 

emissions, 

environmenta

l damage 

4C Car pooling Vehicles 

utilized to 

capacity 

before more 

are deployed  

4E 

Environmenta

l pollution 

due to litter 

or 

unrecoverable 

components 

left on field 

Improper 

disposal of 

trash; 

components 

ejected 

during flight 

cannot be 

located 

and/or 

recovered 

Environmenta

l 

contaminatio

n; injury to 

wildlife 

4B 

 

 

 

 

Accounting 

for all items 

brought to 

launch  

Itemized list 

of all items 

brought to the 

launch field 

on SOP 

checked off 

for exiting the 

launch field 

as well 

4D 

Accidental 

ignition of 

black powder 

charges or 

motor grains 

Storage or 

handling of 

explosives in 

unsafe 

proximity to 

spark or 

flame; 

premature 

insertion of 

igniter wire 

into rocket 

motor 

Fire; damage 

to property, 

plant and 

animal life; 

injury to 

personnel and 

bystanders 

1C 

 

 

 

Proper 

storage of all 

explosives, 

standardized 

procedure for 

insertion of 

the igniter 

wire  

Explosive 

stored in 

protected 

bunker in the 

facility, keys 

held by 

mentor, 

Flight SOP 

1E 
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Launch Vehicle Hazards to Environment Risk Analysis 

Hazards Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Launch pad 

fire 

Ignition of 

dry 

vegetation or 

debris around 

launch pad 

Damage to 

property, 

plant and 

animal life; 

potential 

injury to 

personnel and 

bystanders 

1D Proper 

preparation of 

the launch 

pad 

Inspection of 

the launch 

pad before 

ignition in the 

flight SOP 

1E 

Mid Air 

explosion 

Main engine 

or separation 

charge failure 

Widespread 

scattering of 

debris; 

environmenta

l pollution; 

hazards to 

people and 

animals 

1D Test flights, 

careful 

standardized 

installation of 

all explosives 

Successful 

test flight 

results, Flight 

SOPs 

1E 

Injury to 

animals/ 

wildlife 

Collision 

with wildlife 

during flight 

or landing; 

animals 

ingest 

components, 

waste or 

debris at 

launch site 

Injury or 

death of 

wildlife 

4C Controlled 

trajectory, 

visual 

inspection for 

birds before 

flight 

Simulated 

and tested 

Trajectory, 

check for 

clear sky 

before launch 

in Flight SOP 

4E 
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12 Appendix F (MSDS’s)  
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13 Appendix G (Component Data Sheet Template) 

Component Data Sheet Template 

 



  

164 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

14  Appendix H (FMEA/CDS’s)  

Payload Failure Modes and Effects Analysis 

Failure Mode Cause Potential Effect Pre-RAC Mitigation 

Power loss Power budget 

miscalculation; 

batteries deplete or 

malfunction due to 

temperature or 

pressure changes 

Rover becomes 

inoperable; loss of 

data 

4C Install new batteries 

prior to operation; 

stress-test battery life 

under similar 

conditions. 

Payload damaged 

during flight or 

landing 

Payload not secured 

in body tube, rocket 

instability during 

flight; high forces at 

landing 

Rover components 

damaged; failure to 

operate on landing 

3C Robust component and 

circuit design; drop 

test; ensure payload is 

properly aligned prior 

to launch. 

Sensors oversaturate High acceleration/g-

forces during launch 

Electronics 

malfunction or fail; 

unable to control 

rover 

4D Testing of all electrical 

components prior to 

launch. 

Rover fails to 

deploy from vehicle 

Rover becomes 

wedged or 

misaligned on rails 

Added weight from 

vehicle increases 

kinetic force at 

impact; potential 

damage to vehicle 

and payload 

3C Ground testing of 

payload ejection and 

retention systems. 

Parachute damaged 

by black powder 

charge 

Improper packing of 

parachute, 

insufficient space 

between parachute 

and charge 

Payload impact at 

high velocity; loss 

of payload 

2C All parachutes will be 

wrapped in fire 

retardant material 

prior to packing. 

Payload becomes 

tangled in 

suspension lines  

Improper packing of 

parachute and lines, 

failure to 

sufficiently test 

payload deployment 

system 

Rover cannot 

operate upon 

landing; possible 

failure of main 

parachute and loss 

of vehicle and 

payload 

1D Parachute lines 

inspected, and tangles 

removed before 

packing. 

Structural failure of 

body or components 

Excessive stress or 

impact forces on 

structural 

components 

Rover loses 

functionality during 

mission 

3D Ground testing and 

drop testing prior to 

launch. 
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Payload Failure Modes and Effects Analysis 

Failure Mode Cause Potential Effect Pre-RAC Mitigation 

Rover lands at poor 

angle and cannot be 

reoriented 

Terrain, obstruction, 

or landing 

preventing tracks 

from gaining 

traction 

Rover cannot leave 

landing site 

4C Design buffers on 

sides so that rover is 

unable to remain on its 

side. 

Parachute fails to 

detach from rover 

Mechanical or 

electrical failure of 

quick-release 

system 

Rover weighed 

down by dragging 

parachute; may not 

be able to leave 

landing site or have 

sufficient power to 

reach collection site 

4D Ground testing of 

deployment and 

recovery systems.  

Failure to operate 

due to electrical 

component failure 

Disconnection/break 

in wiring or cables 

Loss of ability to 

control rover; 

inability to complete 

mission  

3C Verify secure wiring 

connections before 

launch. 

Fails to operate due 

to terrain/ traction/ 

field conditions 

Unfavorable terrain, 

weather, or operator 

error 

Rover becomes 

stuck on terrain, in 

mud, or experiences 

electrical failure due 

to moisture or dust; 

treads jammed by 

mud or debris 

3C Robust component 

design; extensive 

ground testing under 

multiple conditions 

and across a variety of 

terrain. 

Tracks break on 

drive to or from 

collection site 

Treads become 

caught or jammed 

during deployment 

or operation 

Rover becomes 

unable to complete 

mission 

3D Test track system on 

similar terrain 

throughout design 

process. 

Rover tips or flips 

over 

Operation over 

uneven or unstable 

terrain 

Rover becomes 

immobilized and 

may not be able to 

complete mission 

4C Design buffers to roll 

payload so that tracks 

remain on the ground. 

Scoop fails to 

deploy 

Damage during 

flight, landing, or 

drive 

Failure to collect 

sample 

3C Ground testing of 

sample collection 

system under a variety 

of conditions. 

  



  

166 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

APM Power Module 

 

Sub-Group: Payload

Mechanical Designer: Johnathon Jacobs 

Material: Printed Circuit Board 

General Dimensions: 0.9 x 0.8 x 0.4 inch 

Weight: 0.038 lbf 

Manufacturing Process: N/A 

Component Description: Supplies power to the mRo Pixracer r15. 

Input Voltage 6-30V. Supplies 5.3V. 

Anticipated Vendor:  banggood.com 

Anticipated Cost: $6.43 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Over-Heat 1D 

Component failure Use as instructed 

1E 
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Rover Gearbox Miter Gears 

 

Sub-Group: Payload

Mechanical Designer: Joseph Agnew 

Material: Hardened Steel 

General Dimensions: 

OD: 1.26 inch 

Length: 0.84 inch 

Bore Diameter: 0.39 inch 

Weight: 0.15 lbf 

Manufacturing Process: Purchased from vendor 

Component Description: SMA1.5-20, 20 tooth finished miter 

gear with bore and set screw.  

27.77 lbf-in max torque. 

Anticipated Vendor: Misumi

Anticipated Cost: $20.45 per part 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Tooth fracture 1C 

Rover unable to 

move, cost of 

replacing gears. 

Size gears with 

torque limits in 

excess of those 

provided by the 

motor within a 

safety factor. 

1E 

Seizing 1D 

Rover unable to 

move, time delay or 

mission failure. 

Ensure gears are 

properly cleaned 

and greased to avoid 

seizure and failure. 

1E 
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Chassis Cap 

 

Sub-Group: Payload 

Mechanical Designer: Johnathon Jacobs 

Material: 3D Printed ABS Plastic 

General Dimensions: 9.2 x 2.125 x 1.71 inch  

Weight: 0.199 lbf 

Manufacturing Process: 3D Printed   

Component Description: The chassis cap will cover all 

the electronics.   

Anticipated Vendor: In House 

Anticipated Cost: N/A 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Fracture 3C 
Rovers Electronics 

will be uncovered 

Check for damage 

before mission start 
3E 
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Chassis Plate 

 

Sub-Group: Payload

Mechanical Designer: Johnathon Jacobs 

Material: Aluminum T6-6061 

General Dimensions: 10 x 2.125 x 1 inch 

Weight: 0.454 lbf 

Manufacturing Process: Cut 1/8-inch aluminum 

plate to 10 x 2.125. Then cut 2 pieces of 5/8-inch 

aluminum plate to 1 x 2.125 inches. Mill thickness to 

correct height. Drill and tap to connect to 1/8 inch 

plate.   

Component Description: The chassis plat will have 

all the electronics housed to it and will have the gear 

boxes mounted to it on the extensions at the end of the plate.  

Anticipated Vendor: In House 

Anticipated Cost: McMaster-Carr, 

1/8 aluminum sheet, 6 x 12 inch, $16.63 

5/8 aluminum sheet, 6 x 6 inch, $23.01 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

 

Material Fracture 

 

2C 

Rover becomes 

unrigid, unable to 

drive 

Stress analysis and 

test of maximum 

load rover will see.  

 

4C 
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Rover Drive Motor 

Sub-Group: Payload

Mechanical Designer: Joseph Agnew 

Material: Steel, Aluminum, Copper 

General Dimensions: 

OD: 1.46 inch 

Length: 2.13 inch 

Shaft Diameter: 0.24 inch 

Weight: 0.42 lbf 

Manufacturing Process: Purchased from vendor 

Component Description: 12 Volt DC Brushed motor, 1.51 ft-lbf 

stall torque and 200 RPM no load max angular velocity. 

Anticipated Vendor: Polulu 

Anticipated Cost: $24.95 per part 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Burnout 1B 

Rover unable to 

move, overheating, 

fire, cost of 

replacing motor. 

Select appropriate 

motor controller and 

battery to mitigate 

over-voltage and 

current dump. 
1E 

Stripped gears 1C 

Rover unable to 

move, cost of new 

gearbox. 

Ensure motor will 

meet and exceed by 

a safety factor for 

the payload torque 

requirements. 

1E 
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Drogue Parachute: CFC-24 inch 

Sub-Group: Recovery

Mechanical Designer: Jeremy Hart 

Material:  Ripstop Nylon 

General Dimensions: 

24 inch diameter  

CD of 1.5  

3.14 square inch area 

Shroud line length 28 inch  

8 gores 

Packing volume of 1.9 inch diameter x 4.3 inch length packing size 

Weight: 

0.137 lbf (including shroud lines) 

Manufacturing Process: 

Manufactured by Fruity Chutes 

Component Description: 

The drogue parachute is located in the lower airframe between the motor and coupler for a traditional system or 

connected to the tender descender in the lower airframe for a tender descender method. The drogue parachute, a CFC-

24 inch Fruity Chute, will be deployed at apogee and is utilized to stabilize the descent of the rocket so that the 

components don’t tumble. It also slows the vehicle down to a point where the main parachute won’t have drastically 

high loads when deployed. 

Anticipated Vendor: 

Apogee Rockets, but have in-house 

Anticipated Cost: 

$67.16 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Suspension Failure 
 

2B 

High descending 

velocity, could 

result in damage to 

vehicle. 

FEM analysis 

verified by hand 

calculations. Ground 

testing to ensure 

parachute deploys. 

 

3D 

Burn from Ejection 
 

2C 

Burn doesn’t ignite 

correctly or delayed; 

high ascending 

velocity and 

possible rocket or 

parachute damage. 

Black-powder 

testing to ensure 

black powder 

charges go off 

correctly and when 

supposed to. 

 

3D 

Entanglement 2B 

Recovery doesn’t 

deploy; high descent 

velocity and vehicle 

damage. 

Ground testing of 

the recovery. Ensure 

recovery harness 

and shroud lines are 

free of 

entanglement. 

3D 
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Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Seam Ripping 2D 

Parachute fails to 

handle rocket 

weight; high descent 

velocity and 

possible vehicle 

damage. 

Ground testing of 

parachute. Pre-

check every launch 

for rips/holes in 

chute. 

3D 

Improper Landing 2C 

Vehicle stuck in a 

situation or place 

that’s dangerous to 

safely recovery. 

Ensure rocket 

launch and tests are 

done in generally 

safe locations away 

from objects like 

trees or power lines. 

 

3D 
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Fin Bracket 

 

Sub-Group: Lower Airframe 

Mechanical Designer: Rachel O’Kraski 

Material: ABS Plastic 

General Dimensions: 8.2 x 1.3 x 1 inch 

Weight: 0.7 lbf 

Manufacturing Process: 3-D printed 

Component Description: The purpose for 

the fin bracket is to hold the fin and connect 

to the body tube to ensure stability for the 

rocket in flight.  The fin bracket connect to the 

lower airframe.   

Vendor: Fabricate in house 

Cost:  N/A 

 

 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Buckling 3B 

Loss of fin bracket 

resulting in unstable 

flight.  Potential loss of 

vehicle.   

Test the material that it 

can sustain the forces 

applied.   Check fin 

bracket before and after 

flight.   
2E 

Loose Fitting 2C 

Fluttering will result in 

unwanted drag and effect 

flight path.   

Visual check that 

bracket is secure to 

body tube and fin is 

secured to bracket.   

