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2 GENERAL INFORMATION

2.1 ADVISORS / STUDENT LEADERS

Faculty Advisor
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Western Michigan University

Associate Professor
kristina.lemmer@wmich.edu

Office: (269) 276-3417

Graduate Advisor

Chris Proctor
Western Michigan University

Mechanical Engineering PhD Candidate
christopher.c.proctor@wmich.edu

Launch Vehicle Team Lead

Kyle Chilla
Western Michigan University
Senior Aerospace Engineering

kyle.a.chilla@wmich.edu

Student Engagement Team Lead

Stephanie Howard
Western Michigan University

Sophomore Aerospace Engineering
stephanie.n.howard@wmich.edu

Project Lead

Jay Krebs
Western Michigan University
Senior Aerospace Engineering
jonathan.p.krebs@wmich.edu

Cell: (734) 812-3290

Safety Officer

Ethan Reid
Western Michigan University
Junior Aerospace Engineering

ethan.e.reid@wmich.edu

Mission Team Lead

Chase Raglin
Western Michigan University
Senior Aerospace Engineering
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Social Media Lead

Alexis Lind
Western Michigan University

Sophomore Aerospace Engineering
alexis.d.lind@wmich.edu
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2.2 ORGANIZATION OUTLINE

Figure 2.1: Flowchart Depicting Organization of the Teams and Sub-teams
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2.2.1 LAUNCH VEHICLE TEAM

The Launch Vehicle Team (LVT) is responsible for the design, construction, testing, and deliv-
ery of the launch system. This includes material considerations, propulsion system decisions,
flight simulation, mission deployment systems, and vehicle recovery systems. Simulations
and vehicle evaluations will be conducted throughout the build process to ensure a success-
ful flight. Additional focus will be given to in-flight stability in order to account for payload
shifts throughout all flight modes. Simulations will also be used to predict the altitude of
flight in accordance with Student Launch Initiative (SLI) Handbook Vehicle Requirement 2.1.
This subgroup will handle most of the hazardous materials during the build process. As a
proactive safety measure, only senior members that are Tripoli Rocketry Association (TRA)
Level 2 certified will handle the construction of the propulsion and ejection systems. Any ad-
ditional hazardous materials will be handled with the close supervision of the Safety Officer.
This team is comprised of eighteen student members and one student team lead.

2.2.2 MISSION TEAM

The key responsibility of the Mission Team is to design, construct, and test the payload that
will execute the lunar ice recovery mission. Additional responsibilities include the creation of
the payload control systems, communication and launch vehicle telemetry, and the execu-
tion of the mission. To ensure each of the team’s responsibilities are achieved, this team will
be further divided into sub-teams. These sub-teams can be seen in Figure 2.1. Some of these
sub-teams’ responsibilities overlap; therefore, close communication will be required. These
teams either work on components that will remain in the rocket body after the payload is
ejected or on the payload itself. The first payload team is Payload Structures. This team is re-
sponsible for the design, testing, and implementation of the mission vehicles structural com-
ponents. The next payload team is the Payload Objective Team. This team is responsible for
all aspects of the system that will be mounted to the mission vehicle for the recovery of sim-
ulated lunar ice. Another payload team is the Payload Communication and Control. The key
responsibilities of this group are ensuring the mission vehicle has a working communication
system and can be controlled at all necessary points throughout the mission. The remain-
ing sub-teams will work on components that will remain in the rocket body after the mission
vehicle exits. These sub-teams are Payload Retention, Payload Withdraw, Terrain Risk Miti-
gation, and Payload Bay Communication and Control. These sub-teams deal with all things
necessary to prepare the mission while it is inside of the Launch Vehicle (LV), whether this is
monitoring battery levels or keeping the mission vehicle restrained throughout the LV’s flight.
The structure of the Mission Team has changed dramatically in structure in the time since the
submission of the proposal. The main reason for the changes is there was a greater number
of projected members than actual members. This resulted in a restructure and increased area
specialization. Members of the new sub-teams handle the design, simulation, construction,
and testing of each subsystem. This team is comprised of ten student members and one team
lead.

6



2.2.3 SAFETY OFFICER

The Advanced Rocketry Club (ARC) Safety Officer is responsible for ensuring that all team
members abide by all safety regulations. Furthermore, the Safety Officer will ensure that haz-
ardous materials are handled properly and all operations are conducted in a safe manner.
To accomplish this, the Safety Officer will maintain current versions of all safety documents,
create safety procedures for the build and launch of the vehicle in conjunction with the team
leads, and create checklists to be followed by the team during ground tests and flights of the
sub-scale and full-scale vehicles. The Safety Officer will create a safety contract to be followed
by all members and conduct risk assessments of both build and flight hazards. Additionally,
the Safety Officer will conduct regular reviews of construction, launch, and design decisions
to ensure they abide by all regulations and procedures. The Safety Officer will be the primary
point of contact for the Range Safety Officers at the launch sites utilized by ARC during the
competition season. In addition, the Safety Officer will ensure that Science, Technology, En-
gineering, and Math (STEM) engagement events are conducted in a safe manner.

2.2.4 SOCIAL MEDIA TEAM

The Social Media Team (SMT) will enable public outreach by creating an open line of com-
munication between NASA, the public, and ARC. ARC will establish a consistent social media
presence to help communicate the progress of the rocket and payload to the public and SLI
officials. The club will document construction milestones, safety efforts, launches, periodic
tests, and team member involvement. This team fulfills SLI communication requirements
and facilitates long term team sustainability. Advertising the club’s activities to current and
prospective students will facilitate continuing interest in ARC. This team is comprised of one
student team member and one student team lead.

2.2.5 STUDENT ENGAGEMENT TEAM

The Student Engagement Team (SET) is responsible for organizing and engaging local K-12
students in STEM experiences and rocketry focused activities. Per SLI requirements, ARC
must reach 200 students through educational events that promote STEM or rocketry. In prior
years, the Western Michigan University (WMU) American Institute of Aeronautics and Astro-
nautics (AIAA) Pegasus Chapter (which includes ARC) has been active in educational activi-
ties within southwestern Michigan. The College of Engineering and Applied Sciences (CEAS)
encourages involvement with local students. As a result, WMU AIAA has ongoing educa-
tional activities that will be expanded throughout the coming year. The SET is tasked with
planning and enacting additional educational opportunities as well as continuing legacy ac-
tivities. These activities will be documented and compiled to establish the scope of students
reached through the SETâĂŹs efforts. This is further discussed in Section 5. This team is
comprised of four student team members and one student team lead.
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3 PRELIMINARY DESIGN REVIEW SUMMARY

3.1 TEAM SUMMARY

Team Summary

Team Name WMU Advanced Rocketry Club (ARC)
Mailing Address 4601 Campus Dr. Kalamazoo, MI 49008

Team Mentor Jonathan Krebs, TRA #18771 Level 2
Team Contact jonathan.p.krebs@wmich.edu (734)812-3290

3.2 MISSION STATEMENT

The 2019-2020 WMU ARC competing in the NASA Student Launch Initiative will deliver a
controlled rover with drilling capabilities to an altitude of 4612 ft AGL. Once the payload is
deployed from the vehicle, it will be controlled to a point in the field where it will extract
the lunar ice before flying away to a desired location. Safety is paramount to the design in the
case of unexpected problems. Redundancy in testing and simulation will mitigate risk during
the mission.

3.3 LAUNCH VEHICLE SUMMARY

The LV will be made from 139 inches of uniform 7.5 inch diameter BlueTube™. The upper
body is an 18 inch section of BlueTube™and nose cone that houses the round canopy drogue
parachute. The lower body consists of the lower air frame, payload bay, fins, main recovery
system, and propulsive system. The body fins are a 4 split fin configuration constructed of
fiberglass. The rocket will launch on a L1170FJ-P Aerotech motor in a 75mm re-loadable
motor casing. The LV is projected to reach an apogee of 4635 feet. Upon apogee, there will be
a single ejection charge separating the nose cone from the upper air frame (while maintain
connection through a tethered shock chord) and ejecting the drogue parachute. At 550 feet,
a second ejection charge will ignite, separating the upper body from the lower body entirely
and initiating the lower body recovery system. The main parachute mounts externally at
the bottom of the LV to allow it descend perpendicular to the ground and land on its fins.
Additional vehicle characteristics are shown in Table 5.13 of Section 5.

3.4 PAYLOAD SUMMARY

The leading design of the WMU ARC payload is a deployable drone. We will be refering to
our payload as SubZero. This drone will be outfitted with a forward brush similar to that of a
vacuum cleaner. This brush will be activated when the drone reaches the target location. This
mechanism gives our mission system the ability to retrieve larger amounts of sample material
than conventional methods. The system will also be equipped with a first person viewing
system to ensure safe remote operations. The applications of the system in the real world
scenario this competition is simulating would mass ice gathering for lunar base operations.
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4 CHANGES MADE

4.1 LAUNCH VEHICLE CHANGES

The launch vehicle has undergone iterative design to achieve the presented final design. Spe-
cific attention to implementation cost and complexity was taken into account when design-
ing as team experience in complex construction methods is limited and the ARC budget is
relatively small. The main parameters changed were the vehicle length, vehicle weight, fin
setup, and recovery system setup. Initial proposal vehicle length was 109 inches, the final
length is 139 inches. The main motivation for this change was to return vehicle stability to a
similar region as initial design after the following vehicle dimension changes were made. The
vehicle also decreased in weight from 39.625 pounds to 37.68 pounds. This arose from both a
decrease in predicted mission system weight and a decrease in ballast weight. The fins of the
rocket were increased from the 3 to 4 per fin set. The decreased weight and increased length
decreased the stability beyond what was deemed acceptable by the team. The ballast weight
required was already near the allowed limit and the shifting center of pressure by adding ad-
ditional fins resulted in acceptable stability. The initial system staged the parachute deploy-
ment in the same order, but kept the upper body tether to the lower body for the entirety of
the descent. The separation has many benefits, mainly alleviating tangle and main parachute
deployment concerns. Additional reasoning for design choices made between proposal for
entry and PDR are further discussed in section 5.

4.2 PAYLOAD CHANGES

Payload sections of the team have made dramatic changes from the initial proposal, in both
the structure of the team and the primary design of the mission vehicle (MV). These changes
include the removal of all terrestrial movement devices such as out initial hub mounted
wheels. When analyzing alliterative MV designs it was identified that the benefits of on ground
travel were greatly outweighed by the weight and complication it added to the MV. In addition
it was identified that in the real world application this competition could be simulating is the
recovery of large amounts of lunar ice for use in lunar bases. As a result we have increased
the priority of more than required amounts of sample recovery. Another component that has
changed is the addition of a GPS tracker in the nose cone section of the rocket in addition
to the one located in the aft electronics bay. This new GPS tracker was added to locate the
forward section of the rocket that will now be detaching from the main body components.
Any additional minor changes made to specific subsystems can be found following payload
sections.

In addition to design changes the payload team has also undergone a restructuring. This
restructuring will increase component specialization, while promoting member to follow
through all aspects of components life span. Starting with the research and design phase,
continuing to the manufacturing and testing, and finishing with the analysis of total compo-
nent performance. This new specialization will increase members understanding and expe-
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rience in all aspects of a design and build scenario. From an organizational viewpoint this
will increase member retention, and new member acquisition because members will have
the opportunity to find out what phase of the design and build process appeals to them the
most.

4.3 PROJECT PLAN CHANGES

The overall content of the team project plan remains the same as what was previously pre-
sented and explained in the proposal. The only change is a delay in all acquisitions of ma-
terials and components. This shift is a result of our primary source of funding also being
delayed. At this time we have secured this funding and is available for use. In the following
Project Plan section exact length of delays have been presented, in addition to all timelines
that will slip back as a result. These slips have affected the construction and testing of our
small scale system. At this time it is not expected that this delay will have a dramatic affect on
our Project.
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5 LAUNCH VEHICLE

5.1 SELECTION, DESIGN, AND RATIONALE OF LAUNCH VEHICLE

Mission success of the launch vehicle is contingent upon safe deployment of payload within
competition regulations. As such, the team’s specific criteria for determining launch vehicle
success acknowledges USLI requirements in addition to acknowledging prerequisite com-
ponential performances. When making construction and design decisions, choices must be
made that maximize the launch vehicle’s ability to fulfill the success criteria. For component
design decisions, the parameters most important to success are defined. Potential design
pros and cons are then defined and scored based on its effectiveness to fulfil those success
parameters on a scale of 1-5, with increasing score correlating to increasing viability. The
scores for all parameters are summed and then compared across alternative design choices.
However, the highest viability score is not immediately selected for implementation. Given
ARC’s budgetary constraints , a final analysis for the top alternatives is conducted with per-
cent of total budget taken into consideration. Specifically, final viability score is divided by
the percent of total budget. This is to prevent exceedingly expensive design implementations
in cases where a slightly less viable but more cost effective designs could yield a similar prob-
ability of success.

5.1.1 MISSION STATEMENT AND SUCCESS CRITERIA

The launch vehicle will reach an apogee between 3,500 and 5,500 feet, safely recover to the
ground, and activate payload deployment systems. Through the duration of flight and land-
ing loads will be limited to withstandable forces to maintain the functionality of all compo-
nents. Upon landing in the predetermined orientation, the payload drawer will extend allow-
ing the payload to begin its ice retreival mission. The mission will be considered a success
when the following requirements are met:

Launch Vehicle Success Criteria

1. LV reaches a minimum of 3,500 feet AGL, while remaining below 5,500 feet AGL.

2. Initial recovery system deploys and maintains connection to lower body

3. Lower body separates from upper body and main recovery system deploys.

4. Lower body lands in the predetermined orientation.

5. Payload deployment system is intact and actuates successfully.

5.2 AIRFRAME SUBSYSTEM

The launch vehicle’s main goals, as outlined by the success criteria, are broadly speaking to
deliver and deploy the payload, and safely return to ground. Every step in the design and con-
struction process must be made in an effort to maximize its ability to complete those goals
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and fulfill the LV success criteria. The design bottleneck, as decided by the team, was placed
on the airframe dimensions. That is to say, that rather than design an airframe and cater mis-
sion system parameters to fit within, airframe dimensions were designed to accommodate
preliminary mission designs. Of course, mission system dimensions could change through-
out the design phase, so the upper bound of dimensions was chosen as the design point. This
is how the diameter of 7.5 inches was decided.