3D 
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Fin Design 

 

Sub-Group: Lower Airframe 

Mechanical Designer: Rachel O’Kraski 

Material: G-10 Fiberglass 

General Dimensions: 8 x 4.7  x 0.125 inch 

Weight: 0.3 lbf 

Manufacturing Process: Will need to shape and cut a G-10 fiberglass 

Component Description: The purpose for the fin to ensure stability for the 

rocket in flight.  The fin will connect the fin bracket.  It will be located at 

the bottom of the lower airframe.    

Vendor: McMaster  

Cost:  $17.87 each sheet (Get at 

least 4)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

\Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Buckling 3B 

Loss of fin  

resulting in 

unstable flight.  

Potential loss of 

vehicle.   

Test the material 

that it can sustain 

the forces applied.   

Check fin before 

and after flight.   

2E 

Loose Fitting 2C 

Fluttering will 

result in unwanted 

drag and effect 

flight path.   

Visual check that 

the fin is secure to 

the fin bracket.  
3D 
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Frsky R-XSR 

 

Sub-Group: Payload 

Mechanical Designer: Thomas Salverson     

Material: Printed Circuit Board 

General Dimensions: 0.63 x 0.43 x 0.21 inch 

Weight: 0.003 lbf 

Manufacturing Process: None 

Component Description: The Frsky R-XSR is the RC receiver for the rover. It is responsible for connecting to the 

RC transmitter and relaying user input driving commands to the Pixracer. 

Vendor: getfpv.com 

Cost: $20.99 

 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Power Loss 2C 

No control of rover 

through the RC 

transmitter. 

Visual inspection 

of wiring prior to 

launch. Pre-launch 

check using RC 

transmitter. 

Backup rover 

control through 

ground station.    

2D 

Loss of Signal 2C 

No connection to 

the RC transmitter 

resulting in loss of 

rover control.    

Place the antennas 

with a clear view 

of the sky. Backup 

rover control 

through ground 

station.   

2D 
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FrSky Taranis Q X7 

 

Sub-Group: Payload 

Mechanical Designer: Thomas Salverson   

Material: Plastic 

General Dimensions: NA 

Weight: NA 

Manufacturing Process: NA 

Component Description: The FrSky Taranis Q X7 will be used to 

drive the rover during the mission. 

Vendor: getfpv.com 

Cost: $107.99 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Power Loss 2D 

No control of 

rover.     

Charge batteries 

and verify using 

built-in battery 

monitor. Backup 

rover control 

through ground 

station.     

2E 

Loss of 

Connection 
2D 

No connection to 

the RC receiver 

resulting in loss of 

rover control.     

Remain within one 

mile of the rover 

during operation. 

Backup rover 

control through 

ground station.    

2E 
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Holybro 100mW Transceiver Telemetry Radio 

 

Sub-Group: Payload 

Mechanical Designer: Thomas Salverson 

Material: Plastic 

General Dimensions: 1.02 x 2.08 x 0.42 inch 

Weight: NA 

Manufacturing Process: None 

Component Description: The Holybro 100mW 

Transceiver will be used to send telemetry 

information between the rover and the ground station. 

Vendor: getfpv.com 

Cost: $39.00 

 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Power Loss 3C 

Loss of telemetry 

connection to the ground 

station.      

Visual verification of 

wiring prior to launch. 

Pre-launch ground 

station telemetry check.      

3D 

Loss of Signal 

Connection 
3C 

Loss of telemetry 

connection to the ground 

station.      

Place antenna with a 

clear view of the sky.      3D 
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Rover Idler Wheel 

Sub-Group: Payload

Mechanical Designer: Joseph Agnew 

Material: 3-D Printed ABS plastic 

General Dimensions: 

OD: 0.875 inch 

Bore: 0.275 inch 

Width: 0.5 inch 

Weight: ~ 0.05 lbf 

Manufacturing Process: 3-D deposition printed 

Component Description: ABS printed idler wheel with 

rounded edges and a central bore hole. 

Anticipated Vendor: In-House 

Anticipated Cost: ~ $0.43 per part 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Fracture 
 

2B 

Track friction 

increased. Tracks 

could jam. 

Ensure printed 

components survive 

preliminary rover 

tests with minimal 

wear. Ensure printed 

components survive 

preliminary rover 

tests with minimal 

wear. 

2E 
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Linear Rail Shaft 

Sub-Group: Payload 

Mechanical Designer: Jacob Moseley 

Material: Aluminum 

General Dimensions:   

3/8-inch diameter 

24 inches long 

Weight: 0.26 lbf 

Manufacturing Process: NA 

Component Description: The component is the shaft for the 

linear rail deployment system. 

Anticipated Vendor: McMaster-Carr 

Anticipated Cost: $58.98 each 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Separation from 

Body Tube 
2D 

Loose Shaft that 

could exit the body 

tube in flight. 

Ensure epoxy joints 

are installed properly 

and time allotted for 

the epoxy to cure. 2E 
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Lower Body Tube 

 

Sub-Group: Lower Airframe 

Mechanical Designer: Rodney Luke 

Material: G12 Fiberglass 

General Dimensions: 

ID: 5.9 inch 

Length: 60 inch 

Thickness: 0.10 inch 

Weight: 3.86 lbf 

Manufacturing Process: Filament Spun 

Component Description: The purpose of the lower body tube is to 

protect the internal component of the rocker as well as house the motor 

and main parachute. The lower body tube is connected to the coupler 

and connected below are the fins, fin brackets, and motor. 

Vendor: Apogee Rockets 

Cost: $217.14 / 60 inch Tube 

 

 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Buckling 2C 

Loss of payload and 

vehicle. Could 

fracture due to 

separation. Flight 

path could become 

hazardous. 

FEM analysis 

verified through 

hand calculations. 

Body tube 

purchased from 

reputable vendor. 

3D 

High Internal 

Pressure 
2C 

Loss of payload and 

vehicle. Violent 

separation of the 

tube causing loss of 

drogue. Internal 

damage to 

subsystems. 

FEM analysis 

verified through 

hand calculations. 

Body tube 

purchased from 

reputable vendor. 

Implement factor of 

safety. 

3D 

Rail Button Shear 1C 

Loss of payload and 

vehicle. Potential 

danger to 

bystanders. 

FEM analysis 

verified through 

hand calculations. 

Visual inspection 

before launch. 

Implement factor of 

safety. 

3D 
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Main Parachute: IFC-96 inch 

 

Sub-Group: Recovery

Mechanical Designer: Jeremy Hart 

Material:  Ripstop Nylon 

General Dimensions: 96 inch diameter  

CD of 2.2  

Area of 84.4 square feet 

Shroud line length 110 inch 

12 gores  

4.9 inch diameter x 7.4 length packing size 

Weight: 1.563 lbf (including shroud lines) 

Manufacturing Process: Manufactured by Fruity Chutes 

Component Description: The main parachute is located in the upper 

airframe between the payload and the coupler for a traditional system 

or connected to the tender descender in the lower airframe for a tender 

descender method. The main parachute, a IFC-96” Fruity Chute, will 

be deployed after the drogue at an altitude of 600 feet, and will be 

utilized to slow the descent velocity down to a point where the rocket 

body impacts the ground within the allotted Kinetic Energy 

requirement of 75 ft*lbf. 

Anticipated Vendor: 

Apogee Rockets, but have in-house 

Anticipated Cost: 

$362.69 

 

 

 

 

 

 

 

 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Suspension Failure 1B 

High descending 

velocity, could 

result in damage to 

vehicle. 

FEM analysis 

verified by hand 

calculations. Ground 

testing to ensure 

parachute deploys. 

3D 
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Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Burn from Ejection 1C 

Burn doesn’t ignite 

correctly or delayed; 

high ascending 

velocity and 

possible rocket or 

parachute damage. 

Black-powder 

testing to ensure 

black powder 

charges go off 

correctly and when 

supposed to. 

3D 

Entanglement 1B 

Recovery doesn’t 

deploy; high descent 

velocity and vehicle 

damage. 

Ground testing of 

the recovery. Ensure 

recovery harness 

and shroud lines are 

free of 

entanglement. 

3D 

Seam Ripping 1D 

Parachute fails to 

handle rocket 

weight; high descent 

velocity and 

possible vehicle 

damage. 

Ground testing of 

parachute. Pre-

check every launch 

for rips/holes in 

chute. 

3D 

Improper Landing 2C 

Vehicle stuck in a 

situation or place 

that’s dangerous to 

safely recovery. 

Ensure rocket 

launch and tests are 

done in generally 

safe locations away 

from objects like 

trees or power lines. 

3D 

Shock Force of 

Main Deployment 

High 

1C 

In case of drogue 

failure or improper 

recovery, main 

chute opens with too 

much force and 

damages vehicle. 

Ground testing of 

both parachutes to 

ensure drogue and 

main deploy safely. 
3D 
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mRo GPS u-Blox Neo-M8N/3DR Solo 

 

Sub-Group: Payload 

Mechanical Designer: Thomas Salverson   

Material: Printed Circuit Board 

General Dimensions: 2 x 2 x 0.6 inch 

Weight: 0.094 lbf 

Manufacturing Process: None 

Component Description: The GPS unit will be used to track the 

payload during its operation. This particular GPS comes with all the 

required connections for simple interface with the Pixracer. 

Vendor: mRobotics.io 

Cost: $50.00 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Power Loss 3C 

Tracking is 

unavailable during 

the payload’s 

operation.       

Visual verification 

of wiring prior to 

launch. Pre-launch 

GPS check using 

ground station.       

3D 

Loss of Signal 3C 

Poor locational 

accuracy or loss of 

tracking.       

Place antenna with 

a clear view of the 

sky.      

3D 
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mRo Pixracer R15 

 

Sub-Group: Payload 

Mechanical Designer: Thomas Salverson 

Material: Printed Circuit Board 

General Dimensions: 1.4 x 1.4 inch 

Weight: 0.023 lbf 

Manufacturing Process: NA 

Component Description: The Pixracer is a commercial 

flight controller. It contains a suite of internal sensors 

and ports for connecting external components such as 

GPS. It will be used as the rover’s ground control 

computer. 

Vendor: mRobotics 

Cost: $99.00 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Sensor Saturation 3D 

Sensor display on ground 

station will no longer be 

accurate. Rover will lose 

autonomous control 

ability.        

Rover operate has 

manual control option.        

4D 

Power Loss 1D 

Rover is inoperable.        Ensure battery is 

connected, secured, and 

charged.       

1E 
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Nose Cone 

 

Sub-Group: Upper Airframe 

Mechanical Designer: Rodney Luke 

Material: G12 Fiber Glass 

General Dimensions:  

OD: 6 inch 

Ogive 5:1 

Weight: 5.5 lbm 

Manufacturing Process:  

Filament Wound, Commercially Produced 

Component Description: The nose cone has an ogive shape and is 

metal tipped for strength. The nose cone provides aerodynamic 

stability and reduces drag on the body. The nose cone is located at the 

top of the rocket and is connected to the upper body tube. 

Vendor: Madcow Rocketry 

Cost: $149.95 Each 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Fracture 3B 

Loss of nose cone 

resulting in unstable 

flight. Potential loss 

of vehicle. Nose cone 

can’t be reused. 

Visual check of nose 

cone before and after 

flight. Nose cone 

purchased from 

reputable vendor. 

 

 

 

4D 

Loose Fit 2C 
Damage to tracker, 

pressure sensor, and 

payload. 

Visual check of nose 

cone before flight. 

 

 

2E 
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Ovonic 3S-2 

 

Sub-Group: Payload

Mechanical Designer: Johnathon Jacobs 

Material: Lithium Polymer 

General Dimensions: 5.1 x 1.6 x 1.2 inch 

Weight: 0.9 lbf 

Manufacturing Process: N/A 

Component Description: Stores and discharges 

power all electrical components on the rover. 

8000mAh, 11.1V, 50C  

Anticipated Vendor:  Amazon 

Anticipated Cost: 2-Batteries $89.99 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Puncture 1D 
Explosion 

Securely mounted 1E 

Short 1D 
Explosion 

Verification of Circuit 2E 
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Power HD Mini Servo HD-1711MG 

 

Sub-Group: Payload                                                                                                                        

Mechanical Designer: Kevin Caruso 

Material: NA 

General Dimensions: 1.16 x 0.46 x 1.19 inch  

Weight: 0.04 lbf 

Manufacturing Process: Purchased 

Component Description: This component will control the scoop to recover and 

secure the lunar ice.  

Anticipated Vendor: Pololu 

Anticipated Cost: $9.95 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Burnout 1B 

Scoop unable to 

move, overheating, 

fire, cost of 

replacing servo. 

Select appropriate 

servo controller and 

battery to mitigate 

over-voltage and 

current dump. 

1E 

Stripped gears 1C 

Scoop unable to 

move, cost of new 

gearbox. 

Ensure motor will 

meet and exceed by 

a safety factor the 

payload torque 

requirements. 

1E 
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Recovery Harness 

 

Sub-Group:  Recovery 

 

Mechanical Designer: Jeremy Hart 

Material:  Tubular Nylon 0.5 inch 

General Dimensions: 50 feet – 100 feet  length 

0.5 inch width 

Weight: 0.10 lbf 

Manufacturing Process: Chris’ Rocket Supplies 

Component Description: The recovery harness lies between the 

parachute shroud lines, bulkhead mounting surfaces, and is connected 

to the tender descender (if used). It allows for the load to be decreased 

due to the added ductility of the harness.  

Anticipated Vendor: Chris’ Rocket Supplies 

Anticipated Cost: $0.90/ft 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Harness Break 
1B 

 

High descending 

velocity, could 

result in damage to 

vehicle 

Ground testing to 

ensure parachute 

deploys and harness 

doesn’t break. 

3D 

Burn from Ejection 
1C 

 

Burn damages 

recovery harness; 

high ascending 

velocity and 

possible rocket or 

parachute damage 

Black-powder 

testing to ensure 

black powder 

charges go off 

correctly and when 

supposed to. 

3D 

Entanglement 
1B 

 

Recovery doesn’t 

deploy; high descent 

velocity and vehicle 

damage 

Ground testing of 

the recovery. Ensure 

recovery harness 

and shroud lines are 

free of 

entanglement. 

3D 
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Retention Ring Cap 

 

Sub-Group: Vehicle  

Mechanical Designer: Jacob Zilke 

Material: 60601-T6 Aluminum 

General Dimensions: 

Height: 0.97 inches 

Width: 3.65 inches 

Weight: 0.125 lbf 

Manufacturing Process: Commercially Produced 

Component Description: Screws onto threaded retention ring. Lip on cap 

holds motor in place after burnout. 

Vendor: ApogeeRocket 

Cost: $32.22 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Failure 1D 

Loss of motor 

case after motor 

burnout. 

Testing and stress 

analysis. 1E 

Loose Fit 3D 

Motor case not 

fully restrained in 

lower airframe. 

Ensure retention 

cap is fully 

screwed on 

during assembly. 

3E 
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RoboClaw 2 x 15 

Sub-Group: Payload 

Mechanical Designer: Johnathon Jacobs 

Material: Printed Circuit Board 

General Dimensions: 2.1 x 2.9 x 0.9 inch 

Weight: 0.1 lbf 

Manufacturing Process: N/A 

Component Description: Applies current to the drive motors. 

Max Current 15A, 2 Motor Channels 

Anticipated Vendor:  Pololu.com 

Anticipated Cost: $89.95 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Over-Heat 2D 

Limit current, or 

component failure.  

Choose motors 

with a stall current 

below 15 Amps. 

2E 
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Scoop Mechanism 

 

Sub-Group: Payload                                                                                      

Mechanical Designer: Kevin Caruso 

Material: ABS Plastic 

General Dimensions: 2.125 x 3.250 inch 

Weight: 0.04 lbf 

Manufacturing Process: 3D printed in house 

Component Description: This component will recover and secure the lunar ice.  

Anticipated Vendor: Robo3d 

Anticipated Cost: $35.00 / 1 kg roll 

 

 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Failure 2C 

Separation from 

payload, and loss of 

lunar ice 

Testing and Stress 

Analysis 2E 
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Rover Drive Sprocket 

 

Sub-Group: Payload

Mechanical Designer: Joseph Agnew 

Material: High-Frequency Hardened Carbon Structural Steel 

General Dimensions: 

Pitch Diameter: 1.45 inch 

Pitch: 0.375 inch 

Shaft Hole Diameter: 0.394 inch 

Weight: 0.265 lbf 

Manufacturing Process: Purchased from vendor 

Component Description: Double strand teal drive sprocket with 

set screw hole to be used with rubber tracks or #35 roller chain 

Anticipated Vendor: Misumi 

Anticipated Cost: $8.72 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Tooth Fracture 1D 

Rover unable to 

move. 

Purchase from 

reputable vendor; 

Use high-strength 

steel. 

1E 

Set Screw Fracture 1D 

Rover unable to 

move. 

Purchase from 

reputable vendor; 

Use high-strength 

steel. 

1E 
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Tender Descender Level 2 

 

 

Sub-Group:  Recovery 

Mechanical Designer: Jeremy Hart 

Material:  Heat treated anodized aluminum 

General Dimensions: 1-¾ L x ¾  W x ¾ T inch  

Weight: 0.109 lbf 

Manufacturing Process: Tinder Rocketry 

Component Description: The tender descender lies between the main 

and drogue parachute in the lower airframe and is connected to both 

parachutes. When the drogue parachute is deployed at apogee, the 

tender  descender keeps the parachute connected to the vehicle and 

pulls the main parachute out. At main deployment of 600 feet, the main 

parachute is released.  

Anticipated Vendor: Apogee Rockets (Have in-house) 

Anticipated Cost: $81.43 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Suspension Failure 
1B 

 

High descending 

velocity, could 

result in damage to 

vehicle. 

Ground testing to 

ensure parachute 

deploys and harness 

doesn’t break; 

ensure parachutes 

are connected 

properly. 

3D 

Burn from Ejection 

1C 

 

 

 

Burn fails to happen 

properly; high 

ascending velocity 

and possible rocket 

or parachute 

damage. 

Black-powder 

testing to ensure 

black powder 

charges go off 

correctly and when 

supposed to. 

3D 

Tender Descender 

Breaks 

1B 

 

Recovery fails, 

leading to high 

descending velocity 

and possible vehicle 

damage. 

Have two tender 

descenders to ensure 

redundancy in 

system in case one 

fails. 

3D 



  

194 Charger Rocket Works | 2020 NASA USLI | Preliminary Design Review 

Threaded Retention Ring 

 

Sub-Group: Lower Airframe 

Mechanical Designer: Jacob Zilke 

Material:  6061-T6 Aluminum 

General Dimensions: 

Inner Diameter: 2.953 inches 

Outer Diameter: 3.858 inches 

Length: 1.2 inches 

Weight: 0.309 lbf 

Manufacturing Process: Commercially Produced 

Component Description: Hold motor case into the rocket 

Vendor: ApogeeRockets 

Cost: $72.22 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Failure 1D 
Loss of motor case. Testing and stress 

analysis. 1E 

Loose Fit 1D 

Motor not centered in 

rocket. 

Ensure retention ring is 

secured during 

assembly. 
1E 
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Thrust Plate 

 

Sub-Group: Lower Airframe 

Mechanical Designer: Jacob Zilke  

Material: 6061-T6 Aluminum 

General Dimensions: 

Inner Diameter: 2.953 inch 

Outer Diameter: 6 inch 

Weight 0.048 lbf 

Manufacturing Process: Machined, Commercially Produced 

Component Description: Translate thrust forces into the body tube. 

Vendor: ApogeeRockets 

Cost: $65.05 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Fracture 1D 
Motor misaligned or 

unstable. 

Testing and Analysis. 
1E 

Loose Fit 1D 

Thrust not fully 

transferred to the lower 

airframe. 

Ensure thrust plate is 

fully screwed in during 

assembly. 
1E 
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Rover Tracks 

 

 

Sub-Group:  Payload 

Mechanical Designer: Joseph Agnew 

Material: Ninja-flex 

General Dimensions: 

Circumference:  ~25.5inch 

Width: 1 inch 

Pitch: 0.375 inch 

Weight: 0.19 lbf 

Manufacturing Process:3-D printed from ninja-flex material 

Component Description: 1inch wide, ~25.5inch 

circumference, continuous track, with aggressive tread, 0.375 

inch  pitch, and guide horns. 

Anticipated Vendor: In-house 

Anticipated Cost: ~$5 per part 

 

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Track Breakage 1C 

Rover unable to 

move, time to print 

new parts or 

redesign component. 

Thorough testing of 

track fatigue and 

strength to ensure 

reliability  
1E 

Track is ‘thrown’ 1C 

Rover unable to 

move, binding of 

motors, damage to 

drivetrain and 

electronic 

components. 

Ensure rover is 

sufficiently field 

tested in a variety of 

environments. Guide 

horns on interior of 

track. 

1E 
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Upper Body Tube 

 

 

Sub-Group: Upper Airframe 

Mechanical Designer: Rodney Luke 

Material: G12 Fiberglass 

General Dimensions: 

ID: 5.9 inch 

Length: 36 inch 

Thickness: 0.10 inch 

Weight: 3.86 lbf 

Manufacturing Process: Filament Spun 

Component Description: The purpose of the upper body tube 

is to protect internal components of the rocket as well as house 

the payload and main parachute. The upper body tube is 

connected to both the nose cone and the coupler. 

Vendor: Apogee Rockets 

Cost: $217.14 / 60” Tube 

 

  

Failure Modes and Effects Analysis 

Failure Mode Pre-RAC Potential Effect Mitigation Post-RAC 

Material Buckling 2C 

Loss of payload and 

vehicle. Could fracture 

due to separation. Flight 

path could become 

hazardous. 

FEM analysis verified 

through hand 

calculations. Body tube 

purchased from 

reputable vendor. 

3D 

High Internal 

Pressure 
2C 

Loss of payload and 

vehicle. Violent 

separation of the tube 

causing loss of drogue. 

Internal damage to 

subsystems. 

FEM analysis verified 

through hand 

calculations. Body tube 

purchased from 

reputable vendor. 

Implement factor of 

safety. 

3D 
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15 Appendix I (Risk Assessment)  

Risk Assessment and Mitigation 

Topic: General Project 

Risk Cause Effect Pre-

RAC 

Mitigation Verification Post-

RAC 

Insufficient 

Funds 

Poor Budgeting, 

Less project 

funding than 

expected, wrong 

or unnecessary 

parts being 

ordered, poor 

management of 

materials, late 

order scheduling 

Parts may have to be 

chosen based on price 

and not performance, 

parts that don’t fit the 

design but are present 

in our facility already 

may have to be used, 

the project may not be 

able to be completed if 

a component breaks 

and can’t be replaced.  

2C A system of checks 

before spending, 

scheduled ordering 

to avoid excess 

shipping charges, 

management team 

to oversee the 

machining of parts 

and material 

handling 

Orders logged 

and signed off 

on, a hard 

deadline for all 

material orders 

from online, 

machining plans 

logged and 

initialed 

2E 

 

 
 

Team 

Dispute 

 
 

Poor 

communication, 

multiple 

solutions without 

a 

consensus,  perso

nality conflicts 

 
 

Schedule deadlines 

pushed, poor 

teamwork leading to 

poorly executed final 

product, poor final 

results 

 
 

3C Team bonding 

time, a lead within 

each sub-team to 

make final 

decisions, a chief 

engineer to settle 

escalated decisions, 

and a system  of 

communication 

through Discord   

 
 

Disputed 

decisions will 

be finalized in 

writing by a 

team lead or 

chief engineer, 

periodic team 

bonding 

activities, entire 

team added to 

discord platform 

 
 

3D 
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Risk Assessment and Mitigation 

Topic: General Project 

Risk Cause Effect Pre-

RAC 

Mitigation Verification Post-

RAC 

Schedule 

setbacks 

Missed deadlines Missed fabrication or 

report deadlines could 

result in missed test 

flight opportunities or 

missed NASA 

deadlines and a poor 

score 

2B Clear scheduling, 

deadline reminders, 

and team meeting 

to hold individuals 

accountable for 

their workload 

Gantt charts, 

meeting 

accounts of 

individuals’ 

progress, and 

schedule 

assessments 

2D 

 

 
 

Unavailabl

e Parts 

Back order, 

inconsistent 

vendor stocking, 

long shipping 

times,  

Project build delayed, 

reassessment of design 

to make available parts 

work, possible point 

deduction  

3C Parts ordering will 

be made a top 

priority, parts for 

the initial design 

will be chosen with 

availability and 

reliability of vendor 

in mind   

Part ordering 

will be a topic 

at every 

meeting, before 

a part is chosen 

for the design, 

multiple 

vendors will be 

sited for the 

item, and 

research on the 

vendor’s 

business status 

will be done, a 

list of 

applicable 

replacement 

options will be 

made 

3E 

Lack of 

skilled 

team 

members 

Students lacking 

experience with a 

project of this 

magnitude, poor 

preparation by 

previous class 

curriculum 

Schedule delays, poor 

machining/coding/199

ecide choices, team 

disputes, budget hits 

by bad machining of 

materials, a poor final 

product, project failure 

2C The team will focus 

on honing skills 

where necessary, 

teams will be made 

based on 

distribution of 

skills necessary, 

work beyond scope 

of skill level will be 

contracted out 

A general skill 

checklist was 

made to 

determine the 

skill level of 

each individual, 

then teams were 

divided, 

mentors with 

higher skill 

levels available 

for help 

2D 
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Risk Assessment and Mitigation 

Topic: General Project 

Risk Cause Effect Pre-

RAC 

Mitigation Verification Post-

RAC 

Designs 

cannot be 

manufactur

ed at home 

facility 

Machines 

unavailable, 

misunderstandin

g of skill level 

involved 

More money spent on 

having an outside 

source do the work 

3C Gathering a good 

understanding of 

how each and every 

part needs to be 

machined, and 

whether a team 

member or mentor 

can do it 

A log of 

available 

machines in 

house, design 

explicitly  based 

on those 

machines 

3E 

Individual 

team 

members 

unavailable 

Students have 

busy schedules 

that vary, many 

works outside of 

school, 

management 

poorly schedules 

meetings around 

those, the 

meeting times 

weren’t 

communicated 

properly 

Information needed 

from a member isn’t 

immediately available, 

attendance is directly 

related to 

accountability of 

individual workloads 

so possibly tasks aren’t 

completed  

3C Management will 

schedule meetings 

within times that 

necessary people 

are available, and 

the meeting times 

will be 

communicated 

thoroughly 

Meeting times 

will be posted in 

Discord for all 

to see, a list of 

team member 

schedules and 

availability is 

filled out and 

shared with 

management 

3E 

 

 

Risk Assessment and Mitigation 

Topic: Vehicle 

Risk Cause Effect Pre-RAC Mitigation Verification Post-RAC 

Recovery 

Failure 

The system is packed 

poorly and does not 

deploy 

The descent of 

the rocket is 

uncontrolled and 

dangerous 

2B Test recovery 

system before 

launch, pack it 

carefully 

Ground and 

Flight Tests 

2E 

Structural 

Failure 

Structure isn’t 

sufficient to 

withstand flight 

The body breaks 

or collapses 

causing and 

unstable flight 

1D Calculate the 

stress on the 

body and 

integration 

pieces, test the 

structure 

Ground and 

Subscale 

flight tests 

1E 

Failure to 

Launch 

Motor or ignition 

methods fail  

Dangerous 

recovery of the 

vehicle, vehicle 

potentially 

damaged 

2C Purchase motor 

from reliable 

source, 

carefully 

analyze motor 

Subscale 

Flight test 

2E 
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Risk Assessment and Mitigation 