5.2.1 AIRFRAME MATERIAL

The airframe will be constructed of BlueTube 2.0 ™in two main pieces of 85 inches and 18
inches. BlueTube 2.0 allows for strength to withstand launch loads while maintaining low
costs and weight. The cost-to-strength ratio was very important in the decision process, as
at the time of designing the airframe constitute approximately 8% of the total predicted bud-
get and approximately 11% of awarded budget. As this lower price point when compared to
other materials, BlueTube affords the team the opportunity to build back-up airframes in the
event of a launch vehicle failure or construction mistake.

Material consideration for the airframe is a prerequisite decision for many of the airframe
decisions. Such a decision dictates range of withstand-able loads, overall weight range, and
project costs to name a few. As such, this decision was made very early in the design process.

The airframe is of constant diameter throughout the length of the launch vehicle. The con-
stant diameter eliminate the additional construction procedures of making couplers or tran-
sitions between diameter changes. The ability to provide ample room for various payload
sizes is very important to the launch vehicle team. Balancing maximum airframe diameter
with availability and strength of the material is of the utmost importance. Following these
considerations, viability analysis was conducted with respect to:

• Material Strength: Ability to withstand launch/landing forces over multiple flights.

• Material Weight: Overall weight contribution from airframe material.

• Availability: Ease of acquisition from vendors.

• Ease of Construction Methods: Complexity of methods required to construction air-
frame geometries using the material.

Material BlueTube 2.0 Fiberglass Composite/Multi-Material
Parameter Weight Score Viability Score Viability Score Viability
Material Strength 4 5 20 8 32 9 36
Material Weight 5 8 40 6 30 7 35
Availability 3 8 24 7 21 6 18
Ease of Construction Methods 2 7 14 9 18 5 10

Total Viability 98 101 98

Table 5.1: Airframe Material Design Decision Matrix
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Material BlueTube 2.0 Fiberglass
% of Budget Total Viability % of Budget Total Viability
5 98 24 101

Cost Effectiveness Score 1960 420

Table 5.2: Airframe Material Cost Effectiveness Matrix

Figure 5.1: Tapered Diameter

5.2.2 AIRFRAME GEOMETRY

As previously mentioned, the airframe diameter was directed to provided as much room as
possible for the payload and mission systems. The team discussed three ways to provide
these spaces: constant diameter, tapered diameter, and forward mounted payload bay. These
configurations were explored as each provided noticeable benefits to some aspect of the pay-
load delivery.

5.2.2.1 CONSTANT DIAMETER Constant diameter airframe provides the easiest construc-
tion process of all the geometries. In addition, ARC has the most experience with construct-
ing and manufacturing constant diameter airframes. Another benefit is the airframe space
available for all other components excluding the payload. This would include extra area for
telemetry, controls, and recovery systems. However, the excessive diameter in areas where it
is unneeded adds extra material and in turn, extra weight.

5.2.2.2 TAPERED DIAMETER Tapering the diameter to decrease after the payload bay al-
lows for elimination of excess weight and drag at the forward or upper body sections of the
airframe. This requires verification of aerodynamically and structurally stable diameter rel-
ative to the lower body. That is to say that when designing a tapered rocket additional care
must be taken when analyzing structural integrity of the smaller section as well as the transi-
tion/coupler. All things that are very achievable in the scope of the design and construction
phase, but steps that are not required of a constant diameter airframe. Another consideration
of the tapered geometry is the decrease in weight, specifically in the forward section, result-
ing in a center of gravity that shifts backward compared to constant diameter. The configura-
tion of having the payload in the lower body already provides stability concerns, shifting the
center of gravity backward would either require excessive ballasting or external aerodynamic
bodies.
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Figure 5.2: Forward Mounted Payload Bay

5.2.2.3 FORWARD MOUNTED PAYLOAD BAY A forward mounted payload address the same
concerns as the tapered diameter airframe, but also provides solutions to the center of grav-
ity concern as the center of gravity now shifts forward. There is however, that at certain body
lengths and payload weights that shift reaches a sort of "over-correction’ point. Where sta-
bility again begins to suffer from the non-uniform geometry. ARC also holds the concern
that such geometry would be challenging to construct. Team members experience with con-
structing inverted transitions and payload bays is limited.

The 3 airframe geometries discussed all attempt to solve similar structural and functional
problems in regards to payload delivery. As a result, those problems and the geometries abil-
ity to solve them have been chosen as the decision criteria for evaluating viability. Specifi-
cally:

• Stability Influence: Measure of geometry’s influence on stability in reference to stan-
dard constant diameter.

• Ease of Construction Methods: Measure of the complexity of methods required to con-
struct/manufacture the geometry.

• Weight: Measure of geometry’s influence on launch vehicle’s loaded weight.

Geometry Constant Diameter Tapered Diameter Forward Mounted Payload Bay
Parameter Weight Score Viability Score Viability Score Viability
Stability Influence 3 7 21 6 18 3 9
Weight 4 6 24 5 20 7 28
Base of Construction Methods 2 8 16 7 14 6 12
Total Viability 61 52 49

Table 5.3: Airframe Geometry Design Decision Matrix

The DDM demonstrates the forward mounted payload bay’s ability to address the main
three design concerns. However, it scores poorly on ease of construction methods. The man-
ifestation of this concern however is not enough to prevent it from achieving the highest vi-
ability score. What remains is the cost effectiveness analysis to determine weather the in-
creased complexity of construction makes financial sense.
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Cost effectiveness analysis confirms that the additional complexities that arise from the
forward mounted payload bay do not justify the benefits from the geometry.The same ma-
terial was used to not provide any bias or advantages to a preferred geometry. A constant
diameter bay, while still challenging in some areas, remains effective and cheap.

5.2.3 AERODYNAMIC BODIES

The airframe geometry and material are only pieces of the whole in terms of the launch ve-
hicle. While the aforementioned aspects heavily influence the center of gravity of the launch
vehicle, the aerodynamic bodies heavily influence the center of pressure. Together, these
components generate the stability of the launch vehicle. Which is why many aspects of the
two systems should and were designed parallel to each other. Final decisions in one aspect
influence the other and the structural decisions made took into account the following aero-
dynamic body decisions.

5.2.3.1 NOSE CONE The nose cone is limited by the upper body diameter. For many man-
ufacturers, 7.5 inch diameter hardware is either the max size component they sell or above.
This limits some freedom in parameter decisions. Specifically in terms of the nose cone ge-
ometry. After this was discovered, ARC prioritized nose cone material decisions first. As this
would inevitably limit the geometric decision, effectively making the choice for the team.

Much like the airframe, there are a standard set of nose cone materials in high power rock-
etry: fiberglass, plastic (of varying types), and composite. Initial research has shown that at
relatively large diameters, off-the-shelf composite components were fairly unattainable. In
addition, carbon-fiber (as an example of a composite material) imposes an RF shielding ef-
fect on transmitters. This is unacceptable as the upper body, and specifically the nose cone,
will house telemetry/tracking systems as the unit descends independently. The structural
benefits of a composite nose cone are not important enough to justify the sacrifices that are
forced upon the launch vehicle. Plastic nose cones are relatively very easy to acquire, espe-
cially in the higher diameter ranges. Similarly, plastic nose cones (regardless of specific type
of plastic) are light. This would help decrease overall launch vehicle weight, however, this is
unneeded. Regardless of the airframe material used, the launch vehicle reaches an apogee
within the required range. Additionally, nose weight is desired to increase launch stability of
the vehicle. Fiberglass nose cones are also abundant and cheap from large HPR part manu-
facturers. The considerations of the nose cone material are:

• RF Transparency

• Weight

• Weight

Geometry Constant Diameter Tapered Diameter Forward Mounted Payload Bay
Parameter Weight Score Viability Score Viability Score Viability
Stability Influence 3 7 21 6 18 3 9
Weight 4 6 24 5 20 7 28
Base of Construction Methods 2 8 16 7 14 6 12
Total Viability 61 52 49

Table 5.4: Airframe Geometry Decision Matrix
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Fiberglass is RF transparent, heaviest of the 3 materials, and strong. The viability analysis
shows that fiberglass nose cone dramatically outperforms the other materials in the context
of this launch vehicle. However, cost effectiveness must be analyzed.

Material Fiberglass Plastic Composite
Parameter Weight Score Viability Score Viability Score Viability
RF Transparency 5 8 40 5 25 1 5
Weight 4 4 16 7 28 6 24
Material Strength 2 7 14 4 8 8 16
Total Viability 70 61 45

Table 5.5: Nose Cone Material Design Decision Matrix

Material Fiberglass Plastic
% of Budget Total Viability % of Budget Total Viability
5 70 2.5 61

Cost Effectiveness Score 1400 2440

Table 5.6: Nose Cone Material Cost Effectiveness Matrix

The fiberglass nose cone continues to outperform the other materials in all metrics.

5.2.3.2 NOSE CONE GEOMETRY The shape of the nose cone has aerodynamic implications
for the launch vehicle. Unlike the materials of the nose, there are more standard geometries
of HPR nose cones: conical, ogive, elliptical, Von Karman, and Haack. There are more com-
monly used geometries, but these are not easily acquired as off-the-shelf components and
therefore were not considered. The different geometries optimize the aerodynamic charac-
teristics for different flight characteristics and trade off the level of optimization for price.

CONICAL Conical nose cones are the cheapest geometry as they are the easiest to manu-
facture. However, there are limited aerodynamic benefits of this geometry. Conic shapes
perform similarly at all Mach number regimes, which is negative when designing down drag
in an understood Mach regime.

OGIVE Ogive nose cones operate in a similar manner to conical cones. They are easy to pro-
duce but they are blunted in nature than the conical cones that allow for a decrease in drag. In
addition, the curvature increase compressive strength allowing it to withstand greater launch
forces. However, it performs similarly poorly across Mach regimes.

ELLIPTICAL Elliptical geometries are in some cases also cheaply manufactured nose cones.
The increase in manufacturing costs is relatively small, while the decreased drag at small
Mach numbers is large when compared to conical or ogive. The bluntness of the shape de-
crease drag and are popular in subsonic regimes. This applies specifically to this launch ve-
hicle as the predicated airspeed is in the range of 0.5 Mach.
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HAACK Large HPR retailers often stock Haack series nose cones, albeit at a lower rate than
common geometries like conical or ogive. Haack series nose cones perform very well in sub-
sonic regimes and also have performance increases in the transonic range when compared
to the previously mentioned geometries. The performance increase at transonic regimes is
unnecessary. While they are often produced by HPR manufacturers, Haack series nose cones
fiberglass at 7.5 inches are less prevalent.

VON KARMAN Of all the previously mentioned geometries, Von Karman outperforms them
in drag reduction in the relevant range. Drag reduction and stability increasing weight are
the most important factors of the nose cone geometry. For the same length, Von Karman has
a large volume and drag reduction. When paired with fiberglass material, the Von Karman
nose cone satisfies all nose cone requirements.

Geometry Conical Elliptical Haak Von Karman
Parameter Weight Score Viability Score Viability Score Viability Score Viability
RF Transparency 3 7 21 7 21 7 21 7 21
Weight 4 4 16 4 16 4 16 4 16
Aerodynamic Profile 5 7 35 5 25 6 30 9 45
Total Viability 72 62 67 82

Material Fiberglass Plastic
% of Budget Total Viability % of Budget Total Viability
4 72 2.5 82

Cost Effectiveness Score 1800 3280

Table 5.7: Nose Cone Material Cost Effectiveness Matrix

5.2.4 PROPULSION

With the airframe material and size chosen, the weight range of the launch vehicle can be
considered. The propulsion system must be catered to achieve an apogee that is within USLI
requirements. As ARC currently owns an AeroTech 75 mm 5120 reloadable motor casing, the
team plans on selecting a motor from the classification. The most important characteristic of
the motor is its ability to bring the LV to an acceptable apogee. The teams participation in the
competition is contingent on the ability to reach an apogee within the required range. This
is wholly dependent on the motors total impulse. However, the total impulse of the motor
does not necessarily correlate to the weight of the motor. Motor weight is a large portion of
the overall weight of the LV, and as a result, has a large impact on the stability. This results in
the follwing two design decision criteria:

• Installed Apogee: The apogee reached at current LV parameters.

• Stability Impact: The ability of the motor to maintain an LV stability of above 2 calibers.

Based on accessibility,brand requirement, and USLI restrictions, the motors available for
purchase are limited. The following DDM analyzes a few possible motor choices.