Topic: Vehicle 

Risk Cause Effect Pre-RAC Mitigation Verification Post-RAC 

retention 

methods 

Recovery 

Premature 

Ejection 

Altimeter 

Malfunction or 

ejection charge 

malfunction 

Rocket decent is 

uncontrolled and 

dangerous 

2D Test the 

altimeter and 

recovery system 

before launch 

Ground and 

Flight tests 

2E 

 

Risk Assessment and Mitigation 

Topic: Payload 

Risk Cause Effect Pre-

RAC 

Mitigation Verification Post-

RAC 

Power loss to 

one or more 

sections 

Battery Failure Loss of Data, 

Failure of 

mission 

2D Design with 

secure 

battery 

retention, 

ensure the 

power load 

is sufficient 

for the 

mission, 

confirm 

batteries are 

charged 

Flight testing, 

installation of new 

batteries every launch, 

confirming battery 

life on launch SOP 

2E 

Data 

Collection 

Failure 

Hardware failure due to 

flight loads or bugs in 

the software 

Loss of Data 2C Test 

payload 

prior to 

launch 

Ground and flight 

testing 

2E 

Payload Fails 

to deploy 

Deployment  system 

failure due to flight 

loads 

Failed 

mission, as the 

rover cannot 

complete the 

task 

2C Test 

deployment 

system 

Ground and flight 

testing 

2E 

Payload lands 

in a way it 

can’t recover 

to an upright 

Design isn’t sufficient to 

combat environmental 

challenges 

Failed 

mission, as the 

rover cannot 

complete the 

task 

2D Test the 

landing 

orientation 

of the rover 

Ground and Flight 

Testing 

2E 

Payload 

sample 

Payload cannot retrieve 

or drops the sample  

Failed 

mission, as the 

rover cannot 

3C Test the 

sample 

collection 

Ground and Flight 

testing 

3E 
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Risk Assessment and Mitigation 

Topic: Payload 

Risk Cause Effect Pre-

RAC 

Mitigation Verification Post-

RAC 

collection 

fails  

bring the 

sample back 

prior to 

launch 

 

Risk Assessment and Mitigation 

Topic: Propulsion 

Risk Cause Effect Pre-

RAC 

Mitigation Verification Post-

RAC 

Unloaded 

Motor Fire 

Heat sources, 

electrostatic 

discharge, 

interference 

from other 

vehicles 

Fire, explosion 1D Motors handled 

by team mentor 

exclusively, 

stored in locked 

and protected 

bunker 

Leadership will 

coordinate 

transportation and 

motor handling, and 

faculty advisor has 

access to locked and 

protected case 

1E 

Motor 

dislodges 

from 

designated 

spot 

Structural 

failure 

Motor may eject 

from rocket body; 

flight path may 

become 

unpredictable and 

dangerous 

2C Motor retention 

and compression 

testing 

Flight testing and 

inspection of retention 

system following 

2E 

Moisture 

content in 

Motor 

Improper 

handling, poor 

weather 

conditions 

Motor corrosion 

and failure to ignite 

2C Proper handling 

and storage 

Leadership will 

coordinate 

transportation and 

motor handling, and 

faculty advisor has 

access to locked and 

protected case 

2E 

 

Risk Assessment and Mitigation 

Topic: Flight 

Risk Cause Effect Pre-RAC Mitigation Verification 
Post-

RAC 

Weather 

Cocking 

Incorrect exit 

velocity or static 

margin 

Rocket flies off 

track and beyond 

the perimeter, 

1C Simulate 

flight with 

software, 

Analyze results 

from simulation, 

and sub-scale 

1E 
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Risk Assessment and Mitigation 

Topic: Flight 

Risk Cause Effect Pre-RAC Mitigation Verification 
Post-

RAC 

unwanted forces 

on the rocket 

result in 

insufficient 

altitude 

design 

rocket with 

proper 

CP/CG 

locations for 

a stable and 

sufficient 

exit 

velocity  

testing, and alter 

the flight 

characteristics to 

ensure safe flight 

Unstable 

Flight 

Weather cocking, 

fin flutter, 

structural failure 

Unpredictable 

flight path and 

landing, potential 

to destruct the 

rocket 

1C Simulate 

flight with 

software, 

test flight 

with 

subscale  

Analyze results 

from simulation, 

and sub-scale 

testing, and alter 

the flight 

characteristics to 

ensure safe flight 

1E 

Insufficient 

Altitude 

Insufficient thrust 

to weight ratio 

Rocket does not 

meet minimum 

altitude 

requirement 

3C Ensure use 

of proper 

motor for 

vehicle and 

payload 

design, 

flight tests 

Analyze altimeter 

results from flight 

tests 

3E 

Excessive 

Altitude 

Excessive thrust to 

weight ratio 

Rocket exceeds 

the maximum 

altitude 

requirement 

3C Ensure use 

of proper 

motor for 

vehicle and 

payload 

design, 

flight tests 

Analyze altimeter 

results from flight 

tests  

3E 

Low Exit 

Velocity 

High friction 

coefficient 

between rail and 

rail buttons, 

insufficient motor 

impulse 

Apogee decreases, 

flight becomes 

unstable and 

unpredictable 

2D Motor will 

be carefully 

selected, 

components 

in contact 

with rail 

will be 

inspected 

Simulation of 

motor with vehicle 

design and weight, 

confirmation of 

rail button validity 

on the flight SOP 

2E 

High 

Descent 

Velocity 

Improper design or 

packing of 

recovery system 

Vehicle flies 

beyond the 

boundary, not 

3C Calculations 

double 

checked; 

recovery 

Subscale flight 

tests and ground 

tests 

3E 
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Risk Assessment and Mitigation 

Topic: Flight 

Risk Cause Effect Pre-RAC Mitigation Verification 
Post-

RAC 

recoverable, 

disqualification 

system 

packed 

carefully 

Inaccurate 

Calculation 

or 

simulation 

Human error, 

Incorrect mass of 

components, 

inaccurate 

dimensions, 

inaccurate thrust 

resulting in wrong 

simulation in 

OpenRocket 

Flight results 

unexpected, 

unpredictable 

flight 

2C Careful 

calculations 

with 

multiple 

checks, 

individual 

members 

will assign 

materials to 

their 

specific 

parts 

Leads responsible 

for checking 

calculations and 

information 

entered into open 

rocket 

2E 

Avionics 

Failure 

Batteries faulty or 

dislodged during 

flight 

Sensors and 

components in 

avionics bay fail, 

and flight is 

undocumented 

and unmanageable 

3C Batteries 

charged and 

extra on 

hand 

Batteries checked 

off for full charge 

in the flight SOP  

3E 

High 

Internal 

Pressure 

Improper design of 

ejection methods 

and motor firing 

The pressure will 

cause the body 

tube to 

collapse,  resulting 

in an unstable 

dangerous flight 

2B Firing 

system 

designs will 

be double 

checked in 

simulations, 

flight tests 

Ground and 

subscale flight 

tests 

2E 
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16 Appendix J (NASA Requirements) 

NASA Requirements 

General Requirements 

Requirement 

Number 
Description 

Verification 

Type 
Verification Plan 

Verification 

Progress 

NASA-1.1 Students on the team 

do 100% of the 

project. 

Demonstration CRW will maintain detailed 

documentation and scheduling 

to ensure all work is assigned 

and traceable to specific team 

members.  Mentors and 

faculty maintain an 

exclusively advisory role. 

In Progress 

NASA-1.2 Team will provide and 

maintain a project 

plan. 

Demonstration CRW management will 

demonstrate progress and 

scheduling with organizational 

charts and plans to ensure 

team awareness of project plan 

and facilitate cooperation. See 

PDR Section 6 

In Progress 

NASA-1.3 Foreign National team 

members must be 

identified by the PDR. 

Inspection Team will receive email 

confirmation for Foreign 

National team member 

identification message 

Complete 

NASA-1.4 Team must identify all 

team members 

attending launch week 

activities by the CDR. 

Demonstration Team will survey members to 

determine who will be in 

attendance 

In Progress 

NASA-1.5 Team will engage a 

minimum of 200 

participants in 

educational outreach. 

Inspection Participant count will be 

collected at each educational 

outreach event. 

In Progress 

NASA-1.6 Team will establish a 

social media presence. 

Inspection Team will communicate a 

social media handle to NASA 

and ensure that it has a 

minimum of 100 followers 

In Progress 

NASA-1.7 Team will email all 

deliverables to the 

NASA project 

management team by 

the deadline specified. 

Inspection The CRW project manager 

will email all final 

deliverables to the NASA 

project management team 

before deadlines. 

In Progress 

NASA-1.8 All deliverables must 

be in PDF format. 

Inspection CRW Project manager will 

confirm that all deliverables 

are in PDF format prior to 

submission. 

In Progress 

NASA-1.9 In every report, teams 

will provide a table of 

contents including 

major sections and 

their respective sub-

sections. 

Inspection The technical writing 

coordinator will verify 

visually that a table of 

contents is present. See PDR 

section ‘Table of Contents’. 

In Progress 

NASA-1.10 In every report, the 

team will include the 

Demonstration The Technical Writing 

Coordinator will visually 

In Progress 
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NASA Requirements 

General Requirements 

Requirement 

Number 
Description 

Verification 

Type 
Verification Plan 

Verification 

Progress 

page number at the 

bottom of the page. 

confirm that each report has a 

page number at the bottom of 

each page at multiple points 

before the submission 

deadline. 

NASA-1.11 Team will provide any 

computer equipment 

necessary to perform a 

video teleconference 

with review panel. 

Demonstration CRW will utilize the video 

teleconference equipment 

provided at the Johnson 

Research Center classroom.  

Complete 

NASA-1.12 Team will be required 

to use the launch pad 

provided by Student 

Launch’s launch 

services provider. 

Inspection CRW rocket will be 

compatible with the launch 

equipment provided at the 

competition site. 

Incomplete 

NASA-1.13 Each team must 

identify a “mentor”. 

Demonstration CRW identified a project 

mentor in PDR subsection 1.1 

Complete 

NASA Requirements 

Vehicle Requirements 

Requirement 

Number 

Description Verification Type Verification Plan Verification 

Progress 

NASA-2.1 The vehicle will 

deliver the payload 

to an apogee altitude 

between 3,500 and 

5,500 feet AGL 

Analysis The vehicle apogee will 

be calculated as well as 

simulated to confirm 

that it falls within the 

required range.  

Incomplete 

NASA-2.2 Team shall declare 

target altitude at the 

PDR milestone 

Demonstration Target altitude declared 

in PDR Section 3.5.1 

Complete 

NASA-2.3 The vehicle will 

carry one 

commercially 

available, barometric 

altimeter for 

recording the official 

altitude used in 

determining the 

Altitude Award 

winner.  

Inspection The vehicle will carry 

two StratoLogger CF 

Altimeters. The team 

will confirm by 

inspection that two 

StratoLogger CF 

altimeters are properly 

installed before each 

launch. See PDR 

Section 3.3.9.1.  

Complete 

NASA-2.4 The launch vehicle 

will be designed to 

be recoverable and 

reusable. Reusable is 

defined as being able 

to launch again on 

the same day without 

Test The launch vehicle will 

be designed such that it 

is recoverable and 

reusable. Recovery and 

re-use will be tested 

through full-scale 

Incomplete 
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repairs or 

modifications. 

launches. See PDR 

Section 3.6, Table 27 

NASA-2.5 The launch vehicle 

will have a 

maximum of four 

independent sections. 

Demonstration Following all 

deployment events, the 

launch vehicle will 

have a maximum of 

four independent 

sections. This will be 

demonstrated on all 

subscale and full-scale 

test flights. See PDR 

Section 3.3.  

Incomplete 

NASA-2.5.1 Coupler/airframe 

shoulders at 

separation points will 

be at least 1 body 

diameter in length 

Inspection The coupler/airframe 

shoulder at each 

separation point shall 

be measured to confirm 

a minimum length of 1 

body diameter. See 

PDR Section 3.2.2 

Incomplete 

NASA-2.5.2 Nosecone shoulders 

at separation points 

will be at least 1/2 

body diameter in 

length. 

Inspection The nosecone shoulder 

shall be measured to 

confirm a minimum 

length of 1/2 body 

diameter. See PDR 

Section 3.2.1 

Incomplete 

NASA-2.6 The launch vehicle 

will be capable of 

being prepared for 

flight at the launch 

site within 2 hours of 

the time the FAA 

flight waiver opens.  

Test The launch team shall 

assemble the vehicle 

under simulated launch-

day conditions to verify 

that the vehicle is 

capable of being 

prepared within 2 hours 

prior to the Vehicle 

Demonstration Flight. 

See PDR Section 3.6, 

Table 27 

Incomplete 

NASA-2.7 The launch vehicle 

and payload will be 

capable of remaining 

in launch-ready 

configuration on the 

pad for a minimum 

of 2 hours. 

Test Both the launch vehicle 

and payload will be 

bench-tested to confirm 

that they are capable of 

remaining in launch-

ready configuration on 

the pad for 2 hours. See 

PDR Section 3.3.9.1 

and PDR Section 4.5, 

Table 53 

Incomplete 

NASA-2.8 The launch vehicle 

will be capable of 

being launched by a 

standard 12-volt 

Demonstration The launch vehicle 

igniter circuit will be 

activated using a 

standard 12-volt direct 

current firing system at 

Incomplete 
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direct current firing 

system. 

the Vehicle 

Demonstration Flight, 

and voltage will be 

checked prior to 

ignition. 

NASA-2.9 The launch vehicle 

will require no 

external circuitry or 

special ground 

support equipment to 

initiate launch. 

Demonstration The launch vehicle 

activation will be 

dependent only on 

provided launch-day 

firing system. It will be 

designed to be self-

contained and include 

no external wiring 

systems, and 

demonstrated as such in 

the subscale and full 

scale demonstration 

flights. 