Unlike other design decision, these alternatives are the exact same price. The cost effective-
ness analysis would support the output of the DDM, in this case, confirming the superiority
of the L1170FJ-P.
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Motor L1170FJ-P L1420R-P L2200G-PS
Parameter Weight Score Viability Score Viability Score Viability

Installed Apogee 5 9 45 5 25 2 18
Stability Impact 4 6 28 7 35 7 35
Total Viability 73 60 53

Table 5.8: Motor Design Decision Matrix

5.3 RECOVERY SUBSYSTEM

The LV employs standard order of deployment for its recovery systems. Specifically, drogue
deployment at apogee through the upper body and main parachute deployment from the
lower body at a specified altitude (550 feet). However, due to the nature of payload deploy-
ment, the specific methods of implementation have been altered. The drogue deployment at
apogee is executed by a redundant altimeter system signalling apogee. The main altimeter
is an AltusMetrum EasyMini set for apogee backed up by a PerfectFlite StratoLogger with an
apogee delay of one second. Each system is connected to independent ejection charges to be
able to address failures at all steps of the ejection process. A similar pair of altimeters make
up the deployment system of the main parachute as well. However, there are notable dif-
ferences in the deployment systems. At main parachute ejection, the upper body and lower
body will separate as the shear pins are broken. The upper body will pull the main parachute
from the lower body with a deployment bag. At this point, the upper and lower body are in-
dependent under their own recovery systems. This is minimize risk of tangling or spinning
of either recovery system at main deployment. The separation of the two bodies lowers the
weight under the main parachute, further decreasing the speed of descent. A slower descent
will trade off drift distance, but will decrease risk of hard landing or bouncing on touch-down.
All independent descending bodies have telemetry/tracking systems.

5.3.1 PARACHUTES & SHOCK CHORD

The relatively low ceiling of USLI inherently prevents any dramatic drifting of the descending
body or payload. As a result, the impact of different parachutes is fairly minimal. However,
it is important that parachute size is adequate for the launch vehicle weight to ensure safe
descent. Through use of the following formula, required parachute diameter is calculated.

equation

D =
√

(8∗m ∗ g )/(π∗ρ∗Cd ∗ v2)
(5.0)

Air Density: ρ = 1.22kg /m3

Acceleration of Gravity:g = 9.8m/s2

Drag Coefficient (1.5 for dome parachute): Cd

Descent Velocity: v = m/s
Mass of LV: m = kg
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Parachute Diameter: D = m

To prevent any bouncing or hard landings in the recovery configuration, a landing velocity
of <8m/s is established. Vehicle mass is set as the lower body weight, as the lower body will be
the only mass under main parachute, which is 8.528kg s or (18.8pound s). With these values
the required main parachute size is determined to be:

D = 2.15m

The drogue and main parachute must be of the correct size to allow the launch vehicle to
descend at an acceptable rate of speed. Too slow and the body will spend too long in the air
and possibly drift too far. Too fast and the landing could be too hard or could break the shock
chord. In addition to size, the weight of the material and chord must be taken into account.
Recovery system weight is non-trivial in regards to vehicle stability and total weight. These
considerations provide the two design parameters of the parachutes:

• Parachute Weights

• Descent Speed

Previous ARC competition rockets utilized in-house fabricated parachutes. The most re-
cently fabricated main parachute is a dome parachute of 92i nches (or 2.34meter s). While
this is above the calculated required parachute diameter, it allows for an even slow descent
speed. A slower speed will limit possibility of bouncing or hard landing. Under the ARC fabri-
cated parachute, and taking lower body separation into account, the lower body hits ground
at 3.87m/s. Similiarly, ARC constructed a corresponding drogue parachute for a LV of similar
weight. This drogue parachute is 36i nches, under this parachute the LV descends at 21.9m/s.
At this rate the deceleration at main ejection and drift distance is manageable. While these
parachutes fulfills design parameters of the main parachute, it is important to analyze alter-
natives.

Other parachute options include toroidal,cruiciform, and flat circular. The shapes correlate
to different coefficients of drag, and in turn different descent speeds. In addition, the amount
of material required to achieve similar descent speeds vary between the options. These op-
tions are compared against the existing ARC parachutes on the previously mentioned design
paramters, of course still taking into account the cost of the new shapes.

Shape Toroidal Cruciform Flat Circular
Parameter Weight Score Viability Score Viability Score Viability
Parachute Weight 3 6 18 8 24 5 15
Descent Speed 5 2 10 3 15 2 10
Total Viability 28 39 25

Table 5.9: Parachute Shape Design Decision Matrix

The toroidal scores low in descent speed because at standardized weight it slows the LV too
much. It scores moderately in parachute weight because it is able to achieve slow descent
speed at smaller sizes (and therefore weights). The cruciform shape is able to achieve ac-
ceptable descent speeds at relatively low weights when compared to the other options. The
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flat circular is not able to achieve acceptable descent speeds unless a large amount of ma-
terial is used. The cruciform performs very similar to dome parachutes, much like the ARC
parachutes. With this fact taken into account, the ARC parachutes are more cost effective as
no material or build time is required to achieve effective descent characteristics.

Utilizing Equation (5.3.1) and a desired descent speed of around 20 m/s, a drogue diameter
of .787meter s or 31i nches is desired. The descent speed encompasses many other param-
eters of the parachutes. Equation (5.3.1) is a function of parachute drag coefficient, which in
turn is a function of parachute geometry. Similarly, the weight design parameter effectively
includes material consideration. The maximum force on the shock chord is upon initial re-
lease, where acceleration is the greatest. Simulations have shown apogee deployment accel-
eration to be 9.8m/s2 and main deployment acceleration to be 70.8m/s2. The force on the
chord at these events follows F = ma, resulting in:

Max Force on Drogue Ejection: Fmax = 179New tons
Max Force on Main Ejection: Fmax = 1293New tons

Tubular nylon is the standard shock chord material used in HPR. The specific width of the
tubular nylon affects the tensile strength and therefore its ability to withstand ejection loads.
Tensile strength would logically be the most important parameter of the shock chord. How-
ever, tensile strength of commonly supplied materials (like tubular nylon) have very high
tensile strengths. Tensile strength must be coupled with elastic properties to not only mini-
mize ejection loads on chord, but loads on the rest of the launch vehicle and payloads due to
large deceleration. Another consideration is heat resistance, as the shock chord is the most
exposed to ejection gases. Materials like Kevlar address that concern. These parameters ake
up the decision criteria for shock chords.

• Tensile Strength: Ability to withstand ejection loads.

• Elasticity: Ability of chord to minimize snatch loads.

• Heat Resistance: Ability of chord to withstand ejection gases.

Material Tubular Nylon Kevlar
Parameter Weight Score Viability Score Viability
Tensile Strength 3 7 21 6 18
Elasticity 3 7 21 5 15
Heat Resistance 4 5 20 7 28
Total Viability 62 61

Table 5.10: Shock Chord Material Design Decision Matrix

Tubular nylon outperforms the kevlar in two of three metrics. Considering ARC already
owns a supply of one inch tubular ylon, the DDM confirms the choice to use tubular nylon.
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5.3.2 EJECTION/DEPLOYMENT

As previously mentioned, all ejection/deployment systems involve redundancy. Electronic
systems have two of each component with different hardware to eliminate hardware failure
across all systems. E-match and energetic also have single redundancy, with the backup sys-
tem using 10% more black powder than the main. This minimize the possibility of an ejection
attempt not creating enough pressure to deploy a recovery system. Using the following tables
and equation,and using 200 pounds-force as the baseline for required deployment forces, the
required amount of pressure for recovery deployment can be determined.

G =C ∗D2 ∗L (5.1)

G = Black Powder [Grams] C = Charge Coefficient D = Airframe Diameter [Inches] L = Air-
frame Length to be Pressurized [Inches]

Airframe Diameter 100 lbf 150 lbf 200 lbf 250 lbf
2.6" 19 psi 28 psi 38 psi 47 psi
4.0" 8 psi 12 psi 16 psi 20 psi
6.0" 2.5 psi 5.3 psi 7.0 psi 8.8 psi
7.5" 2.3 psi 3.4 psi 4.5 psi 5.7 psi

Table 5.11: Force on Airframe due to Pressure

C Psi
.002 5
.004 10
.006 15
.0072 18
.008 20

Table 5.12: Charge Coefficient at Varying Pressures

Table 5.11 shows that a pressure of at least 4.5 psi is required to impart 200 pounds of
force on the recovery system. Table 5.12 shows that a charge coefficient of .002 is required
to achieve chamber pressure of 5 psi. The upper body pressure chamber length is 18 inches
and the lower body chamber length is 25. inches. Using these values in equation 5.1 yields
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a black powder mass of 2.025 grams on drogue deployment and 2.98 grams on main deploy-
ment. The redundant ejection systems utilize a 10% increase in black powder mass for safety,
resulting in 2.2275 grams for drogue ejection and 3.28 grams for main ejection.

5.3.2.1 SEPARATION Separation of the lower body requires a shearable retention system
for the connection of the upper and lower body sections. This is most commonly achieved
through the use of shear pins. This type of separation configuration was also the basis of the
most recent ARC competition LV. As the lower body separation configuration greatly benefits
the landing characteristics, ARC plans to mirror this design. Many HPR component vendors
sell nylon shear pins for this purpose. 3 nylon shear pins require 64.24 pounds of force to
shear all the pins. As previously calculated, the largest amount of separating force on the LV
prior to main deployment is 179 Newtons or 40 pounds. This leaves a 37.7% safety margin.
In addition, the main ejection forces are planned to reach 200 pounds. Easily shearing the
pins for a successful ejection.

5.3.3 LANDING LEG SYSTEM

Due to the unpredictability of the landing site’s surface material and terrain, the Tilt Adjust-
ment Landing Leg (TALL) is designed to reorient the nose of the rocket so that the payload
can deploy unimpeded. TALL consists of a rounded-wedge shaped printed PLA foot, and two
linear actuator arms connected to the on board Raspberry Pi computer for payload deploy-
ment. For the duration of the flight, TALL will be stored inside the rocket directly behind the
payload vehicle bay; with the outer curve of the foot fitting flush inside a cutout to the rocket
body’s outer surface. Using the main parachute for orientation, the rocket will land horizon-
tally;with two rear fins and TALL pointing "down" towards the ground. After contact with the
ground, TALL will extend its foot out from the side of the rocket body in order to push the
nose up to an angle of at minimum 0◦.

Although the basic design for TALL has been planned, there still are a lot of variables that
need to be accounted for. Due to the power requirements and potential geometric/ mechan-
ical limitations of the linear actuators, further testing needs to be done to prove the design.
One alternative option is to use a loaded spring system to mechanically deploy the foot upon
landing instead. This could be done by releasing the springs via a smaller servo motor, and
locking the telescoping arms in place once deployed. However, although it would be a simpler
process than using electronic actuators, it would not be possible to finely tune the extension
distance once deployed. If the spring is under loaded, it won’t have enough force to lift the
rocket to a positive angle. Inversely, if the spring is over loaded, it could exert enough force to
damage either the rocket body or the landing leg, or even launch and/or topple the rocket off
of its proper landing side.
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5.4 MISSION PERFORMANCE PREDICTIONS

The collection of the aforementioned design decisions make up ARC’s preliminary launch ve-
hicle design. The following information summarizes the physical characteristics of the vehi-
cle, describes expected flight performance, and the methods use to achieve these summaries.

5.4.1 FLIGHT PROFILE

5.4.1.1 TARGET ALTITUDE Through rigorous simulation and use of Monte Carlo perturba-
tion simulation, ARC’s official target altitude is 4635 feet.

5.4.1.2 GENERAL CHARACTERISTICS OpenRocket was used to both model the LV and sim-
ulate its flight.

The center of gravity and center of pressure at located 87.918 and 105 inches from the nose
cone, respectively. This results in a loaded stability of 2.3 calibers. The upper body and all
internal components weight 3.517 kilograms. The lower body and components (not includ-
ing the payload) weight is 6.18 kilograms. The preliminary predicted payload weight is 2.5
kilograms. The Aerotech L1170FJ-P has a loaded motor weight is 4.99 kilograms and burnt
weight is 2.19 kilograms.

5.4.1.3 FLIGHT & SIMULATIONS The target altitude was decided upon after various flights
conditions were simulated. Wind conditions of 0-20 mph were simulated with use of the
Monte Carlo simulation method. The Monte Carlo simulation applied perturbations to the
simulation parameters to provide a range of results that represent non-ideal performances.
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General LV Characteristics

Stability 2.3
Weight (Loaded) 17.4 kg
Weight (Burnt) 14.6 kg
Length 139 in
Diameter 7.5 in
Number of Fins 8(Split 4)
Predicted Apogee 4635 ft
Flight Time (Upper Body) ∼112 s
Flight Time (Lower Body) ∼130 s

Table 5.13: General Launch Vehicle Characteristics

These apogees were averaged, with heavier weight applied to the lower wind conditions, to
achieve the final target apogee.

The baseline flight simulated the LV at OpenRocket standard flight parameters (specifically
an average wind speed of 5 mph and 10% turbulence and speed variation). The performance
of this baseline flight is very indicative of the other simulations. The following tables repre-
sent that major flight characteristics of the wind-varied simulations.

Wind Speed (mph)
Characteristic Apogee (ft) Drift (Upper) (ft) Drift (Lower) (ft) Flight Time (s)

0 4776 6 6 130
5 4667 10 125 111
10 4621 320 680 156
15 4596 50 1430 154
20 4523 130 1850 152

Table 5.14: Wind Varied Simulations

Using the baseline simulation, the kinetic energy of the independent bodies can be found.
The entire launch vehicle descends under drogue at 17.678 m/s. This results in a LV descent
kinetic energy of 2718.85 joules. After separation the upper and lower body descend at 8.23
m/s and 4.88 m/s, respectively. This results in upper body descent kinetic energy of 119.1
joules and a lower body descent kinetic energy of 103.35 joules.

5.4.2 LAUNCH & PROPULSION

As previously mentioned, the Aerotech L1170FJ-P motor provides adequate thrust-to-weight
ratio while achieving an apogee within the required range. While the resulting flight fulfills
all design requirements, the loads imparted on the LV by the propulsive system must be con-
firmed to be endurable.