Incomplete 

NASA-2.10 The launch vehicle 

will use a 

commercially 

available solid motor 

propulsion system 

using ammonium 

perchlorate 

composite 

propellant. 

Inspection The team will confirm 

that the selected motor 

meets this requirement 

by inspecting 

manufacturer data 

sheets on the selected 

motor. See PDR 

Section 3.2.5 

Incomplete 

NASA-2.10.1 Final motor choice 

will be declared by 

the Critical Design 

Review (CDR) 

milestone. 

Inspection The Chief Engineer will 

inspect the CDR Report 

to ensure that the motor 

choice has been 

declared before 

submission.  

Incomplete 

NASA-2.10.2 Any motor change 

after CDR must be 

approved by the 

NASA Range Safety 

Officer (RSO) and 

will only be 

approved if the 

change is for the sole 

purpose of increasing 

the safety margin. 

Demonstration The team shall seek 

NASA RSO approval 

should a motor change 

be necessary after CDR.  

Incomplete 

NASA-2.11 The launch vehicle 

will be limited to a 

single stage. 

Demonstration By design, the launch 

vehicle is limited to a 

single stage. See PDR 

Section 3.2 

In progress 

NASA-2.12 The total impulse 

provided by a 

College or 

University launch 

Inspection The team will select an 

L-class motor, and 

confirm that the selcted 

motor does not exceed 

Incomplete 
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vehicle will not 

exceed 5,120 

Newton-seconds (L-

class). 

5,120 Newton-seconds 

total impulse by 

inspecting manufacturer 

data sheets on the 

selected motor.  

NASA-2.13 Pressure vessels on 

the vehicle will be 

approved by the 

RSO and will meet 

the following 

criteria: 

Demonstration Neither the launch 

vehicle nor the payload 

are designed to 

incorporate a pressure 

vessel. Requirement is 

not applicable.  

Not applicable 

NASA-2.13.1 The minimum factor 

of safety will be 4:1 

with supporting 

design 

documentation 

included in all 

milestone reviews. 

Demonstration Neither the launch 

vehicle nor the payload 

are designed to 

incorporate a pressure 

vessel. Requirement is 

not applicable.  

Not applicable 

NASA-2.13.2 Each pressure vessel 

will include a 

pressure relief valve 

that sees the full 

pressure of the tank 

and is capable of 

withstanding the 

maximum pressure 

and flow rate of the 

tank. 

Demonstration Neither the launch 

vehicle nor the payload 

are designed to 

incorporate a pressure 

vessel. Requirement is 

not applicable.  

Not applicable 

NASA-2.13.3 The full pedigree of 

the tank will be 

described, including 

the application for 

which the tank was 

designed and the 

history of the tank. 

Demonstration Neither the launch 

vehicle nor the payload 

are designed to 

incorporate a pressure 

vessel. Requirement is 

not applicable.  

Not applicable 

NASA-2.14 The launch vehicle 

will have a minimum 

static stability 

margin of 2.0 at the 

point of rail exit. 

Analysis The launch vehicle 

static stability will be 

found by simulation. 

See PDR Section 3.5.3 

In progress 

NASA-2.15 Any structural 

protuberance on the 

rocket will be 

located aft of the 

burnout center of 

gravity. 

Analysis The burnout center of 

gravity will be 

calculated by 

simulation, and all 

structural protuberances 

will be located aft of 

the burnout center of 

gravity. See PDR 

Section 3.5.3 

In progress 

NASA-2.16 The launch vehicle 

will accelerate to a 

Analysis The launch vehicle rail 

exit velocity will be 

In progress 
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minimum velocity of 

52 fps at rail exit. 

found by simulation. 

See PDR Section 3.5.2 

NASA-2.17 Team will 

successfully launch 

and recover a 

subscale model of 

their rocket prior to 

CDR. 

Test A subscale test flight 

will be conducted to 

collect flight data to 

verify the accuracy of 

simulations. See PDR 

Section 3.5.4 

In progress 

NASA-2.17.1 Subscale model 

should resemble and 

perform as similarly 

as possible to the 

full-scale model. 

Test The subscale rocket is a 

1/2 scale model of the 

final CRW rocket. It is 

designed with the CG 

and CP in the same 

relative location to the 

full-scale rocket. A 

subscale test flight will 

be conducted in order to 

verify the accuracy of 

computer simulations. 

See PDR Section 3.2.4 

Complete 

NASA-2.17.2 The subscale model 

will carry an 

altimeter capable of 

recording the model's 

apogee altitude. 

Inspection The subscale will carry 

two StratoLogger CF 

altimeters. The team 

will confirm that two 

StratoLogger CF 

altimeters are installed 

before launch. See PDR 

Section 3.2.4 

In progress 

NASA-2.17.3 The subscale rocket 

must be a newly 

constructed rocket, 

designed and built 

specifically for this 

year's project. 

Demonstration The subscale rocket 

shall be a newly 

constructed rocket that 

models the unique 

features of the 2020 

CRW full-scale rocket. 

In progress 

NASA-2.17.4 Proof of a successful 

flight shall be 

supplied in the CDR 

report. Altimeter 

data output can be 

used for this. 

Demonstration Subscale launch 

altimeter data and 

analysis will be 

included in the CDR 

report.  

Incomplete 

NASA-2.18 All teams will 

complete 

demonstration flights 

as outlined below. 

Demonstration See Below:   

NASA-2.18.1 Team will 

successfully launch 

and recover their 

full-scale rocket 

prior to FRR in its 

final flight 

configuration. Must 

Test The team plans to do 

the vehicle 

demonstration flight 

before the FRR 

submission. All data 

and analysis of the 

demonstration flight 

Incomplete 
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be the same rocket to 

be flown on launch 

day. The following 

criteria must also be 

met during full-scale 

demonstration flight: 

will be included in the 

FRR. See PDR Section 

3.6 Table 27  

NASA-2.18.1.1 The vehicle and 

recovery system will 

have functioned as 

designed. 

Test Flight behavior and 

data will be inspected to 

verify that the launch 

vehicle meets the 

defined mission success 

criteria, as described in 

PDR Section 3.6 Table 

27 

Incomplete 

NASA-2.18.1.2 The full-scale rocket 

must be a newly 

constructed rocket, 

designed and built 

specifically for this 

year's project. 

Demonstration The team plans to 

construct two full scale 

rockets that are newly 

designed and built for 

the current year.  

In progress 

NASA-2.18.1.3 The payload does not 

have to be flown 

during the full-scale 

Vehicle 

Demonstration 

Flight. The following 

requirements still 

apply: 

Demonstration The team will not fly 

the payload on the 

Vehicle Demonstration 

Flight. See PDR 

Section 3.6 

Incomplete 

NASA-

2.18.1.3.1 

If the payload is not 

flown, mass 

simulators will be 

used to simulate the 

payload mass. 

Analysis Payload mass shall be 

determined by 

simulation and/or 

measurement of the 

actual payload. These 

parameters shall be 

replicated on the mass 

simulator for the 

Vehicle Demonstration 

Flight. 

Incomplete 

NASA-

2.18.1.3.2 

The mass simulators 

will be located in the 

same approximate 

location on the 

rocket as the missing 

payload mass. 

Analysis The center of gravity of 

the mass simulator will 

be positioned at the 

same approximate 

location as the center of 

gravity of the payload. 

See PDR Section 3.2.1 

Incomplete 

NASA-2.18.1.4 If the payload 

changes the external 

surfaces of the rocket 

or manages the total 

energy of the 

vehicle, those 

Demonstration The payload is not 

designed to change the 

external surfaces of the 

rocket nor manage the 

total energy of the 

Not Applicable 
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systems will be 

active during the 

full-scale Vehicle 

Demonstration 

Flight. 

vehicle. Requirement is 

not applicable. 

NASA-2.18.1.5 Team will fly the 

launch day motor for 

the Vehicle 

Demonstration 

Flight. 

Demonstration The Vehicle 

Demonstration Flight 

will utilize the launch 

day motor as declared 

in the CDR. 

Incomplete 

NASA-2.18.1.6 The vehicle must be 

flown in its fully 

ballasted 

configuration during 

the Full-Scale Test 

Flight. 

Inspection The Chief Engineer 

shall inspect the vehicle 

prior to flight to verify 

that the vehicle is in its 

fully ballasted 

configuration for the 

Vehicle Demonstration 

Flight 

Incomplete 

NASA-2.18.1.7 After completion of 

the Full-Scale 

Demonstration 

Flight, the launch 

vehicle or any of its 

components will not 

be modified. 

Demonstration The Team shall 

preserve all components 

and configurations used 

on the Vehicle 

Demonstration Flight. 

The team will verify 

that the vehicle is the 

same components and 

configuration used for 

Demonstration Flight 

will be used for Launch 

Day.  

Incomplete 

NASA-2.18.1.8 Proof of a successful 

flight shall be 

supplied in the FRR 

report. Altimeter 

data output is 

required. 

Demonstration Full-Scale 

Demonstration Flight 

altimeter data and 

analysis will be 

included in the FRR 

Report. See PDR 

Section 3.6 

Incomplete 

NASA-2.18.1.9 Vehicle 

Demonstration 

flights must be 

completed by the 

FRR submission 

deadline. 

Demonstration The team plans to do 

the vehicle 

demonstration flight 

before the FRR 

submission. All data 

and analysis of the 

demonstration flight 

will be included in the 

FRR. See PDR Section 

3.6 Table 25  

Incomplete 

NASA-2.18.2 Team will 

successfully launch 

and recover their 

full-scale rocket 

Test The team will launch 

and recover the full-

scale rocket containing 

the completed payload 

Incomplete 
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containing the 

completed payload 

prior to the Payload 

Demonstration Flight 

deadline. The 

following criteria 

must be met during 

the Payload 

Demonstration 

Flight: 

in the Payload 

Demonstration Flight as 

described in PDR 

Section 3.6, Table 25. 

The flight shall be 

completed before the 

Payload Demonstration 

Flight deadline.  

NASA-2.18.2.1 The payload must be 

fully retained until 

the intended point of 

deployment, all 

retention 

mechanisms must 

function as designed 

and not sustain 

damage requiring 

repair. 

Test Proper function of the 

retention mechanisms 

will be evaluated during 

the Payload 

Demonstration Flight as 

described in PDR 

Section 3.6, Table 25. 

In progress 

NASA-2.18.2.2 The payload flown 

must be the final, 

active version. 

Test The payload must pass 

the ground test, as 

described in PDR 

Section 4.5, Table 51, 

prior to the Payload 

Demonstration Flight 

Incomplete 

NASA-2.18.2.3 If the above criteria 

are met during the 

original Vehicle 

Demonstration Flight 

and the information 

is included in the 

FRR, the additional 

flight and FRR 

Addendum is not 

required. 

Demonstration The team will not fly 

the payload on the 

Vehicle Demonstration 

Flight. The Payload 

Demonstration Flight 

will follow. See PDR 

Section 3.6, Table 25 

  

NASA-2.18.2.4 Payload 

Demonstration 

Flights must be 

completed by the 

FRR Addendum 

deadline. 

Demonstration The team shall 

complete the Payload 

Demonstration Flight 

before the FRR 

Addendum Deadline. 

Incomplete 

NASA-2.19 An FRR Addendum 

is required if the 

Payload 

Demonstration Flight 

or NASA-required 

Vehicle 

Demonstration Re-

flight is completed 

Demonstration The team will complete 

and submit an FRR 

Addendum if the 

Payload Demonstration 

Flight or a NASA-

required Vehicle 

Demonstration Re-

flight is completed after 

Incomplete 
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after the submission 

of the FRR. 

the submission on the 

FRR. 

NASA-2.19.1 If team fails to 

submit the FRR 

Addendum by the 

deadline after a 

required Vehicle 

Demonstration Re-

Flight, they will not 

be permitted to fly 

the vehicle at launch 

week. 

Demonstration The team will complete 

and submit an FRR 

Addendum if the 

Payload Demonstration 

Flight or a NASA-

required Vehicle 

Demonstration Re-

flight is completed after 

the submission on the 

FRR. 

Incomplete 

NASA-2.19.2 Team will not be 

permitted to fly the 

payload at launch 

week if they fail to 

qualify the payload 

by satisfactorily 

completing the 

Payload 

Demonstration Flight 

requirement. 

Demonstration Team shall complete 

the Payload 

Demonstration Flight 

before the FRR 

Addendum Deadline. 

Incomplete 

NASA-2.19.3 If team completes a 

Payload 

Demonstration Flight 

that is not fully 

successful, they may 

petition to fly the 

payload at launch 

week. 

Demonstration The team will petition 

to fly the payload at 

launch week if the 

Payload Demonstration 

Flight is not fully 

successful.  

Incomplete 

NASA-2.20 The team's name and 

launch day contact 

information shall be 

in or on the rocket 

airframe as well in or 

on any section of the 

vehicle that separates 

during flight and is 

not tethered to the 

main airframe. 

Inspection The Chief Engineer will 

inspect the launch 

vehicle and independent 

payload to verify that 

the team's name and 

launch day contact 

information is visible.  

Incomplete 

NASA-2.21 All lithium Polymer 

batteries will be 

sufficiently protected 

from impact with the 

ground and will be 

brightly colored, 

clearly marked as a 

fire hazard, and 

easily 

distinguishable from 

Inspection The Chief Engineer will 

inspect all Lithium 

Polymer battery 

protection, security, 

coloring, marking, and 

ease of identification 

before each launch 

Incomplete 
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other payload 

hardware. 

NASA-2.22 The following are 

prohibited on the 

vehicle: 

Demonstration See below:   

NASA-2.22.1 The launch vehicle 

will not utilize 

forward canards. 

Demonstration The launch vehicle will 

not utilize forward 

canards. See PDR 

Section 3.2.1 

In Progress 

NASA-2.22.2 The launch vehicle 

will not utilize 

forward firing 

motors. 

Demonstration The launch vehicle will 

not utilize forward 

firing motors. See PDR 

Section 3.2.5 

In Progress 

NASA-2.22.3 The launch vehicle 

will not utilize 

motors that expel 

titanium sponges. 

Demonstration The launch vehicle will 

not utilize a motor that 

expels titanium 

sponges. The team 

intends to use an 

Aerotech L1420R. See 

PDR Section 3.2.5 

In Progress 

NASA-2.22.4 The launch vehicle 

will not utilize 

hybrid motors. 

Demonstration The launch vehicle will 

utilize a commercial 

solid motor. The team 

intends to use an 

Aerotech L1420R. See 

PDR Section 3.2.5 

In Progress 

NASA-2.22.5 The launch vehicle 

will not utilize a 

cluster of motors. 

Demonstration The vehicle will not 

utilize a cluster of 

motors. See PDR 

Section 3.2.5 

In Progress 

NASA-2.22.6 The launch vehicle 

will not utilize 

friction fitting for 

motors. 

Demonstration The launch vehicle will 

not utilize friction 

fitting for motors. The 

launch vehicle is 

designed to have an 

Aeropack Motor 

retention ring. See PDR 

Section 3.2.3 

Incomplete 

NASA-2.22.7 The launch vehicle 

will not exceed 

Mach 1 at any point 

during flight. 

Analysis Maximum velocity will 

be determined by 

simulation to verify that 

the launch vehicle does 

not exceed Mach 1 at 

any point during a 

flight. Additionally, 

flight data will be 

analyzed following the 

subscale and all full-

scale launches to ensure 

that the launch vehicle 

Incomplete 
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does not exceed Mach 1 

at any point during a 

flight. See PDR Section 

3.5.2 

NASA-2.22.8 Vehicle ballast will 

not exceed 10% of 

the total unballasted 

weight of the rocket 

as it would sit on the 

pad. 

Inspection The unballasted vehicle 

and proposed vehicle 

ballast will be weighed 

independently to verify 

that the ballast does not 

exceed 10% of the total 

unballasted weight of 

the rocket.  

Incomplete 

NASA-2.22.9 Transmissions from 

onboard transmitters 

will not exceed 250 

mW of power (per 

transmitter). 

Inspection Manufacturer 

datasheets will be 

inspected for all 

onboard transmitters to 

verify that 

transmissions will not 

exceed 250 mW per 

transmitter. See PDR 

Section 3.3.9 and 4.4.2 

Complete 

NASA-2.22.10 Transmitters will not 

create excessive 

interference. Team 

must utilize unique 

frequencies, hand-

shake/passcode 

systems, or other 

means to mitigate 

interference caused 

to or received from 

other teams. 

Analysis The team shall use 

transmitters and 

receivers capable of 

frequency hopping, 

which will prevent 

interference and ensure 

that the transmitter and 

receiver remain paired 

during operation. 

In progress 

NASA-2.22.11 Excessive and/or 

dense metal will not 

be utilized in the 

construction of the 

vehicle. 

Demonstration The majority of the 

Vehicle and Payload 

have been designed to 

use light weight, low 

density, aerospace 

materials. Only 

fasteners and a few 

select components will 

use dense metals.  

In progress 
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NASA Requirements 

Recovery System Requirements 

Requirement 

Number 

Description Verification Type Verification Plan Verification 

Progress 

NASA-3.1 The launch vehicle will 

stage the deployment of 

its recovery devices, 

where a drogue 

parachute is deployed at 

apogee, and a main 

parachute is deployed at 

a lower altitude. 

Demonstration The vehicle will be 

designed such that it will 

stage the deployment of its 

recovery devices, where a 

drogue parachute is 

deployed at apogee, and a 

main parachute is deployed 

at a lower altitude. This 

will be demonstrated 

through subscale and full-

scale test flights. See PDR 

sections 3.3.1 and 3.3.7. 

Incomplete 

NASA-3.1.1 The main parachute 

shall be deployed no 

lower than 500 feet 

Demonstration The recovery system will 

be designed such that the 

main parachute will be 

deplyed no lower than 500 

feet. This will be 

demonstrated through 

subscale and full-scale test 

flights. See PDR section 

3.3.7. 

  

NASA-3.1.2 The apogee event may 

contain a delay of no 

more than 2 seconds. 

Demonstration The Chief Engineer will 

review the altimeter 

programming to ensure 

that the main and backup 

altimeters do not contain a 

delay of more than 2 

seconds after apogee. See 

PDR Section 3.3.1. 

Incomplete 

NASA-3.1.3 Motor ejection is not a 

permissible form of 

primary or secondary 

deployment. 

Demonstration Motor ejection will not be 

used for primary or 

secondary deployment. See 

PDR Section 3.3.1 

In Progress 

NASA-3.2 Each team must 

perform a successful 

ground ejection test for 

both the drogue and 

main parachutes. This 

must be done prior to 

the initial subscale and 

full-scale launches 

Test Full-scale and subscale 

recovery system 

deployment tests will be 

conducted to verify that the 

deployment systems 

reliably fire and are 

powerful enough to deploy 

the parachutes. Team shall 

conduct these tests prior to 

each flight. See PDR 

Section 3.6, Table 25 

Incomplete 
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NASA Requirements 

Recovery System Requirements 

Requirement 

Number 

Description Verification Type Verification Plan Verification 

Progress 

NASA-3.3 Each independent 

section of the launch 

vehicle will have a 

maximum kinetic 

energy of 75 lb-ft at 

landing 

Analysis Parachutes are selected to 

meet kinetic energy, drift 

radius, and descent time 

requirements. Kinetic 

energy of each section will 

be determined by 

simulation, and data will 

be collected during full-

scale test flights to verify 

maximum kinetic energy 

remains below 75 lb-ft at 

landing. See section 3.3.3 

and Tables 10-11 in section 

3.3.3. 

In Progress 

NASA-3.4 The recovery system 

will contain redundant, 

commercially available 

altimeters. 

Demonstration The vehicle will carry two 

StratoLogger CF 

Altimeters. The Chief 

Engineer will confirm by 

inspection that two 

StratoLogger CF altimeters 

are installed before launch. 

See section 3.3.9 and 

3.3.9.1. 

Incomplete 

NASA-3.5 Each altimeter will have 

a dedicated power 

supply, and all recovery 

electronics will be 

powered by 

commercially available 

batteries.  

Demonstration Each Altimeter will have a 

dedicated 9V battery as 

power supply and will be 

wired independently. See 

PDR Section 3.3.9.1. 

Incomplete 

NASA-3.6 Each altimeter will be 

armed by a dedicated 

mechanical arming 

switch that is accessible 

from the exterior of the 

rocket airframe when 

the rocket is in the 

launch configuration on 

the launch pad.  

Demonstration Each Altimeter will have 

an independent SPST 

mechanical switch 

accessible from the 

outside.  See PDR Section 

3.3.9. 

Incomplete 

NASA-3.7 Each arming switch will 

be capable of being 

locked in the ON 

position for launch (i.e. 

cannot be disarmed due 

to flight forces) 

Inspection Switch selected cannot be 

disarmed use to flight 

forces. See PDR Section 

3.3.9 

Incomplete 
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NASA Requirements 

Recovery System Requirements 

Requirement 

Number 

Description Verification Type Verification Plan Verification 

Progress 

NASA-3.8 The recovery system 

electrical circuits will 

be completely 

independent of any 

payload electrical 

circuits.  

Demonstration The recovery circuitry is 

independent of the any 

other electrical circuits on 

the vehicle or payload. The 

Primary and Backup 

Altimeter circuitry are also 

independent of each other. 

See PDR Section 3.3.9. 

In Progress 

NASA-3.9 Removable shear pins 

will be used for both the 

main parachute 

compartment and 

drogue parachute 

compartment.  

Inspection The vehicle will be 

inspected to verify that 

removable shear pins are 

exclusively responsible for 

connecting separation 

points for the main 

parachute compartment 

and drogue parachute 

department. See PDR 

section 3.3.9. 

Incomplete 

NASA-3.10 The recovery area will 

be limited to a 2500 ft. 

radius from the launch 

pads.  

Test Parachutes are selected to 

meet kinetic energy, drift 

radius, and descent time 

requirements. Vehicle drift 

data will be collected 

during full-scale test flights 

to confirm calculated 

vehicle drift values. See 

PDR Section 3.3.4. 

Incomplete 

NASA-3.11 Descent time will be 

limited to 90 seconds 

(apogee to touch down).  

Test Parachutes are selected to 

meet kinetic energy, drift 

radius, and descent time 

requirements. Descent time 

will be collected during 

full-scale test flights to 

confirm calculated descent 

times. See PDR section 

3.3.3 and leading design in 

PDR section 3.3.7. 

Incomplete 

NASA-3.12 An electronic tracking 

device will be installed 

in the launch vehicle 

and will transmit the 

position of the tethered 

vehicle or any 

independent section to a 

ground receiver.  

Test A tracker will be fitted in 

the vehicle and transmit the 

position of the launch 

vehicle. A tracking test 

will be conducted to verify 

that the tracker functions 

properly and to test its 

usable range. See PDR 

section 3.3.9.2. 

Incomplete 
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NASA Requirements 

Recovery System Requirements 

Requirement 

Number 

Description Verification Type Verification Plan Verification 

Progress 

NASA-3.12.1 Any rocket section or 

payload component, 

which lands untethered 

to the launch vehicle, 

will contain an active 

electronic tracking 

device. 

Test The payload, which will be 

an independent section 

once deployed, will carry 

an active tracker. A 

telemetry test will be 

conducted to verify that the 

on-board tracker functions. 

See PDR section 3.3.9.2. 

Incomplete 

NASA-3.12.2 The electronic tracking 

device(s) will be fully 

functional during the 

official flight on launch 

day.  

Test Electronic tracking devices 

will be checked for 

functionality during 

vehicle assembly 

procedures. See PDR 

section 3.3.9.2. 

Incomplete 

NASA-3.13 The recovery system 

electronics will not be 

adversely affected by 

any other on-board 

electronic devices 

during flight. 

Test The team will conduct 

interference testing on the 

recovery system in its final 

state to verify that the 

recovery system 

electronics will not be 

adversely affected by other 

on-board electronics during 

flight. See PDR Section 

3.3.9 

Incomplete 

NASA-3.13.1 The recovery system 

altimeters will be 

physically located in a 

separate compartment 

within the vehicle from 

any other radio 

frequency transmitting 

device and/or magnetic 

wave producing device.  

Inspection The recovery system 

altimeters will be located 

in a carbon fiber 

compartment, separate 

from any other radio 

frequency transmitting 

device and/or magnetic 

wave producing device. 

Altimeter separation will 

be confirmed by inspection 

before launch. See PDR 

section 3.3.9. 

Incomplete 

NASA-3.13.2 The recovery system 

electronics will be 

shielded from all 

onboard transmitting 

devices to avoid 

inadvertent excitation of 

the recovery system 

electronics 

Demonstration Recovery system 

electronics will be shielded 

within carbon fiber 

compartment. See PDR 

section 3.3.9. 

Incomplete 
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NASA Requirements 

Recovery System Requirements 

Requirement 

Number 

Description Verification Type Verification Plan Verification 

Progress 

NASA-3.13.3 The recovery system 

electronics will be 

shielded from all 

onboard devices which 

may generate magnetic 

waves (such as 

generators, solenoid 

valves, and Tesla coils) 

to avoid inadvertent 

excitation of the 

recovery system 

Demonstration Recovery system 

electronics will be shielded 

within carbon fiber 

compartment. See PDR 

section 3.3.9. 

Incomplete 

NASA-3.13.4 The recovery system 

electronics will be 

shielded from any other 

onboard devices which 

may adversely affect the 

proper operation of the 

recovery system 

electronics.  

Demonstration Recovery system 

electronics will be shielded 

within carbon fiber 

compartment. See PDR 

section 3.3.9. 

Incomplete 
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NASA Requirements 

Payload Experiment Requirements 

Requirement 

Number 
Description Verification Type Verification Plan 

Verification 

Progress 

NASA-4.1 High School/ Middle 

School Division 

Demonstration Not Applicable Not Applicable 

NASA-4.2 Teams will design a 

system capable of being 

launched in a high 

power rocket, landing 

safely, and recovering 

simulated lunar ice 

from one of several 

locations on the surface 

of the launch field.  

An additional 

experiment is allowed, 

but will not contribute 

to scoring. 

Test A Ground Test will be 

conducted to test the 

complete mission of the 

payload. See PDR Section 

4.5, Table 53 

Incomplete 

NASA-4.3 Lunar Ice Sample 

Recovery Mission 

Requirements 

Demonstration See below: - 

NASA-4.3.1 The launch vehicle will 

be launched from the 

NASA-designated 

launch area using the 

provided launch pad. 

All hardware utilized at 

the recovery site must 

launch on or within the 

launch vehicle.  

Demonstration The payload will contain 

all necessary hardware to 

maintain communication 

and control after separation 

from vehicle. All of which 

will be contained and 

launched within the launch 

vehicle. Refer to Section 

4.4.2 

Incomplete 

NASA-4.3.2 Five recovery areas will 

be located on the 

surface of the launch 

field. Teams may 

recover a sample from 

any of the recovery 

areas.  

Test A ground test will be 

conducted to test the 

complete mission of the 

payload. See PDR Section 

4.5, Table 53 

Incomplete 

NASA-4.3.3 The recovered ice 

sample will be a 

minimum of 10 mL 

Test An ice collection test will 

be conducted to test the 

payload's ability to collect 

the required volume of 

simulated ice. See PDR 

Section 4.5, Table 53. 