As shown in Figure 5.1, the thrust of the of the motor maxes out at 1473 Newtons (or 331
lbf), resulting the peak boost acceleration of 74.9 m/s2. Under whole launch vehicle weight,
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Figure 5.3: L1170 Thrust Curve

Figure 5.4: BlueTube Strength Table

this results in compressive loads of 1303.26 Newtons (or 292 lbf). According to Always Ready
Rocketry’s BlueTube strength test, shown in Figure 5.2, this is far below the compressive yield
stress of BlueTube.

The fins and the nose cone also experience launch loads, in the form of aerodynamic forces.
Both of these components are made of fiberglass, whose material properties allow it to with-
stand compressive loads easily. In the case of the fins, high dynamic pressures result in large
shearing forces. This is somewhat mitigated by the tabbed nature of the fin construction,
however, fiberglass’s ability to withstand the shear must be confirmed. The baseline flight
simulation shows a max velocity of 199 m/s at an altitude of 340 meters. According to the
Standard Atmosphere, air density at 340 meters is 1.1855 kg /m3. Using Equation 5.2 the max
dynamic pressure on the fins is 19800.5 kPa (2872 psi).

Q = (1/2)∗ρ∗ v2 (5.2)
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According to SubsTech material properties, fiberglass can withstand 4500 psi of shear stress.
Proving that tabbed fiberglass fins can survive all expected flight loads.
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6 PAYLOAD CRITERIA

6.1 PAYLOAD OBJECTIVES AND SUCCESS CRITERIA

Payload Mission Objectives

1. MV will remain connected with GS and Controller at all times throughout mission

2. Payload Bay will remain connected throughout entire mission

3. All separable LV components will have GPS tracking at all times

4. FPV system will be utilized to remotely pilot MV to target locations

5. Payload Objective system will recover at least a 50 mL sample of simulated lunar ice

6. MV will remain retained inside LV until specifically controlled by GS

7. MV will operate portions of the mission in an autonomous mode

Payload Mission Success Criteria

1. MV will have established connection by time of release

2. Payload Bay will remain connected at all times

3. All components will be recoverable and reusable

4. MV will collect a sample of at least 20 mL

6.2 SYSTEM-LEVEL DESIGN ALTERNATIVES

6.2.1 PAYLOAD STRUCTURES

The design for our payload requires a structure to connect all payload subsystems and keep
them that way for the duration of the mission. Before we could start brainstorming our pay-
load, we initially had to consider criteria to follow. Upon reading the rules, it was concluded
to be in our best interest to pursue some form of airborne capable vehicle. As illustrated by
images and tables below, all iterations the chassis has seen constant revision.

The Mk 1 was the team’s initial concept for payload structure design. This is the only ver-
sion that implemented wheels and a ski for terrestrial locomotion. A camera was also consid-
ered as it was previously unclear how close a pilot could get from where the payload would
be deployed in the field. Being the smallest of the three designs, it is also the lightest of the
bunch. Having the thinnest frontal area, aerodynamics are better for this model than the oth-
ers. This iteration did have a well balanced CG, with the battery offsetting the weight of the
auger (potential method for sample extraction). Adaptability was not designed into the Mk
1 concept. Unfortunately, electronics for the on board control system weren’t thought of, so
many changes would have to be had to do so.

27



Figure 6.1: Payload Mark 1 Design

Figure 6.2: Payload Mark 2 Body
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Figure 6.3: Payload Design Mark 3 Expanded

Post a QA session, a new and more in depth understanding of the rules, Mk 2 differed
greatly from Mk 1. Two striking differences are the lack of camera and wheels. Weight in-
creased as compared to the Mk 1 due to the larger chassis. With a majority of components
being held internally, aerodynamics are comparable with the Mk 1. The battery and auger for
sample extraction are located at opposite ends of the chassis to offset each other. Electronics
are located in the center under the propeller boom mount. This layout permits a nearly cen-
tered CG. Adaptability is a new feature realized with the Mk 2. The collection mechanism was
designed separately from the chassis, so a mounting region was designed in. Notches were
added for restraint inside the rocket body.

Most recent is Mk 3. Similar to Mk 2, it was optimized to fit within the constraints of our
rocket body and in parallel with the deployment mechanism. The volume of Mk 3 is less than
that of Mk 2, thus resulting in a lower weight. Aerodynamics remains similar with a similar
frontal area. Mk 3 was designed with a new collection method in mind, so a rearrangement in
component placement was a necessity. This rearrangement improves the CG over previous
designs. Legs were added as a method for restraining the payload. Rotor-booms are now
capable of collapsing to fit within the rocket body.
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Figure 6.4: Payload Design Mark 3

Draft Mk 1 Mk 2 Mk 3
Parameter Weight Score Viability Score Viability Score Viability
Weight 5 9 45 6 30 8 40
Aerodynamics 3 7 21 8 24 9 27
CG 4 7 28 8 32 9 36
Adaptability 2 4 8 8 16 10 20
Total Viability 102 102 123

Table 6.1: Payload Structure Design Decision Matrix

Another major component in structural design is choosing materials. The decision was
weighed in a matrix based on the parameters weight, tolerance, manufacturablility, durabil-
ity, and cost.

6065 Aluminum was the initial material of choice due to its commonality. Unfortunately,
it is the heaviest material on this list, with a density of 2.7 g/cm. It is more than capable of
holding high tolerances. 6065 Aluminum is easy to machine, but would not allow for internal
geometries. Durability is another parameter where this material scores high on.

Acrylonitrile Butadiene Styrene (ABS) is a common 3D printable material. It has a density
between 0.9 g/cm - 1.53 g/cm. Tolerances vary depending on print environment. ABS is an
easy material to work with, and allows for geometries not capable with traditional manufac-
turing methods. It has a high durability and is cheap and easy to access.

Polylactic acid (PLA), another 3D printable material, has a density of 1.25 g/cm. Tolerances
and manufacturability compare to ABS. Compared to ABS has low durability. It is cheap and
easy to access.

3D printed carbon fiber has a density around 1.34 g/cm. Tolerances and manufacturing are
similar to that of ABS and PLA. Carbon fiber filaments have higher durability than other 3D
printable materials. Cost is greater than that of other filaments.
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Lexan is a form of polycarbonate with a density between 1.2 g/cm - 1.22 g/cm. It is able to
hold tolerances comparably to 3D printed materials. Manufacturing is simple; cutting lexan
layer by layer and stacking layers together with epoxy. This material costs more than PLA and
ABS, but is cheaper than the other options listed.

Draft 6065 Aluminum ABS PLA Carbon Fiber(3D printed) Lexan
Parameter Weight Score Viability Score Viability Score Viability Score Viability Score Viability
Weight 5 6 30 10 50 10 50 10 50 10 50
Tolerance 2 10 20 8 16 7 14 8 16 8 16
Manufacturable 4 6 24 10 40 10 40 9 36 10 40
Durability 3 10 30 8 24 6 18 8 24 8 24
Cost 5 6 30 10 50 10 50 6 30 8 40
Total Viability 134 180 172 156 170

Table 6.2: Payload Structure Material Decision Matrix

6.2.2 PAYLOAD BAY COMMUNICATION AND CONTROL

In order to provide the launch vehicle with a capability to transmit its status and receive com-
mands from the ground, the rocket body will be equipped with a communication and control
system. The fundamental components of such a system are a controller on the rocket, a re-
ceiver/transmitter on the rocket, a GPS module to find the vehicle’s location, a receiver/transmitter
on the ground, a battery system on the rocket, and a battery monitor to track the power levels
of the vehicle. The following paragraphs and figures examine the specific setups that were
considered, rank them on their viability and cost-effectiveness, and justify the selection of
the primary system.

6.2.2.1 PAYLOAD BAY CONTROLLER

Decision Matrix Methodology:
When performing the viability analysis, six parameters were considered: affordability, com-
putational functionality, comm integration, hardware interface, ease of use, and total experi-
ence. Affordability measures the financial cost for acquisition of the controller, with 10 rep-
resenting no cost. This parameter has a weight of 4 out of 5, as the team has a limited budget
for the year and there are many similar microcontrollers and single-board computers of com-
parable capabilities with differing prices. Computational functionality represents the ability
of the controller to complete its various required tasks. Factors considered included RAM,
the processor, and classification as a microcontroller or computer. This is given a weight of 5
because the most important role of the controller is to carry out its programming efficiently
and effectively. Comm integration is decided based on whether the board contains a built-
in form of communication, how many forms there are, and the ease of working with that
form of communication. Since there are many ways to add communication capabilities to a
controller, this parameter is given a weight of 2. Hardware interface considers the number
of input/output pins available and therefore measures the ability of the controller to receive
signals from the rocket, drone, and ground as well as execute its commmands. The ability
to manage these responsibilities is key to mission success, but since the programming is of
greater importance, hardware interface is assigned a weight of 4. Ease of use measures the rel-
ative difficulty of programming and using the controller based on its programming language
and built-in comm systems, if applicable. Since this streamlines the development process, a
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weight of 3 is assigned. Finally, prior experience is assigned based on team members’ famil-
iarity with the device. This also streamlines the development process, leading to a weight of
3.

Controller Type Raspberry Pi Zero W Raspberry Pi Zero Arduino Uno Adafruit Radiofruit Adafruit Feather M0 Wi-Fi
Parameter Weight Score Viability Score Viability Score Viability Score Viability Score Viability
Affordability 4 9 36 9 36 10 40 6 24 5 20
Computational Functionality 5 10 50 10 50 6 30 7 35 8 40
Comm Integration 2 10 20 0 0 0 0 3 6 5 10
Hardware Interface 4 10 40 10 40 6 24 7 35 7 35
Ease of Use 3 5 15 5 15 8 24 6 18 7 21
Prior Experience 3 5 15 5 15 9 27 6 18 7 21
Total Viability 176 156 145 136 147

Table 6.3: Rocket controller decision matrix.

Controller Type Raspberry Pi Zero W Raspberry Pi Zero Arduino Uno Adafruit Radiofruit Adafruit Feather M0 Wi-Fi
% of Budget Total Viability % of Budget Total Viability % of Budget Total Viability % of Budget Total Viability % of Budget Total Viability
0.23 176 0.12 156 0.01 145 0.59 136 0.83 147

Cost Effectiveness Score 76,521 130,000 1,450,000 23,051 17,711

Table 6.4: Rocket controller cost-effectiveness matrix.

The abnormally high cost-effectiveness of the Arduino Uno is due to the team already own-
ing two Uno boards, thereby making them free. To avoid infinite cost-effectiveness, the bud-
get percent value of 0.01 was selected.

Raspberry Pi Zero W (Primary):

The Raspberry Pi Zero W has been selected as the primary rocket body communication
controller due to its low price, computational abilities, integrated Wi-Fi, and ability to con-
nect to all required peripheral devices. It is assigned an affordability value of 9 due to its low
price of $10. Since the Zero W is a single-board computer running a Linux distribution as
opposed to a microcontroller, it is assigned a computational functionality value of 10. With
built-in Wi-Fi and Bluetooth capabilities, a comm integration score of 10 is assigned. The
hardware interface includes a 40-pin header for connecting all the system components to-
gether, so a rating of 10 is assigned. Since the code for the Pi must be written in Python, an
ease of use score of 5 is assigned, as the team will be learning the language during the devel-
opment process. Finally, at least one team member has experience working with Raspberry
Pis, resulting in a prior experience rating of 5.

Raspberry Pi Zero:

The Raspberry Pi Zero is identical to the Zero W except for not being equipped with Wi-
Fi capability. Therefore, all scores are the same except for comm integration, which was 0
for this controller. Adding Wi-Fi to this board would require purchase of a Wi-Fi breakout or
plug-in module. This would cost approximately $10, which offsets the $5 saved as compared
to the Zero W. Therefore, this controller has not been selected as the primary option.

Arduino Uno:

The Arduino Uno is an entry-level microcontroller. The ARC already owns two Arduino
Unos, so the affordability value of 10 was assigned. However, the Uno is an 8-bit microcon-
troller, which led to a computational functionality score of 4 being assigned. This controller
also lacks built-in communication, so a score of 0 was given for comm integration. The hard-
ware interface has 14 digital I/O pins in total, so a score of 6 was given. The Arduino Uno
has several tutorials available and a relatively simple coding language, so an ease of use score
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of 8 is assigned. Several team members have experience working with Arduinos, so a prior
experience rating of 9 is assigned. While the Uno is easy to work with, it lacks the computa-
tional and hardware capabilities required for the launch vehicle control and communication
system. In addition, this system would likely have been used only for the small-scale flight,
as the team had planned to upgrade to a Pi-based configuration for the full-scale vehicle.

Adafruit Radiofruit:

The Radiofruit is similar to an Arduino board, but it contains a built-in 915MHz LoRa trans-
mitter/receiver, which is one of the communication options considered by the team. This
board has a price of $25, so an affordability rating of 6 is assigned. The Radiofruit’s clock
speed is 8 MHz slower than the Uno, but it also contains built-in Arduino libraries for its
LoRa module, so it is assigned a computational functionality rating of 7. With a single form
of communication equipped that requires frequency adjustment to avoid interference with
other teams, a comm integration score of 3 is assigned. The hardware interface contains 20
digital I/O pins, so a rating of 7 is assigned. The board runs Arduino, but the LoRa system
would steepen the learning curve, so an ease of use rating of 6 is assigned. Finally, the team
has experience with Arduinos but not with LoRa, so the prior experience rating is 6. Due to
shortcomings in affordability, computational ability, and inexperience with LoRa, this board
has not been selected as the primary controller.