Incomplete 

NASA-4.3.4 Once the sample is 

recovered, it must be 

stored and transported 

10 linear feet from the 

recovery area 

Test A ground test will be 

conducted to test the 

complete mission of the 

payload. See PDR Section 

4.5, Table 53 

Incomplete 
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NASA Requirements 

Payload Experiment Requirements 

Requirement 

Number 
Description Verification Type Verification Plan 

Verification 

Progress 

NASA-4.3.5 Teams must abide by all 

FAA and NAR rules 

and regulations. 

Demonstration All team launches shall 

occur at NAR/TRA 

sanctioned events under the 

direction of an RSO. See 

PDR Section 5. 

Incomplete 

NASA-4.3.6 Black powder and/or 

similar energetics are 

only permitted for 

deployment of in-flight 

recovery systems. Any 

ground deployments 

must utilize mechanical 

systems. 

Demonstration The team has elected to 

utilize an air deployment 

method. Requirement is not 

applicable.  

Not Applicable 

NASA-4.3.7 Any part of the payload 

or vehicle that is 

designed to be 

deployed, whether on 

the ground or in the air, 

must be fully retained 

until it is deployed as 

designed. 

Test A retention test will be 

conducted. See PDR 

Section 4.5, Table 53  

Incomplete 

NASA-4.3.7.1 A mechanical retention 

system will be designed 

to prohibit premature 

deployment 

Test A retention test will be 

conducted. See PDR 

Section 4.5, Table 53 

Incomplete 

NASA-4.3.7.2 The retention system 

will be robust enough to 

successfully endure 

flight forces 

experienced during both 

typical and atypical 

flights 

Test A retention test will be 

conducted. See PDR 

Section 4.5, Table 53  

Incomplete 

NASA-4.3.7.3 The designed system 

will be fail-safe 

Test A retention test will be 

conducted. See PDR 

Section 4.5, Table 53 

Incomplete 

NASA-4.3.7.4 Exclusive use of shear 

pins will not meet this 

requirement 

Demonstration A mechcanical system will 

be used in conjunction with 

shear pins as a method of 

payload retention. See PDR 

Section 4.4.3 

Incomplete 

NASA-4.4 Special Requirements 

for UAVs and 

Jettisoned Payloads 

Demonstration See below: Complete 
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NASA Requirements 

Payload Experiment Requirements 

Requirement 

Number 
Description Verification Type Verification Plan 

Verification 

Progress 

NASA-4.4.1 Any experiment 

element that is 

jettisoned during the 

recovery phase will 

receive real-time RSO 

permission prior to 

initiating the jettison 

event.  

Demonstration The team will receive RSO 

approval prior to launch for 

the payload deployment 

event to initiate as 

programmed.  

Incomplete 

NASA-4.4.2 Unmanned aerial 

vehicle (UAV) 

payloads, if designed to 

be deployed during 

descent, will be tethered 

to the vehicle with a 

remotely controlled 

release mechanism until 

the RSO has given 

permission to release 

the UAV. 

Demonstration The team currently does 

not intend to use a UAV 

Complete 

NASA-4.4.3 Teams flying UAVs 

will abide by all 

applicable FAA 

regulations, including 

the FAA's Special Rule 

for Model Aircraft 

(Public Law 112-95 

Section 336).  

Demonstration The team currently does 

not intend to use a UAV 

Complete 

NASA-4.4.4 Any UAV weighing 

more than .55 lbs. will 

be registered with the 

FAA and the 

registration number 

marked on the vehicle 

Demonstration The team currently does 

not intend to use a UAV 

Complete 
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NASA Requirements 

Safety Requirements 

Requirement 

Number 

Description Verification 

Type 

Verification Plan Verification 

Progress 

NASA-5.1 The team will use a 

launch and safety 

checklist. 

Demonstration Standard operating 

procedures will be developed 

for all operations with a non-

minimal RAC, including 

launch and safety checklists 

and sign-off sheets. See PDR 

section 5.3.4.1 

Incomplete 

NASA-5.2 Each team must identify 

a student safety officer.  

Demonstration Student safety officer 

identified at project proposal. 

See PDR Section 5.1 

Complete 

NASA-5.3 The role and 

responsibilities of the 

safety officer will 

include, but are not 

limited to:  

Demonstration See below In Progress 

NASA-5.3.1 Monitor team activities 

with an emphasis on 

safety during: 5.3.1.1. 

Design of vehicle and 

payload 5.3.1.2. 

Construction of vehicle 

and payload components 

5.3.1.3. Assembly of 

vehicle and payload 

5.3.1.4. Ground testing of 

vehicle and payload 

5.3.1.5. Subscale launch 

test(s) 5.3.1.6. Full-scale 

launch test(s) 5.3.1.7. 

Launch day 5.3.1.8. 

Recovery activities 

5.3.1.9. STEM 

Engagement Activities 

Demonstration The safety officer will 

conduct safety briefings and 

monitor procedures to ensure 

adherence to regulations, 

SOPs, and launch and safety 

checklists. All SOPs will 

require the safety officer's 

signature to verify team 

compliance. See PDR 

Sections 5.1.2, 5.3.4.2 

In Progress 

NASA-5.3.2 Implement procedures 

developed by the team 

for construction, 

assembly, launch, and 

recovery activities. 

Demonstration SOPs will be developed, and 

procedure compliance will be 

verified by signatures from 

the safety officer and 

personnel. See PDR Section 

5.3.4.3 

Incomplete 

NASA-5.3.3 Manage and maintain 

current revisions of the 

team’s hazard analyses, 

failure modes analyses, 

procedures, and 

Demonstration Team safety documents will 

be compiled and maintained, 

and made available to the 

team as reference. See PDR 

Section 5.1.2, Appendices B 

through E, Appendix F, H  

In Progress 
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NASA Requirements 

Safety Requirements 

Requirement 

Number 

Description Verification 

Type 

Verification Plan Verification 

Progress 

MSDS/chemical 

inventory data. 

NASA-5.3.4 Assist in the writing and 

development of the 

team’s hazard analyses, 

failure modes analyses, 

and procedures. 

Demonstration Team safety documents and 

procedures will be compiled 

and made available to the 

team. See PDR Appendices B 

through E, Appendix H  

In Progress 

NASA-5.4 During test flights, teams 

will abide by the rules 

and guidance of the local 

rocketry club's RSO.  

Demonstration Safety compliance sheets will 

be signed by all personnel 

prior to rocket test flights, in 

accordance with the NAR 

High Power Rocket Safety 

Code and range regulations. 

See PDR Appendix A 

Incomplete 

NASA-5.5 Teams will abide by all 

rules set forth by the 

FAA 

Demonstration Safety compliance sheets will 

be signed by all personnel 

prior to rocket test flights, in 

accordance with FAA 

Regulations for Amateur 

Rockets. See PDR Appendix 

A 

Incomplete 
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17 Appendix K (UAH Derived Requirements)  

UAH Derived Requirement's 

Vehicle Team 

Requirement 

Number 

Description Justification Verification 

Type 

Verification 

Plan 

Verification 

Progress 

UAH-V-01 The vehicle 

shall reach an 

apogee of 4500 

± 250 ft 

To meet NASA-2.2, 

the team is required 

to identify their 

target altitude by 

PDR. The team has 

identified their target 

altitude as shown 

and tolerance in 

reaching it. 

Test Simulation of 

the flight based 

on the weight 

and thrust of the 

rocket motor 

will verify the 

apogee goal 

chosen. 

Calculated 

apogee shall be 

confirmed 

through test 

flights.  

In progress 

UAH-V-02 There shall be 

redundant, 

increasing 

black powder 

charges in the 

event of initial 

recovery 

system 

deployment 

failure. 

To meet NASA-2.7 

in the event of 

deployment failure, 

increasingly 

powerful charges 

will be ignited to 

force deployment. 

Test The black 

powder charge 

system for 

deployment of 

the recovery 

will be designed 

to include two 

attempts. Black 

powder testing 

will be done to 

find the correct 

amount for 

separation and 

that value will 

be increased for 

backup charges 

Incomplete 

UAH-V-03 Safety Factor 

for fin flutter 

shall be a 

minimum of 

1.50 to prevent 

excess 

vibrations or 

potential 

instability for 

the fins. 

To guarantee 

consistent and safe 

flight and meet 

NASA-2.1, the 

vehicle’s fins need 

to be stable. A factor 

of safety adds to 

confidence that this 

is achieved.  

Analysis All calculations 

done for the 

maximum 

expected forces 

on the fins will 

be conducted 

with the safety 

factor of 1.5. 

Complete 

UAH-V-04 GPS Tracker 

signal will not 

impose a 

charge on the 

e-matches or 

In order to maintain 

safe conditions with 

the igniter installed 

on the vehicle, 

onboard electronics 

such as the radio 

emitting GPS should 

Test Tests will be 

completed to 

ensure that GPS 

signals will not 

interfere with 

In progress 
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UAH Derived Requirement's 

Vehicle Team 

Requirement 

Number 

Description Justification Verification 

Type 

Verification 

Plan 

Verification 

Progress 

interfere with 

avionics. 

not interfere with the 

ignition system or 

cause an early 

ignition. NASA 

2.18.1.1 

ignition 

sequences 

UAH-V-05 The payload 

bay shall be a 

minimum 

nominal inside 

diameter of 6 

in. 

To ensure mission 

success and meet 

NASA-2.1 and 

NASA-4.2, the 

payload team has 

determined that the 

payload will require, 

at minimum, a 6 in 

diameter tube to 

package the rover.  

Inspection The payload bay 

will be 

inspected and 

measured to be 

at least 6 inches.  

In progress 

UAH-V-06 The launch 

mass shall be 

no more than 

50 lbs 

50 lbs is the 

maximum weight 

that will allow the 

rocket to reach 4500 

ft. with current 

motor selection 

along with meeting 

NASA-3.33 and 

NASA-3.11 

Inspection After 

construction, the 

system will be 

weighed and 

ballasted to 

meet simulated 

weight.  Prior to 

any launch it 

will be weighed 

again to ensure 

weight is under 

the requirement. 

In progress 

UAH-V-07 The vehicle 

shall be no 

more than 3 

independent 

sections, 

allowing the 

payload to 

serve as the 

fourth and final 

independent 

section.  

To meet NASA-2.5, 

while allowing the 

payload to descend 

on an independent 

parachute. 

Demonstration The design of 

the vehicle is 

such there are 

three 

independent 

sections. 

In progress 

UAH-V-08 The forward 

rail button shall 

be located aft 

of the pre-

launch, loaded, 

center of 

gravity 

If the forward rail 

button is located aft 

of the pre-launch, 

loaded center of 

gravity, then it will 

be located aft of the 

burnout center of 

gravity, because the 

center of gravity 

moves forward as 

Analysis The pre-launch, 

loaded center of 

gravity will be 

calculated by 

simulation, and 

all structural 

protuberances 

will be located 

aft of the pre-

In progress 
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UAH Derived Requirement's 

Vehicle Team 

Requirement 

Number 

Description Justification Verification 

Type 

Verification 

Plan 

Verification 

Progress 

the motor burns. See 

NASA-2.15 

launch, loaded 

center of gravity  

UAH-V-9 The forward 

rail button shall 

be the forward-

most structural 

protuberance 

If the forward rail 

button is the 

forward-most 

structural 

protuberance, and 

the forward rail 

button is located aft 

of the pre-launch, 

loaded center of 

gravity, all structural 

protuberances will 

be located aft of the 

burnout center of 

gravity. See NASA-

2.15 

Demonstration The design and 

build of the 

rocket is such 

that the forward 

rail button is the 

forward most 

structural 

protuberance. 

In progress 

UAH-V-10 Vehicle should 

be able to 

support loading 

of 1352 lbf 

from the main 

parachute 

deployment. 

Derived from 

NASA-2.4 requiring 

the vehicle to be 

reusable and 

recoverable. The 

chosen parachute 

generates a shock 

force of 1352 lbf on 

the vehicle if a 

safety factor of 1.5 is 

used, which was 

calculated in section 

3.3.6. 

Analysis Analysis for all 

components on 

load path will be 

performed along 

with drop tests 

on critical 

components 

In progress 
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UAH Derived Requirement's 2019-2020 

Recovery Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-R-01 The main 

parachute shall 

be deployed at 

an altitude of 

600 feet, with a 

backup of 550 

feet. 

From NASA-

3.1.1, this will 

ensure the 

main parachute 

deploys higher 

than the NASA 

requirement. 

Test The altimeter 

will be 

programmed to 

deploy the main 

parachute at an 

altitude of 600 

feet, and flight 

tests from Table 

27 will be done 

to verify that the 

parachute 

deploys 

correctly. See 

PDR section 

3.3.7 for leading 

design. 

In progress 

UAH-R-02 The main 

parachute shall 

have a 

Cd*Area value 

of no lower 

than 135 square 

inches. 

From NASA-

3.3. This is the 

smallest value 

of Cd*Area 

that can 

achieve the 

kinetic energy 

requirement of 

75 ft*lbf with 

the chosen 

vehicle weight. 

This number is 

from PDR 

section 3.3.3. 

NASA 3.3 

Analysis Parameters from 

vendor websites 

will be used to 

calculate the 

kinetic energy of 

the vehicle 

independent 

sections as well 

as the terminal 

velocity. A flight 

test from Table 

27 will verify 

that the kinetic 

energy of the 

sections are 

below 75 ft*bf. 

See PDR section 

3.3.3 for 

calculations. 

Complete 

UAH-R-03 The recovery 

harness length 

for the lower 

airframe and 

the recovery 

harness for the 

upper airframe 

shall be of 

unequal length. 

From NASA-

2.4, to ensure 

the vehicle is 

reusable after 

launch, the 

airframes 

should not be 

hitting each 

other during 

descent. See 

PDR section 

3.3.7. 

Inspection Before each 

launch, the 

recovery system 

of the vehicle 

will be checked 

to ensure that the 

recovery 

harnesses are the 

appropriate 

length for 

launch. 

In progress 
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UAH Derived Requirement's 2019-2020 

Recovery Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-R-04 The length of 

the recovery 

harness from 

the airframe to 

where the 

shroud lines are 

attached shall 

be longer than 

the parachute 

and its shroud 

lines. 

Derived from 

NASA-2.4, to 

ensure that the 

parachute 

leaves the 

body tube 

during the 

deployment 

event to ensure 

that the vehicle 

is reusable. See  

PDR section 

3.3.7. 

Inspection Before each 

launch, the 

recovery system 

of the vehicle 

will be checked 

to ensure that the 

recovery 

harnesses are the 

appropriate 

length for 

launch. 

In progress 

UAH-R-05 The bulkhead 

and recovery 

harness lines 

must be able to 

withstand the 

shock force of 

the main chute. 

Derived from 

NASA-2.4, to 

prevent 

component 

failure, to 

ensure that the 

vehicle is 

reusable. 

Test A Bulkhead Test 

from Table 27 

will be done to 

test the bulkhead 

and recovery 

harness lines' 

strength to 

ensure the shock 

force can be 

withstood. 

In progress 

UAH-R-06 No sharp 

objects shall be 

present in the 

avionics bay or 

parachute 

compartments. 

Derived from 

NASA-2.4. 

Eliminating 

sharp objects 

mitigates 

possibility of 

damage to 

either the 

parachutes or 

recovery 

harnesses, 

which may 

lead to 

recovery 

failure 

Inspection Before each 

launch, the 

recovery system 

of the vehicle 

and its 

compartments 

will be checked 

to ensure that no 

sharp objects or 

edges are 

present that 

could damage 

either the 

parachutes or 

recovery 

harnesses. 

In progress 
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UAH Derived Requirement's 2019-2020 

Recovery Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-R-07 The recovery 

system must 

have thermal 

protection from 

pyrotechnics 

that are used as 

ignition 

sources. 

From NASA-

2.4 requiring 

the vehicle to 

be reusable 

and 

recoverable.  

Inspection Thermal 

protections in 

the form of 

Nomex sleeves 

will be added to 

the recovery 

system to ensure 

that the harness 

lines and 

parachute are 

protected from 

the black 

powder charges. 

See PDR section 

3.3.8. 

In progress 

UAH-R-08 Altimeters and 

required 

electronics will 

be housed in an 

avionics bay in 

the coupler 

between the 

airframes. 

From NASA-

3.13.1 

requiring the 

altimeters be 

located in a 

separate 

compartment. 

Inspection An avionics bay 

will be 

manufactured to 

house the 

altimeters and 

electronics of 

the recovery 

system. See 

PDR section 

3.3.9. 

In progress 
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UAH Derived Requirements 

Payload Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-P-01 The payload must 

fit within a six inch 

diameter cross 

section. 

This is derived from 

the rocket body tube 

diameter of six 

inches. Payload 

must fit within this 

volume to be carried 

by the rocket. 

Derived from 

NASA-4.2 

Inspection Payload will 

be designed, 

built, and 

afterwards 

measured, to 

ensure it fits 

within body 

tube. PDR 

3.2.1 

In Progress 

UAH-P-02 The payload and 

deployment system 

shall weigh no 

more than 20 lbs. 

This is a 

requirement 

specified by the 

rocket team to 

ensure vehicle flight 

parameters are met 

with a chosen motor. 

Necessary for 

payload to be 

carried by rocket. 

Derived from 

NASA-4.2 and 

NASA-4.3.1 

Inspection Payload and 

deployment 

system will be 

designed and 

inspected to 

ensure weight 

requirements 

are met. PDR 

Section 4.4.4, 

Table 52 

In Progress 

UAH-P-03 The payload and 

deployment system 

shall be limited to 

24 inch in length 

due to rocket 

spacing constraints. 

This is a 

requirement 

specified by the 

rocket team to 

ensure sufficient 

space for vehicle 

recovery systems. 

Derived from 

NASA-4.2 and 

NASA-4.3.1 

Inspection Payload and 

deployment 

system will be 

designed and 

inspected to 

ensure 

volumetric 

requirements 

are met. PDR 

1.1.1 

In Progress 

UAH-P-04 The payload shall 

be capable of 

driving in multiple 

orientations. The 

symmetrical tracks 

allow the payload 

to operate in any 

orientation that 

both tracks are in 

contact with the 

ground. 

This is a 

requirement 

specified by the 

payload team so that 

flipping does not 

constitute mission 

failure. This will 

effect the rover's 

ability to complete 

sample collection. 

Derived from 

NASA-4.2  

Demonstration Payload will 

be ground 

tested to 

demonstrate 

upright and 

upside-down 

operation. 

PDR 4.5, 

Table 53 

Incomplete 
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UAH Derived Requirements 

Payload Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-P-05 The rover shall be 

capable of 

traversing at least 

0.6 miles 

The longest 

estimated distance to 

reach an ice deposit 

is 0.6 miles. Derived 

from NASA-3.10. 

Test Payload will 

be endurance 

tested to 

ensure battery 

life is 

sufficient. 

PDR Section 

4.5, Table 53 

Incomplete 

UAH-P-06 The rover shall be 

capable of 

supplying power 

for three hours 

The max mission 

time is one hour and 

the payload must be 

able to remain in 

launch-ready 

configuration on the 

pad for a minimum 

of 2 hours. Derived 

from NASA-2.7 and 

NASA-4.2. 

Analysis Battery 

chosen will be 

sufficient to 

provide 

calculated 

power with a 

safety factor 

PDR 4.4.2.1 

Table 50 

In Progress 

UAH-P-07 Telemetry must 

have a range of at 

least one mile. 

The farthest the 

payload can land 

from the viewing 

area, where the 

ground station will 

be, is approximately 

one mile. Derived 

from NASA-3.10. 

Demonstration Telemetry 

will be tested 

at 1 mile or 

more from 

ground station 

to ensure 

proper 

operations 

PDR 4.5 

Table 53 

Incomplete 

UAH-P-08 The rover shall not 

be able to get stuck 

on its side. 

This is a 

requirement 

specified by the 

payload team so that 

flipping onto a side 

will not constitute a 

mission failure. 

Doing so would 

result in mission 

failure. Derived 

from NASA-4.2 

Demonstration The rover will 

be ground-

tested to 

ensure it will 

not remain on 

its side. PDR 

4.5 Table 53 

Incomplete 
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UAH Derived Requirements 

Payload Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-P-10 The payload must 

be able to traverse 

2500 feet within 40 

minutes. 

Payload must 

traverse the 2500 ft. 

landing radius 

specified by 

requirements, with 

an added safety 

factor to ensure 

timely mission 

completion. Derived 

from NASA-3.10. 

Demonstration The payload 

will be 

ground-tested 

to ensure it 

will traverse 

allotted 

distance in 

allotted time. 

PDR 4.5 

Table 51 

Incomplete 

UAH-P-11 Payload motors 

must spin at 165 

rpm minimum to 

complete traverse 

mission within 

specified 40 minute 

window. 

Based on sprocket 

diameter of vehicle 

converted to linear 

velocity for 2500 ft 

maximum distance. 

Derived from 

NASA-4.2 

Inspection The 

manufacturer 

datasheet for 

the payload 

drive motor to 

verify that 

they meet 

RPM 

requirement. 

PDR 4.4.1.2 

Table 46 and 

Table 47 

In Progress 

UAH-P-12 Payload tracks must 

be able to withstand 

15 lbf of axial load 

in order to ensure 

durability during 

mission phase. 

Maximum applied 

load of 15 lbf-in by 

motors necessitates 

track performance 

requirements. Track 

failure would result 

in mission failure. 

Derived from 

NASA-4.2 

Testing Payload tracks 

will be 

strength tested 

up to 15 lbf 

axial load. 

Incomplete 

UAH-P-13 Payload must be 

able to withstand 75 

lbf-ft maximum 

impact energy 

when contacting 

ground. 

75 lbf-ft maximum 

kinetic energy 

requirement due to 

separate payload 

deployment. 

Derived from 

NASA-3.3 

Testing A drop test 

shall be 

conducted to 

verify that the 

payload is 

capable of 

enduring the 

force of 

landing. See 

PDR Section 

4.5, Table 51 

Incomplete 
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UAH Derived Requirements 

Payload Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-P-14 Track tensioning 

device must be 

employed 

Necessary to 

mission completion, 

failure of 

appropriate track 

tension could result 

in failure to 

complete objectives. 

Derived from 

NASA-4.2 

Inspection Pre-flight 

check to 

ensure track is 

tension 

appropriate. 

In Progress 

UAH-P-15 Payload drivetrain 

components, i.e. 

sprockets, main 

idlers, and framing, 

must withstand 

track tensioning 

and motor torque 

forces, 15 lb*ft. 

All components 

must be able to 

withstand normal 

operating loads, 

which ensures the 

payload will not fail 

during the mission. 

Derived from 

NASA-4.2 

Analysis Components 

will be 

selected 

which have 

maximum 

torque and 

force 

capabilities in 

excess of 

applied loads. 

PDR 4.4.1.2 

In Progress 

UAH-P-16 The payload shall 

have maximum 

dimensions of 4" h 

x 4.25" w x 12" L 

If payload does not 

fit in vehicle, 

mission will result 

in failure. Derived 

from NASA-4.2 

Inspection Payload will 

be designed 

and measured 

to ensure it 

fits within 

specified 

volume. PDR 

4.4.1.2 

In Progress 

UAH-P-17 Scoop must have a 

minimum holding 

volume of 20 ml to 

ensure sufficient 

sample collection. 

To ensure sufficient 

sample collection, 

minimum 10 ml. 

Derived from 

NASA-4.3.3  

Analysis Scoop design 

will be 

analyzed to 

ensure 

holding 

volume is 

sufficient. 

PDR 4.3.1.4 

In Progress 

UAH-P-18 Parachute release 

must be 

incorporated into 

payload landing 

system 

Derived from 

mission success 

criteria, traversing  

the given distance in 

the allotted time. 

Derived from 

NASA-4.2 

Inspection Payload will 

be designed 

and inspected 

to ensure 

release 

mechanism is 

present and 

operational. 

PDR 4.3.3.2 

Incomplete 
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Payload Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-P-19 Payload retention 

system must be 

redundant 

To ensure payload is 

not released 

prematurely. 

Derived from 

NASA-4.3.7 and 

NASA-2.18.2.1 

Demonstration Payload 

retention 

systems will 

be 

independently 

validated to 

ensure they 

will work in a 

redundant 

fashion. PDR 

4.4.3 

Incomplete 

UAH-P-20 Payload power 

supply must operate 

at 11.1 volts 

Motors operate 

optimally between 

10-12 volts, this will 

be stepped down to 

supply power to 

other circuitry. 

Necessary to ensure 

proper payload 

operation. Derived 

from NASA-4.2 

Inspection Battery will 

be selected 

and inspected 

prior to launch 

to ensure it is 

operates with 

sufficient 

voltage and 

power. PDR 

4.3.2.6 

In Progress 

UAH-P-21 Tracks must 

incorporate acute 

sloping on leading 

edge 

To maximize 

performance in a 

majority of obstacle 

avoidance scenarios. 

If terrain cannot be 

traversed, mission 

will result in failure. 

Derived from 

NASA-4.2 

Analysis The payload 

will be 

designed to 

incorporate 

track sloping. 

PDR 4.4.1.2 

Complete 

UAH-P-22 Rover must 

incorporate two 

scoops, in upside-

down and right-

side-up orientations 

To ensure sample 

can be successfully 

collected in both 

orientations. If this 

is not possible, 

flipping of rover 

may result in 

mission failure. 

Derived from 

NASA-4.2 

Analysis The payload 

will be 

designed to 

incorporate 

two opposite-

oriented 

scoops, the 

function of 

which will be 

verified pre-

launch. PDR 

4.4.1.3 

Complete 
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UAH Derived Requirements 

Payload Team 

Requirement 

Number 

Description Justification Type Verification 

Plan 

Verification 

Progress 

UAH-P-23 Circuitry will 

incorporate current 

overdraw protection 

into design 

To avoid motor 

burnout and mitigate 

fire hazards. If these 

occur, may result in 

mission failure. 

Derived from 

NASA-4.2 

Inspection Built-in safety 

components, 

i.e. motor 

controllers, 

battery current 

protection will 

be reviewed to 

ensure their 

operation. 

PDR 4.3.2 

Incomplete 

UAH-P-24 Rover will 

incorporate fire 

protection into 

circuit and 

structural design. 

To limit or eliminate 

damage caused by 

heating or fire. 

Those conditions 

may result in 

mission failure. 

Derived from 

NASA-4.2 

Inspection Circuit boards 

will use FR4 

rated material 

to ensure 

survivability 

and rover 

interior will 

incorporate 

shielding from 

minor 

hazards. PDR 

4.3.2 

Incomplete 

UAH-P-25 Rover will be able 

to traverse rough, 

muddy, or 

otherwise 

challenging terrain, 

conforming to 

typical field 

conditions. 

If rover is not able 

to properly traverse 

terrain, mission 

success will be 

impossible. Derived 

from NASA-4.2 

Demonstration Payload will 

be ground-

tested in a 

variety of 

terrain 

conditions to 

ensure good 

performance. 

PDR 4.5 

Table 53 

Incomplete 

UAH-P-26 Payload must have 

its own tracking 

device. 

All independent 

sections must be 

separately tracked. 

Derived from 

NASA-3.12.1 

Testing Tracking 

device will be 

tested to 

ensure 

functionality, 

and will be 

inspected pre-

launch to 

ensure it is 

operational 

and 

functioning. 

PDR 4.5 

Table 53 

In Progress 

 