Adafruit Feather M0 Wi-Fi:

The Feather is similar to an Arduino board, but it contains built-in Wi-Fi capabilities and an
M0 processor, which is significantly more capable than that of the other Arduino-type boards
considered. A score of 5 is assigned for affordability because the price of $35 is more than
that of other controllers considered. The computational functionality score is 8 due to the M0
processor and higher SRAM as compared to the other Arduino-type boards, but the Feather is
still considered a microcontroller. Due to the built in Wi-Fi capabilities, the comm integration
score is 5 (as this is the only connectivity method supplied). The hardware interface also
contains 20 digital I/O pins, resulting in a rating of 7. The board runs Arduino and would
require additional work to learn Wi-Fi configuration, so an ease of use score of 7 is assigned.
Finally, while the Feather is an Arduino-type board, the team does not have experience using
one that is Wi-Fi capable, so a score of 7 is given. This board is the best option out of the
Arduino-type boards considered, but due to its lower computational functionality and higher
price, a Raspberry Pi setup was chosen instead.

6.2.2.2 ROCKET BODY COMMUNICATION RECEIVER

Decision Matrix Methodology:
When analyzing the viability of rocket body communication receiver formats, the following
parameters are considered: affordability, base range, interference mitigation, ease of use, and
prior experience. Affordability measures the financial cost for acquisition of the receiver, wi-
ith 10 representing no cost. A weight of 4 is assigned to affordability due to the limited team
budget and variety of similar solutions available. Base range considers the amount of aug-
mentation (e.g. antennas) required to ensure the system has adequate range; since LoRa is
inherently designed for long range communication while Wi-Fi is optimized for short range,
LoRa methods score higher in this area. This is given a weight of 5, as greater range means
less augmentation that must be integrated. Interference mitigation considers that radio sig-
nals must not interfere with other teams; since Wi-Fi does not cause interference with radio
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frequencies like LoRa, Wi-Fi methods score higher in this area. This is given a weight of 5,
as it is imperative that the team’s system does not interfere with other vehicles. Ease of use
considers the relative difficulty of setting up the connection, interfacing the hardware, and
integrating the connectivity into the controller programming. This is weighted 4 because a
system that is easier to use will ensure that the team fully understands the setup and can re-
liably produce a connection. Finally, prior experience considers team members’ familiarity
with similar setups. Since this streamlines the development process, a weight of 3 is assigned.

Receiver Type Integrated Wi-Fi Add-on Wi-Fi Integrated LoRa Add-on LoRa
Parameter Weight Score Viability Score Viability Score Viability Score Viability
Affordability 4 10 40 9 36 10 40 6 24
Base Range 5 5 25 5 25 10 50 10 50
Interference Mitigation 5 10 50 10 50 4 20 4 20
Ease of Use 4 8 32 7 28 7 28 6 24
Prior Experience 3 8 24 7 21 5 15 6 18
Total Viability 171 160 153 136

Table 6.5: Rocket receiver decision matrix.

Receiver Type Integrated Wi-Fi Add-on Wi-Fi Integrated LoRa Add-on Lo Ra
% of Budget Total Viability % of Budget Total Viability % of Budget Total Viability % of Budget Total Viability
0.23 171 0.32 160 0.59 153 0.48 136

Cost Effectiveness Score 74,348 50,000 25,932 28,333

Table 6.6: Rocket receiver cost-effectiveness matrix.

Integrated Wi-Fi (Primary):

A Wi-Fi receiver integrated into the Raspberry Pi has been selected as the primary setup
because of its low price (as it comes with the controller), mitigation of interference risk, ease
of use, and team experience with similar setups. The Wi-Fi capability comes included with
the controller, so no additional cost is required, resulting in an affordability score of 10. Wi-
Fi is optimized for short range communications, resulting in a base range of 5. The use of a
unique Wi-Fi connection instead of a radio frequency that could overlap with another team
leads to an interference mitigation score of 10. The integration of Wi-Fi into the controller
and the relative simplicity of establishing Wi-Fi connections result in an ease of use score of
8. Finally, since team members have used similar setups in the past, the prior experience
score is 8.

Add-on Wi-Fi:

An add-on Wi-Fi module for a controller lacking connectivity would be wired or plugged
into the board to provide a connection for data and command transmission. Since this re-
quires purchase of a separate component (albeit an inexpensive one), an affordability score
of 9 is assigned. The inherent short-range optimization of Wi-Fi, which requires additional
antennas to overcome, leads to a base range score of 5. Since Wi-Fi overcomes radio interfer-
ence, the interference mitigation score is 10. The need to ensure a proper physical connection
of the module to the controller and set up the software communication between them results
in an ease of use score of 7. Finally, while the team has experience working with integrated
Wi-Fi systems, the use of a Wi-Fi add-on could result in different system behavior, resulting
in a prior experience score of 7. Since the integrated option is cheaper and easier to use, an
add-on Wi-Fi module is not the primary receiver form.
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Integrated LoRa:

A controller with built-in LoRa connectivity would communicate with a similar setup on
the ground. Since the communication functionality is built into the controller, an affordabil-
ity score of 10 is assigned. LoRa is designed for long-range communications, so a base range
score of 10 is given. The limited number of frequency bands available for LoRa in the United
States makes interference with other teams very likely, so a score of 4 is assigned for interfer-
ence mitigation. The LoRa transmitter is built into the board with the necessary libraries, but
the team would be learning LoRa during the development process, leading to an ease of use
score of 7. Since the team’s prior experience with communication systems has been through
cellular networks or Wi-Fi, a prior experience score of 5 is assigned. The integrated Wi-Fi
setup has the affordability of the integrated LoRa setup while mitigating interference risk and
being easier to use, so this setup is not the primary receiver form.

Add-on LoRa:

A separate LoRa transmitter would be connected to the controller to provide a commu-
nication link to a ground LoRa transmitter. Since add-on LoRa modules are comparitively
expensive (approximately $20), an affordability score of 6 is assigned. LoRa is optimized for
long range communication, so a base range score of 10 is given. Due to the likelihood of LoRa
frequency overlap with other teams, an interference mitigation score of 4 is given. Since the
team would be learning LoRa during development and would have to ensure proper hard-
ware/software connections to the controller, an ease of use score of 6 is assigned. Finally,
while the team does not have as much experience with LoRa, there is a former member who
has used a separate LoRa transmitter on a model rocket who could provide guidance, so a
prior experience score of 6 is given. Since an integrated Wi-Fi setup is more affordable, miti-
gates interference risk, and is easier to use, this system is not the primary receiver form.

6.2.2.3 ROCKET GPS MODULE

Decision Matrix Methodology:
In the viability analysis of the GPS module configurations, four parameters were considered:
affordability, sensitivity, hardware interface, and prior experience. Affordability measures the
financial cost of acquisition of the GPS module. This is weighted 5 due to the high cost of
several alternatives considered. Sensitivity measures the ability of the GPS to determine its
position from a weak signal. Since it is important to acquire an accurate position from inside
the rocket body, this is weighted 4. Hardware interface considers the type of connection to
the controller as well as the variety of transfer buses available. Since all GPS boards consid-
ered are compatible with at least one of the controllers considered, a weight of 2 is assigned.
Finally, prior experience measures the team experience with similar systems, which is rated
4 due to the streamlining of the development process.

GPS Module Type NEO-M8 Module Adafruit GPS FeatherWing SparkFun GPS Breakout Adafruit GPS Hat
Parameter Weight Score Viability Score Viability Score Viability Score Viability
Affordability 5 9 45 6 30 5 25 5 25
Sensitivity 4 10 40 9 36 9 36 9 36
Hardware Interface 2 8 16 6 12 6 12 7 14
Prior Experience 4 8 32 2 8 5 20 4 16
Total Viability 133 86 93 91

Table 6.7: GPS module decision matrix.
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GPS Module Type NEO-M8 Module Adafruit GPS FeatherWing SparkFun GPS Breakout Adafruit GPS Hat
% of Budget Total Viability % of Budget Total Viability % of Budget Total Viability % of Budget Total Viability
0.36 133 0.95 86 1.20 93 1.08 91

Cost Effectiveness Score 36,944 9,053 7,750 8,425

Table 6.8: GPS module cost-effectiveness matrix.

NEO-M8 Module (Primary):

The NEO-M8 GPS module has been selected as the primary GPS module due to its afford-
ability, sensitivity, hardware flexibility, and team prior experience. The NEO-M8 is the least
expensive of all module configurations considered, so it receives an affordability score of 9.
It also has a sensitivity of -167 dBm, which is the highest of the modules considered, leading
to a sensitivity score of 10. The module is not integrated to a circuit board, so wiring and
soldering will be necessary; however, this makes it compatible with all controllers considered
and gives flexibility to the configuration. In addition, a variety of transfer bus protocols are
available, ensuring it will integrate well with the functioning of the controller. For these rea-
son, the hardware interface score is 8. Finally, team members who have used GPS for their
projects have used u-Blox NEO modules, so the prior experience score is 8.

Adafruit GPS FeatherWing:

The Adafruit GPS FeatherWing is a GPS module integrated on a circuit board designed to
directly integrate with an Adafruit Feather. Due to a price of $40, it receives an affordability
score of 6. The sensitivity of the module is -165 dBm, giving it a score of 9. The board only
communicates though a serial port and has an interface optimized for one controller, though
it could be used with another. Therefore, it receives a hardware interface score of 6. Finally,
the team has no experience with the type of GPS chip integrated into the board, so the prior
experience score is 2. Since the NEO-M8 is more affordable, offers more hardware flexibility,
and is more familiar to the team, the FeatherWing is not the primary GPS module choice.

SparkFun GPS Breakout:

The SparkFun GPS Breakout is a separate GPS module integrated with a circuit board. With
a price of $50, the affordability score is 5. The sensitivity is -165 dBm, leading to a score of
9. The SparkFun supports both I2C and serial transfer bus protocols, but it also requires a
specific quick-attach cable setup, so the hardware interface score is 6. Finally, the team does
not have experience with the specific GPS chip on the board, but a previous team member
has used the SparkFun on a model rocket and could offer guidance if necessary. Therefore,
the prior experience score is 5. Since the NEO-8M is more affordable, more sensitive, and has
more flexible wiring options, the SparkFun is not the primary GPS option.

Adafruit GPS Hat:

The Adafruit GPS Hat is a separate GPS module integrated with a circuit board designed
to conenct to a Raspberry Pi. With a price of $45, the affordability score is 5. The sensitiv-
ity is -165 dBm, leading to a score of 9. The hat only communicates through serial, and it is
optimized for the Raspberry Pi, which is the primary controller option. Therefore, the hard-
ware interface score is 7. Finally, the team does not have experience with the specific GPS
module used on the board, but the team has used GPS on a Raspberry Pi before, so the prior
experience score is 4. Since the NEO-M8 is more affordable, more sensitive, has a more versa-
tile hardware interface, and is more familiar to the team, the GPS hat is not the primary GPS
module.
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Antenna Type Yagi Mideatek Linux Mac
0.00 155 0.22 155 0.09 106

Cost Effectiveness Score 1,550 522 1,177

Table 6.10: Antenna cost-effectiveness matrix.

6.2.2.4 ANTENNA

Decision Matrix Methodology:

Antenna Type Yagi Mideatek W1030
Parameter Weight Score Viability Score Viability Score Viability
Affordability 4 10 40 4 16 9 36
Range 5 8 40 7 35 6 30
Efficiency 5 8 40 8 40 8 40
Power draw 4 7 35 6 24 6 24
Total Viability 155 115 106

Table 6.9: Antenna decision matrix.

Yagi (Primary): The Yagi antenna that was already on hand would be able to connect to our
Raspberry Pi with ease and be sure that everything would be able to communicate smoothly
before, during and after flight. A big factor that came into play when deciding which external
antenna to use for the Raspberry Pi was affordability and this scored as high as it did because
there was already one previously on hand for us to use. The range we would gain from the
Yagi antenna was the best out of all the possible options we considered making it so we would
easily be able to communicate to the Raspberry Pi post-flight with ease. The efficiency of this
antenna was the same as the others we considered and effectively would be able to do what
we wanted with ease. Lastly, the power draw, however not the best, was the least out of the
other antennas and therefore made it an obvious choice.

Mideatek: The Mideatek antenna would be connected to the Raspberry Pi to extend the
range of WiFi to and from the Raspberry Pi. This particular model is made to be adaptable to
many different sources which include the specific Raspberry Pi that we have chosen. How-
ever fairly affordable, it, unlike the Yagi antenna, we would still have to pay for and that is a
large factor when deciding which one we should choose. The range, while good in a smaller
scaled environment would not work well and would possibly cut out the farther away from
launch it would be. All of the antennas efficiencies seemed to be the same and would de-
pend on what battery is used to make sure it ran smoothly. Finally, the power draw wasn’t the
best in comparison to the Yagi antenna and we need to make sure that we conserve the most
power possible in order for everything to work properly.

Linux Mac: Compared to the other antennas the Linux Mac scored the lowest as it didn’t
have a lot of the features we were looking for and it was possible that it was not going to
work with the Raspberry Pi we had decided on. The affordability, however good, did not beat
the Yugi antenna. The range of the Linux Mac antenna had the lowest range out of all the
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Battery Type Lithium Power Pack LiPo Battery Shield Raspberry Pi Battery Pack
0.41 100 0.57 95 0.60 101

Cost Effectiveness Score 244 167 168

Table 6.12: Battery cost-effectiveness matrix.

antennas and would have caused problems with communication post launch. Efficiency of
the antenna stayed on par with the other two and would have been able to accomplish all we
wanted to, but we may not have been able to develop a strong link depending on the distance
away from the launch site. Ultimately, the power draw from the battery was about the same
as the Mideatek antenna and both drew more power than the Yugi antenna.

6.2.2.5 BATTERY

Battery Type Lithium Power Pack LiPo Battery Shield Raspberry Pi Battery Pack
Parameter Weight Score Viability Score Viability Score Viability
Affordability 4 8 32 6 24 6 24
Reliability 4 8 32 8 32 8 32
Weight 3 6 18 6 18 7 21
Size 3 6 18 7 21 8 24
Total Viability 100 95 101

Table 6.11: Battery decision matrix.

Lithium Power Pack: The Lithium Power Pack was a rather good contender when con-
sidering a battery for everything the payload, however it was unclear to if some necessary
components were included and would require much more assembly. The affordability was
the best out of the three considered, however it was not much less than the other two. Reli-
ability of the Lithium Power Pack was the same as the LiPo Battery Shield and the Raspberry
Pi Battery Pack and as long as it stayed charged it would be reliable. The weight was scored
low because each battery could be considered heavy with the thought of it being inside the
rocket, but would not be a hindrance in the long run. The size of the Lithium Power Pack is
the biggest out of each battery considered and may cause problems with other components.

LiPo Battery Shield: The Li Po Battery Shield is around the same price as the Raspberry Pi
Battery Pack and a little bit more than the Lithium Power Pack, in regards to affordability. The
range however is the same as both of the the other batteries considered. The reliability is the
same as the Lithium Power Pack in regards to it being able to do everything that is needed
however the charge life is not as good as the Raspberry Pi Battery Pack. For the LiPo Battery
Shield weight, it is a bit heavy and would run into the same problems as the Lithium Power
Pack were we to make either of them the Primary. Size of the battery, however, would work
well within a placement in the body.

Raspberry Pi Battery Pack (Primary): The Raspberry Pi Battery Pack, however a little bit
more expensive seems to be more suitable fit for what is needed. Reliability between each
battery considered is the same and each should stay charged and give energy to everything
that needs it. The weight of the Raspberry Pi Battery Pack is the lightest out of the three
options making it easier to accommodate for and the size is also the smallest, therefore it will
fit inside the rocket body with ease.
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Battery Monitor Type Adafruit ACS712 TOL-10617
0.24 105 0.14 113 0.26 91

Cost Effectiveness Score 437 787 346

Table 6.14: Battery Monitor cost-effectiveness matrix.

6.2.2.6 BATTERY MONITOR

Battery Monitor Type Adafruit ACS712 TOL-10617
Parameter Weight Score Viability Score Viability Score Viability
Affordability 4 7 28 9 36 5 20
Compatibility 5 10 50 10 50 10 50
Reliability 3 9 27 9 27 7 21
Total Viability 105 113 91

Table 6.13: Battery Monitor decision matrix.

Adafruit: The Adafruit Battery Monitor is a relatively affordable option that makes it able
to monitor voltage and current output from the battery. In comparison to the ACS712 and
the TOL-10617, the Adafruit is right in between the two on price point. Each of the battery
monitors that were considered all are perfectly compatible with the Raspberry Pi that will be
used and the Adafruit has the same reliability as the ACS712, meaning it will be able to do
everything that is needed in an efficient manor.

ACS712 (Primary): In comparison to the Adafruit and TOL-10617, the ACS712 is a largely
affordable option for a battery monitor. The compatibility from the battery monitor to the
Raspberry Pi is made so it is easy to plug in and be able to monitor the current and voltage of
the battery. The reliability of the ACS712 is the same as the Adafruit, but is more reliable than
the TOL-10617.

TOL-10617: The affordability of the TOL-10617 is quite a bit more than the other battery
monitors that were considered and that plays a large factor in deciding which one to get.
However, the TOL-10617 is very compatible to the Raspberry Pi, just like the other two. The
reliability is less than the other options because it is said to work better under a 12V battery
and the primary battery choice is only a 5V.

6.2.2.7 TOTAL PRIMARY SYSTEM DESCRIPTION

The rocket body will be equipped with a Raspberry Pi Zero W which will communicate with
a ground station to enable control of the payload bay servos, initiate startup of the mission
vehicle, relay the GPS location of the rocket in real-time, and transmit the voltages of all bat-
teries in the payload bay. The Raspberry Pi will receive a 2.4 GHz Wi-Fi connection from a
ground wireless router with a 16 dBi Yagi antenna. In addition, a NEO-M8 will be equipped
to enable transmission of the GPS coordinates of the vehicle. Since the operational limits
of the GPS module are 4g, the module will not be operable during the boost phase of flight,
but it can be used following motor burnout to track vehicle descent. The Raspberry Pi will
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be powered by a battery that is independent from all other power systems on the vehicle. A
signal cord will connect it to the drone until the drone has been released.
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Figure 6.5: Raspberry Pi Wiring Diagram

Component Specifications:

The following figures display the wiring and dimensions of the Raspberry Pi, respectively.
Both figures were downloaded from raspberrypi.org.

The mass of the Raspberry Pi Zero W is given as 0.0198 lb (9 g) on the Raspberry Pi website.
Similarly, the u-Blox website gives the weight of the NEO-M8 as 0.0035 lb (1.6 g).

Basic Materials List:

Raspberry Pi Zero W, GPS board, solder, electric wiring, mounting mechanism.

6.2.2.8 SYSTEM INTERACTIONS

The launch vehicle communication system will mechanically interact with its attachment
mechanism to the rocket body and the drone through a signal cord. Any necessary modifica-
tions to ensure the restraint of this system in the rocket body will be made. The drone will ini-
tially be dependent on the electrical system of the rocket body, though it will possess a failsafe
system in the event of a rocket body power loss. From an electrical standpoint, the communi-
cation system will receive battery levels from the drone, awaken the drone from hibernation,
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Figure 6.6: Raspberry Pi Dimension Schematic

and initiate the deployment sequence through the signal cord and wiring in the rocket body.
Through its Wi-Fi connection, the communication system will also receive commands from
the ground to awaken and deploy the drone, and it will transmit the GPS coordinates and
battery levels of the rocket body and drone back to the ground station.

6.2.3 PAYLOAD CONTROL AND POWER MONITORING

Power Distribution and Monitoring Objectives:

• Electrically disable payload motion devices (eg: props, mining)

• Provide statistics on current draw from individual motion devices

• Provide statistics on battery voltages and current draw

• Prioritize power input to optimize maximum mission time: Tether -> Idle Pack -> Main
Pack

Custom Power Distribution Board
A custom designed circuit and pcb. The circuit is designed around our objectives, allowing
us to combine the job of multiple physical boards onto one. This reduces total independent
parts on the payload and simplifies payload assembly and reduces connections we would
otherwise have to manually solder. In addition, we can also place pads convenient to our
application, keeping our electrical neat and tidy. A custom board allows us monitor power
usage on any arbitrary device and bake power prioritization into a single part. However, with
a brand new design, there is the potential for unforeseen bugs.
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Off-the-Shelf Components
There are no single board solutions that will accomplish all of our objectives. This option will
require multiple boards and multiple instances of many boards, requiring lots of space and
weight. Purchased components, however, are inherently reliable. The UAV hobby is quite
large, quality parts and manufactures are known. In addition, replacement and equivalent
boards would be relatively easy to obtain and swap out in the event of a failure. Even so,
power prioritization and disabling motion devices would still require a custom circuit.

Direct Wiring
The lack of any devices to prevent power flow makes this option the most reliable, however
it accomplishes none of our objectives. This leaves us in the dark as far as battery levels and
motor performance. While there is nothing to go wrong, this option is unfavorable.

Decision Matrix Methodology
Reliability describes inherent trust in the system. This considers the opportunity for faults to
occur, and the ability to detect them early in the testing process. Data Collection represents
the particular solutions ability to provide information relating to battery voltage and draw,
motor draw, and recovery draw. Without this information our control system is in the dark
as to the health of our payload. Physical Size is an important consideration, however it is not
a deal breaker. If the solution is the best we can work around it. Ease of Implementation is
inversely related to how complex the system is, simpler systems are preferred. Part count is
related to physical space and reliability, less independent components are preferred.

Power Distribution and Monitoring Custom Board Off-The-Shelf Direct Wiring
Parameter Weight Score Viability Score Viability Score Viability
Reliability 5 7 35 8 40 10 50
Data Collection 5 10 50 8 40 0 0
Physical Size 4 8 32 4 16 10 40
Ease of Implementation 2 5 10 7 14 10 20
Part Count 2 8 16 4 8 10 20
Total Viability 143 118 130

Table 6.15: Power Distribution and Monitoring Objective Design Decision Matrix

Current Leading Design
A custom circuit on a custom PCB provides the most amount of information to the flight
controller, while allowing for the most adaptability to the size and shape of the quad. A pre-
liminary schematic has been laid out

6.2.4 PAYLOAD CONTROL

Control System Objectives:

• Allow for autonomous flight

• Allow for pilot initiate, automated functions
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Figure 6.7: Preliminary Schematic
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Control System Procedures

Initial Power Up and Boot

Occurs well ahead of loading in rocket

IMU calibration is verified

Motion devices are tested to verify proper function

Deploy system cycled

Mining system cycled

Props brought to full

Current and Voltage sensing checked

Idle

Motion devices de-energized, deploy system locked

Payload is secured to the rocket, tether attached

Active

Command to release sent by ground station

Payload shuttled out of rocket

Motion devices energized

Deploy system cycled, Payload takes off

Raspberry Pi and Independent Flight Controller
The control loop of a quadcopter must be incredibly fast. Popular firmwaresâĂŹ control loops
run at 8-32KHz depending on individual use case, maximums range in the hundreds of kilo-
hertz. This means any software we write would have to loop in 125us at most, 30us would
be ideal. For this reason we are off-loading the real-time control loop to dedicated hardware.
This allows us to use slower and easier to program computers as the âĂŸcentral hubâĂŹ. The
central hub is responsible for arbitrary tasks: communicating telemetry information, moni-
toring current and voltage, piloting the flight controller while autonomous, driving any ser-
vos not driven by the mining subsystem, and warning the pilot of any errors, warnings, or
excessive power usage. The Raspberry Pi supports running arbitrary compiled programs and
scripts. This allows us to use languages were more comfortable developing in as well as giving
us the ability to use debuggers and have programs running asynchronously.

Off-the-shelf (eg: PixHawk)
The PixHawk is very rigid, it wants to be an autopilot, and solely and autopilot. Configur-
ing a PixHawk to perform arbitrary tasks would be difficult at best. Ardupilot/Librepilot are
open source autopilot projects that have been used by others to achieve similar objectives.
Ultimately, these use either MavLink or MultiWii Serial Protocols to allow a flight controller
and a computer to communicate. There are advantages to a commercial product, technical
support and forums exist.

Decision Matrix Methodology
Adaptability refers to how easy it is to configure the particular solution to perform arbitrary
tasks. This is similar to ease of use, however, it is important to note that just because a partic-
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ular solution is more approachable (eg: Graphical front-end for modifying parameters) this
does not make it easier to configure to, say, cycle the recovery system. Autonomous Flight is
fully computer controlled, and as close to hands off as safely possible. A fully autonomous
mission would be ideal. Automated Flight is similar to autonomous flight, this is the ability
to configure the control system to perform autonomous tasks initiated by a human pilot, for
instance: press and hold a switch to autonomously land, cycle recovery, and take off.

Control System Raspberry Pi and Off-The-Shelf Flight Controller PixHawk
Parameter Weight Score Viability Score Viability
Adaptability 5 9 45 4 20
Autonomous Flight 4 6 24 9 36
Ease of Implementation 2 5 10 7 14
Part Count 2 8 16 4 8
Total Viability 93 68

Table 6.16: Control System Objective Design Decision Matrix

Current Leading Design
Raspberry Pi and Flight Controller communicating over MultiWii Serial Protocol (MSP) fulfils
our objectives best. MSP is the de-facto standard for serial communication with a flight con-
troller, most common firmwares use MSP to allow a Graphical UI to set and modify param-
eters. In addition, the Raspberry Pi allows us to perform tasks simultaneously with relative
ease.

6.2.5 PAYLOAD COMMUNICATION

Payload Communication Objectives

• Two Independant communication systems, one or the other can fail or loose connec-
tion and not compromise the mission

• Have at least one connection not reliant on a tracking antenna for range

• Stream camera feeds back to the ground station with minimal latency, to be used for
piloting payload

2.4 GHz WiFi via Tracking Antenna
The Raspberry Pi already has a 2.4GHz WiFi modem installed. Since we are already using a
directional antenna to maintain communication with the rocket body, Implementing a simi-
lar system to track the Raspberry Pi on the payload should be relatively straight forward. Wifi
will have enough bandwidth to support a camera stream, this makes communicating teleme-
try and streaming convenient. However, a tracking directional antenna is a must, standard
omnidirectional antennas do not have anywhere close to the desired range.

5 GHz WiFi via Tracking Antenna
5Ghz is very similar to 2.4. 5Ghz has the advantage of increased bandwidth, however it is not
already present in the Raspberry PiâĂŹs WiFi modem. 5Ghz shares the same limitations as
2.4; a directional tracking antenna would be mandatory for the range.
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915MHz LoRa
LoRa has an inherent advantage, standard ranges for even the lowest powered modems are
in excess of 2 kilometers, full power ranges often exceed 10 kilometers, line of sight. However,
LoRa radios are not comparable to WiFi, in terms of uplink/downlink speeds.

5W 2.5-5 GHz Amplifier
This would certainly boost the effective range of both WiFi standards, However this is not
preferable. This will stomp all over other teams attempting to use 2.4 and 5 GHz protocols.

AMPRNet
AMPRNet is a packet-based network protocol designed to be used with amateur radio. Range
would not be a concern, any amplification is likely to not interfere with other teams as the
1.25-m band is well outside the range of common telemetry and wifi modems. However, AM-
PRNet is fundamentally limited by this frequency. Standard speed is 1200 baud, 9600 baud
is considered high speed. This would force us to be selective with telemetry, and will not
support a camera stream. Also, since AMPRNet uses ham radios, this would require us to be
licensed in order to communicate.

Primary Telemetry Decision Matrix Methodology
Primary telemetry will support a camera stream, therefore network speed is of utmost im-
portance. Efficiency is inversely related to power consumption and related network speed.
Range is not as important, the ground station can support a directional tracking antenna, for
this reason the 5W amplifier is not considered. Ease of implementation is effectively the in-
verse of how complex the system is. Working around a complicated system is worth it if it
gives us speed or range.

Primary Telemetry
2.4GHz WiFi via
tracking antenna

5GHz WiFi via
tracking antenna

915MHz LoRa AMRPNet

Parameter Weight Score Viability Score Viability Score Viability Score Viability
Bandwidth 5 6 30 8 40 4 20 0 0
Efficiency 4.5 8 36 7 31.5 6 27 2 9
Range 4 5 25 5 25 8 40 9 45
Ease of
Implementation

3 8 24 6 24 6 18 2 6

Total Viability 115 111.5 105 60

Table 6.17: Primary Telemetry Objective Design Decision Matrix

Secondary Telemetry Decision Matrix Methodology
Secondary Telemetry exists as a failover if the tracking antenna loses its lock. Communication
via an omnidirectional antenna is required, it is impossible to predict where and in what
position the payload might lose its primary link. Efficiency gauges how much power it takes
to run the radio, compared to how fast the link is. This isn’t as important as primary, since
secondary serves mainly as a fail-safe. Susceptibility to interference describes the radioâĂŹs
ability to interfere, and its vulnerability to interference. At the range where Primary telemetry
lose is likely, interference with other teams is unlikely. Ease of implementation is not nearly
as important. Complexity doesn’t matter much, so long as communication is guaranteed.
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Secondary Telemetry AMRPNet 5W Amplifier 915MHz LoRa
Parameter Weight Score Viability Score Viability Score Viability
Range 5 9 45 6 30 8 40
Efficiency 3 2 6 4 12 8 24
Susceptibility to
Interference

3.5 8 28 2 7 6 21

Ease of
Implementation

2 2 4 8 16 7 14

Total Viability 73 65 99

Table 6.18: Secondary Telemetry Objective Design Decision Matrix

6.2.6 PAYLOAD OBJECTIVE SYSTEM

Decision Matrix Methodology:
Durability for the payload objective is the ability to withstand forces and wear so the system
functions properly when needed. This is very important since the mission cannot be accom-
plished without the system functioning. Since the durability is important to mission success
it is given a high weight of 5. The reliability factor measures the consistency of the system
to constantly perform to the standards necessary for mission success. This is also important
since the system must be trustworthy to perform the tasks, thus reliability is given a weight
of 5. The weight of the system is weighted based off that fact that the objective system will be
placed on a drone where every gram counts. Weight factors to be decently important with a
weight of 4. Power is less important than weight since after the sample has been gathered, the
mission is nearly done. For this reason power is given a weight of 3. Sample size is whether
the correct volume of sample is collected and also takes in account the reliability of measur-
ing the amount of ice sampled. This is a definite mission parameter so the weight of sample
size is set to 5. Piloting ability is determined on how important the pilots actions are toward
mission success criteria for the objective system. The more important the pilot is the lower
the score or the less important the pilots actions are the higher the score. Piloting ability is set
to a weight of 2. Sample disruption is how measured by how much the objective system will
impact the sample area and whether it could potentially make it more difficult for the system
itself to collect the ice. This seems unlikely so the weight of sample disruption is set at 2.

Design Brush Roller Auger Bay Door Scoop
Parameter Weight Score Viability Score Viability Score Viability Score Viability
Durability 5 8 40 6 30 6 30 6 30
reliability 5 7 35 6 30 7 35 7 35
Weight 4 7 28 7 28 6 24 6 24
Power 3 6 18 6 18 6 18 7 21
Sample Size 5 7 35 6 35 5 25 3 15
Piloting Ability 2 6 12 4 12 4 8 2 4
Sample Disruption 2 6 12 6 12 6 12 4 8
Total Viability 180 156 152 137

Table 6.19: Payload Objective Design Decision Matrix

Current Leading System Design
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Brush Roller:
A brush roller, similar to that of the front of a vacuum cleaner, will be secured on the drone.
The brush roller will spin from a servo to brush the ice pellets into the drone, where a storage
system will be awaiting the ice. The when the spinning brush impacts the ice sample, it will
be swept into the collection bin.

The brush roller will be very simple with only a servo that will cause the brush to spin, this
simplistic design will function when necessary thus creating a high reliability. With the small
amount of parts the system will be very durable increasing the durability score. With only
one servo the power draw will be very low so the power score is high. Since the brush and
collection bin will be made of plastic the overall design will be very light effecting the weight
score. The brush will consistently sweep ice into the storage bin which has enough volume
for mission success so the design has a high sample size score. Very little piloting needs to be
done other than landing on the ice sample so the sample disruption score and the piloting
score are high.

Specifications:
The brush needs to fit within the confines of the width of the drone. It will also need to spin
fast enough to properly launch the ice into the collection box.

Figure 6.8: Brush Roller Design

Basic material list:
Servo
Collection Box (Plastic)
Spinning brush (Plastic)
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Alternative System Designs

Auger:
A spiral auger surrounded by a tube will be actuated by a servo. The spinning motion of the
auger will move the ice up the augers walls and once the ice reaches the top there will be a
storage bin to accumulate the ice. The auger system will be placed within the drone and ac-
tuated once the drone is maneuvered so the auger is in contact with the ice.

The auger system would be very simplistic with few parts so the reliability score would be
higher. The storage bin would have enough volume to hold the required sample size for mis-
sion success and with testing it could be determined with a certain level of precision how
much ice sample would be collected. This increases the sample size score. The system would
run off of one servo so the power score will also me higher than average. The durability of the
system would be around average because the servo would have to be actuating constantly to
achieve movement of the auger bit. The weight score would be very high since the system
will be made mostly of plastic and most of the weight would be the single servo. The single
servo would draw that much power either causing a high score for the power. The piloting
score is slightly below average since the drone would have to be maneuvered so the auger
was place adequately on the ice sample. However, the auger could be stationary on the ice
sample increasing the sample disruption score.

Bay door:
The belly of the done would split down the middle and open up like bomb bay doors. These
doors would be actuated by servos. The drone would then be maneuvered over top of the ice
pile. Either the engines would cut or the drone would have a controlled decent on top of the
ice. At which point, the bay doors will close, capturing the ice within the bay.

Since the system is still simple but slightly more complex than the simplest system the bay
door gets an above average score for reliability. The system would be durable enough to be
dropped onto the ice sample so the durability score would also be higher than normal. The
power draw of the system will be very low since it will only need one or two servos depending
on the gearing used to actuate the bay doors. The bay doors would have more than enough
volume to hold the necessary sample size, but there is a factor of randomization to how much
ice actually makes it into the doors making the sample size score average. The weight of the
system will be relatively low since most of the construction will be made of plastic. The pi-
loting ability score will be slightly less than average since the pilot either needs to drop the
drone or have a controlled decent on the ice sample right where the bay doors are located.
That being said the sample disruption score would be above average since the rotors don’t
need to be spinning for the system.

Vacuum:
A vacuum pump will be located within the drone body and the suction tube would be placed
on the belly of the drone. The suction tube would also be connected to a storage bin with
a filter so the ice wouldn’t pass through the vacuum. The vacuum would actuate when the
drone was maneuvered on top of the ice pile creating a pressure difference to allow the ice to
travel up the tube into the storage bin.
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Since the drone could be stationary on the ice sample site while the vacuum actuates the
sample disruption score is higher than average along with an increased pilot ability score.
However, the vacuum would have a complex system that has multiple failure modes. This
decreases the score on the reliability score. Since there are multiple different parts and con-
nections needed both electronically and mechanically the durability of the systems score will
be lower. A vacuum pump is also heavy and high power draw so the weight and power scores
are low. The storage bin would have the volume needed for the mission, but it is unknown
whether a vacuum could move the ice into the storage bin so the sample size score is mid tier.

Scoop:
A box would be paired with the drone design that would have a rotating front face. The hinge
for the front face would be connected to the bottom of the box so when the front face rotates
it would go parallel to the bottom face, thus creating an open box with a scoop. The front face
would be controlled by a servo that would open the box once near the ice pile. The drone
would then scrape the scoop face across the ice pile and the servo would close the box, effec-
tively capturing the ice within the box

This scoop system with its high simplicity and robust design should be able to hold up with
multiple uses and perform its task each use. This gives the scoop a high scoring in durabil-
ity and reliability. Although the system would be able to function properly, the sample sizes
would be inconsistent since the pilot would have to maneuver the drone to properly scoop
the ice. This inconsistency leads the scoop to have a lower score for sample size. Since the
pilot of the drone has such a high impact on the system the pilot ability score is very low.The
scores in weight and power are both higher since the construction would just be a plastic box
and one servo. Another downside to this design is that the rotors on the drone would have
to be spinning to achieve the horizontal speed needed for the scoop to function. This could
disrupt the ice sample site and have it difficult for the scoop to acquire the sample needed
thus making the scoop have a low sample disruption score.

6.2.7 PAYLOAD WITHDRAWAL SYSTEM

Decision Matrix Methodology:
The Durability parameter of a system pertains to the ability to withstand harsh forces, such
as those present at takeoff, and maintain optimal operation. If a system does not maintain
optimal operation, the deployment of the payload could fail and result in mission failure. For
this reason, the durability parameter is given a weight of 4. The weight of the system affects
the total weight of the rocket which then requires additional calculations to reach our desired
altitude. If the system is heavy, all that is needed is a recalculation. For this reason, the low
weight parameter is given a weight of 1. The ease of manufacturing parameter determines
how easily it is to make parts for the system. Since we have access to a student machine shop
manufacturing, parts are not a large problem. For this reason, the ease of manufacturing pa-
rameter is given a weight of 2. The safety of payload parameter pertains to the usability of
other systems after activation. If for some reason our drone or vital systems are inoperable
after activation, the result would be mission failure. For this reason the safety of payload pa-
rameter is given a weight of 5. The repeatably parameter is the quality of a system to be reset
and reactivated for any reason. Only if deployment fails due to other circumstances would
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the deployment system need to reset and repeat. For this reason, the repeatably parameter is
given a weight of 3. The reliability parameter is the quality of the system to operate according
to its design. If a system does not operate according to its design, problems can occur with
system interfaces and the withdrawal of the drone itself. For this reason, the reliability pa-
rameter is given a weight of 4.

Table 6.20: Payload Withdrawal System Decision Matrix

Table 6.21: Payload Withdrawal System Cost Effectiveness Matrix

Current Leading System Design

Constant Force Spring Ejection:
A constant force spring is paired with a rotary damper and is attached to the rear end of the
drone carriage to pull the drone carriage out the mouth of the rocket body with sufficient
force and a constrained speed. The drone carriage will be restricted with a servo arm pin,
located at the rear of the carriage, to oppose the force of the spring. The carriage will be con-
strained by the placement of the constant force spring such that the drone carriage is exposed
from the mouth of the rocket body once the spring reaches its original displacement.

The primary deciding factors that resulted in the selection of this design for the withdrawal
system were the high scores in durability, safety of payload, and reliability. This system is
given an 8 for durability and a 9 for safety of payload because of the mechanical nature of
the system. The primary component of this system is the constant force spring, which is very
reliable for several thousand cycles. This system is given a 10 in reliability because of the relia-
bility of constant force springs. This system has the drawback that it is not resetable, because
of this, the system is given a 3 for repeatability.

Even though the cost effectiveness score of this system was lower than that of the linear servo,
the reliability and safety of payload factors are worth the extra cost. For these reasons the
constant force spring ejection system was chosen from tables 6.20 and 6.21.

Component Specifications:
Let the mass of the drone and drone carriage be denoted, respectively, as
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Figure 6.9: Drone Carriage Assembly

Md = 5.5l b, Mc = 2.0lb

Assuming the coefficient of friction between the wood drone carriage and the cardboard
rocket body is µB = .5 and with a maximum angle of 45 degrees

ΣF = 0 : (Md +Mc )si n(45)+µB (Md +Mc )cos(45)−Fs = 0
ΣF = 0 : (5.5+2.0)l b ∗ si n(45)+ .5∗ (5.5+2.0)lb ∗ cos(45)−Fs = 0

Fs = 7.95lb

Where Fs is the force applied by the spring to overcome static friction. Assuming a coeffi-
cient of frictionµp = .6 for the metal restraint pin and wooden carriage and a maximum servo
arm of .3in, the required torque to overcome static friction and pull the pin that restrains the
drone carriage is

T = r (µp )(Md +Mc )(16oz/l b)
T = (.3i n)(.6)(7.95lb)(16oz/lb) = 22.9oz ∗ i n

Basic material list:
A wood block to cut and shape into the drone carriage. A constant force spring that would
then be attached to a rotary damper to act as the deployment force and speed constraint com-
ponent for this system. A mid torque radial servo connected with an aluminum or wooden
pin to operate as the withdrawal restraint component of this system.
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Alternative System Designs

Rocket Body Side Breach:
The side of the rocket body is able to open along a hinge powered by a radial servo. The breach
door is locked with a servo operated pin. The side breach is large enough for the drone to de-
ploy its flight booms and take off unhindered directly from the rocket body.

The lowest scores for this system are a 4 in safety of payload and a 5 in durability. These
scores are given because of the possibility of structural instability due to the require size of
the breach door. However, this system scored well with a 10 in low weight and a 7 in ease of
manufacturing. These high scores are from the fact that the drone would not need a carriage
to withdrawal and only a few servos to operate the breach door and safety pin.

Solenoid:
A solenoid is wrapped along the inside diameter of the rocket body. A secondary lining is
placed between the drone bay and the solenoid to prevent an unintentional short circuits.
Once active, the solenoid provides magnetic force on an opposing magnet attached to the
drone carriage propelling the carriage to the mouth of the rocket body.

The lowest score for this system is a 2 in payload safety. This score was given because of
the possibility to interfere with and ruin the electronics within our drone and rocket. If this
were to happen there is a large risk for mission failure. However, this system scored well with
a 10 in ease of manufacturing and an 8 in low weight. These scores are due to the simplicity
of constructing and operating a solenoid.

Pneumatic Piston:
A pneumatic piston is actuated by the release of an on board pressure canister. The pressure
canister is operated with a release system controlled by the flight controller.

The lowest scores for this system are a 4 in both durability and repeatability. These scores are
given because of the unfamiliarity with the flexible tubing that connects the pressure canister
to the piston and the single use nature of the pressure canister. The highest scores are an 8 in
both low weight and ease of manufacturing. These scores are given because of the low weight
of each component and the simplicity of the system.

Linear Servo:
A linear servo is mounted at the rear end of the drone carriage. The servo actuates with a long
enough arm and sufficient force to push the drone carriage out the mouth of the rocket body.

The lowest scores for this system are a 6 in both durability and low weight. These scores
were given because the linear servos found were either bulky with a sufficient length or light
weight and do not meet the force specifications. The highest scores given to the system were
a 9 in ease of manufacturing and an 8 in safety of payload. These scores are given because
the actuator component is already made and all that is necessary to design is a connection
to the drone carriage. Additionally, the speed at which linear servos typically operate incurs
very little risk to the safety of the payload.
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Belt Winch:
A motor operated belt with a small clamp attached to the belt is connected to the drone car-
riage. The belt is positioned along the length of the rocket body and exerts force on the drone
carriage as it is rotated by the motor, pushing the drone carriage out the mouth of the rocket
body.

The lowest score given to this system is a 4 in durability. This score is given because the
belt and clamp are friction held to prevent structural damage to the belt. This aspect of the
design limits how much force can be applied to system. The highest score is a 9 given to re-
peatability. This score is given because of the cyclical nature of a belt driven machine.

Electromagnet:
An electromagnet is attached to the rear end of the drone carriage and a magnet attached to
the opposing wall within the drone bay. Once the electromagnet is activated, the opposing
magnetic fields provide enough force to push the drone carriage out the mouth of the rocket
body.

The lowest score given to this system is a 1 in safety of payload. This score is given because the
strength of the electromagnet needed to deploy the carriage would be large enough to com-
pletely ruin onboard electronics, which would result in mission failure. The highest score is a
9 given to ease of manufacturing. This score is given because the system only has one opera-
ble component.

System Interactions

The payload withdrawal system will only interact in a mechanical nature with the payload re-
straint system and the payload itself to transport these systems outside the rocket body. The
payload retention system will be mounted on the drone carriage and all necessary modifica-
tions will be made to accommodate the restraint mechanism and the payload.

6.2.8 PAYLOAD RETENTION SYSTEM

Decision Matrix Methodology:
There are four main parameters that are taken into consideration when choosing a payload
retention system: reliability, overall weight, durability, and the safety of the payload. Reli-
ability measures how much trust can be put into the system to perform its task perfectly.
This system must be executed perfectly, else the mission stops before the drone can leave
the launch vehicle; this justifies the high weight. The overall weight should also be studied,
although its effects are minimal compared to the other categories. The durability of the sys-
tem determines how the system can handle the forces applied at takeoff. If the system breaks,
then the mission is at risk, and thus deserves a higher weight. Finally, the safety of the payload
considers how the system interacts with the drone. Damage to the drone should be mitigated
for better results. This category also scored higher.
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Design Over-Leg Latches Pins Springs Electromagnet
Parameter Weight Score Viability Score Viability Score Viability Score Viability
Reliability 5 10 50 8 30 6 20 4 40
Overall Weight 2 8 16 10 20 6 12 4 8
Durability 4 8 32 4 16 10 40 6 24
Safety of Payload 4 10 40 8 32 6 24 4 16
Total Viability 138 98 96 88

Table 6.22: Latch design decision matrix.

There are three main parameters that are taken into consideration when choosing a latch
material: cost, weight, and material strength. The cost is important when factored into the
budget and the weight is important when factored into the rocket as a whole, but the material
strength is critical. This parameter controls how likely the latches will fail under the forces
applied during takeoff. If the latches fail, then the drone is unrestricted and could cause
damage to the drone; this warrants a high weight.

Material Wood Plastic Aluminum Steel
Parameter Weight Score Viability Score Viability Score Viability Score Viability
Cost 3 10 30 4 12 8 24 6 18
Weight 3 10 30 8 24 6 18 4 12
Material Strength 5 8 40 4 20 6 30 10 50
Total Viability 100 56 72 80

Table 6.23: Latch material decision matrix.

Design Over-Leg Latches Pins
% of Budget Viability % of Budget Viability
1.06% 138 .55% 98

Cost-Effectiveness Score 12962.96 17883.21

Table 6.24: Payload Retention System Cost-Effectiveness decision matrix.

Current Leading System Design

Over-Leg Latches:
4 over-leg latches are mounted onto the drone carriage and attached to radial servos that
are embedded into the carriage and connected to the electronics bay. The drone legs will be
pushed into grooves with a foam-like material on the carriage. While being pushed down-
ward, the latches will be rotated above the legs, causing the legs to be pressed between the
latches and the foam-like material attempting to return to its initial state by filling with air.
When the launch vehicle completes its landing, the radial servos will rotate the latches so that
the drone is no longer restricted.
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Figure 6.10: Payload Retention Technical Drawing
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The leading design is low in overall weight, as we can control the material for the latches
to account and was given a higher score in the design matrix because of this fact. Next, the
ability to place multiple latches will allow for a better durability and distribution of takeoff
forces, which will make them less likely to break. Again, a higher score was given. The drone
is restricted through mechanical needs, which is the most reliable way of restriction. This was
subsequently given the highest score. The design is the least likely to cause damage to the
drone and was given the highest score in the safety category. Finally, the design has multiple
moving parts involved, as there are multiple latches and servos. This would result in a greater
chance of component failure.

Md = 5.5lbm

As the force applied to the drone is removed, the foam agent will return to its initial state by
filling with air. Let the force resulting from this inflation be denoted as F f , with a density of
1 lb expanding with an acceleration of 3 f t/s2. To counteract this inflation force, the over-leg
latches will restrict this movement by producing a force in the opposite direction, denoted
as Fl . Accounting for the acceleration during takeoff, which will be roughly sixteen times the
acceleration due to gravity, the maximum force that the over-leg latches must overcome is
roughly

ΣFy = Md ∗a : 4Fl −F f = (5.5lb)∗ (32.2 f t/s2)
Fl = ((5.5lb)∗ (32.2 f t/s2)+3l b f t/s2)/4 = 45.025l b f

Basic Material List:
Mid torque radial servos, over-leg latches, foaming agent

Alternative System Design

Pins:
With small holes in the main body of the drone and or carriage, multiple pins can be fitted
into the small holes and keep the drone in place. The pins would then be pulled, using servos
connected to the electronics bay, out of the body when desired.

The drone is restricted through mechanical means, which is the most reliable way of re-
striction. This was given a high score in the design matrix to reflect this quality. Also, the
components would have a collective low weight and was given the highest score. Lastly, the
simplicity of the design would be safer for the drone, reflected in a higher score. The de-
sign involves multiple moving part; with the addition of each moving part, the probability
of system failure increases. Holes in drone could also add structural instability and thus its
durability to the drone body. Since there would be have to be modifications made to the
drone body, this qualified the design for the lowest score for durability in the design matrix.

Springs:
Springs would be mounted to the body of the drone and the carriage and connected to the
rocket walls using pins controlled by servos connected to the electronics bay.
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The drone is restricted through mechanical means, which is the most reliable method of
restriction. It scored a moderate score when compared to other designs. Also, the nature and
typical material of springs make them very durable, and was given the highest score because
of this. Since springs produce forces to return to its initial state, the springs will be in near
constant movement, resulting in a drone body that would be moving with these springs. This
was given a lower score in the design matrix.

Electromagnets:
Electromagnets powered by the electronics bay would hold the drone axially, while a few
foam stoppers would hold the drone against the body of the rocket to fully prevent move-
ment of the drone. Foam stoppers would be small enough to be ejected from top when flight
booms are deployed.

There is one operable part, making the design simplistic. The electromagnet is durable,
giving it a moderate score in the category. The magnetic nature could interfere with and de-
stroy other electronics,rendering them useless. This puts the drone at risk, giving the design
a low score in the design matrix. The electromagnet would require constant power to main-
tain; this constant powering of the electromagnet would drain our battery, which could cause
other systems to remain without power, making the system unreliable and given a low score.
Finally, the electromagnet would be somewhat heavy, contributing to a higher overall weight
and a lower score.
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7 SAFETY

7.1 PREFACE

The safety of our members is of the utmost importance to ARC. Throughout the construc-
tion process and test flights, there are many possibilities for injury if safety precautions are
neglected. A safety manual and contract have been written by the Safety Officer. While the
manual primarily applies to ARC, all members of the WMU AIAA must sign the safety con-
tract because the materials listed within are also used by the Design-Build-Fly (DBF) and
Unmanned Aerial Systems teams. Similarly, many of the FAA regulations referenced in the
manual apply to both ARC and the DBF team. The safety manual in its entirety can be found
in the attached appendices. The manual in standalone form can be found at the link in the
same appendix.

7.2 PERSONNEL HAZARD ANALYSIS

The following tables assess the personnel risks due to hazardous materials, the build process,
and flight operations.

The likelihood and severity of each event are measured using the scales shown in the fol-
lowing figures:

Figure 7.1: Scale for measuring likelihood of event.

Figure 7.2: Scale for measuring severity of event.

The personnel hazard analysis was conducted using the standard risk assessment matrix
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in the following figures.

Following review of the Material Safety Data Sheets (hereinafter referred to as MSDS) for the
hazardous materials to be used in construction, the associated personnel risks are displayed
in Figure 7.4. Similarly, based on required regulations, team launch protocols, and the failure
modes of the vehicle, personnel risks for flight operations are displayed in Figure 7.5.

Figure 7.3: Risk assessment matrix.

Figure 7.4: Personnel risk assessment of material hazards.
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Figure 7.5: Personnel risk assessment of vehicle failure modes.

7.3 ENVIRONMENTAL EFFECTS ANALYSIS

The environmental effects analysis was conducted using the same risk assessment matrix as
in the personnel hazard analysis; however, the matrix accounts for severity of environmental
damage or damage caused by the environment instead of personnel injuries.
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Figure 7.6: Risk assessment of environmental interactions.
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7.4 DFAI’S FOR PRELIMINARY DESIGNS

7.4.1 LAUNCH VEHICLE

Figure 7.7: DFMEA for LV
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7.4.2 MISSION VEHICLE

Figure 7.8: DFMEA for MV

7.4.3 PAYLOAD BAY

Figure 7.9: DFMEA for PB
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7.4.4 GROUND STATION

Figure 7.10: DFMEA for GS
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8 PROJECT PLAN

To ensure the development of the project is on track as well as being conducted in an effective
manner there must be some method verify progress. The completion of USLI requirements
is obviously pivotal to project success, and such completion needs to verified. In addition,
prerequisite goals must be met on the journey to the completion of USLI requirements. The
goals are specific to ARC and as a result must be explicitly defined. Following these defini-
tions, a plan must be established to reach these goals.

8.1 REQUIREMENT VERIFICATION

The USLI requirements span design, construction, and team planning. Different verifica-
tion methods lend themselves more effective to different types of requirements. The specific
verification methods are tests (T), analysis (A), demonstration (D), and inspection (I). The
following tables delineate USLI requirements, ARC’s planned method of verification.

8.2 BUDGETING & TIMELINE

8.2.1 BUDGET

The primary source of ARCâĂŹs funding is through the WMU CEAS Excellence Fund. The
Excellence Fund is awarded throughout WMU CEAS student organizations based on need
and STEM outreach completed in the name of the university. AIAA has been applying for and
receiving this aid for the past 21 years. ARC, as a part of WMU AIAA, receives part of this aid.
Based on past awards and AIAAâĂŹs request for funding (2019-2020), it is expected for ARC
to receive an award of 3,500. Along with the funding from the CEAS, ARC also fundraisers.
In years past this has resulted in at least 250.00 in additional funding. ARC is also in talks
with local companies in the aerospace industry for additional sponsorships. One specifically
is Jedco Aerospace, a company in which a few of ARCâĂŹs members have interned. ARC
will also continue to explore sponsorship opportunities throughout the coming months. As
a result, the team expects to gain an additional 500.00 from industry sponsorship. With all
award amounts, fundraising, and sponsorships taken into consideration ARC expects to have
at least 4,250.00 in available funds. These funds are just 75.00 over projected budget. A break-
down is shown below in Table 6.3. One additional source of funding ARC is currently applying
for is the Michigan Space Grant Consortium, a grant available to university students partici-
pating in âĂIJHands on NASA âĂŞ oriented experiences for studentsâĂİ. This is not currently
in the funding breakdown because ARC has never applied for this grant, and the amount that
could be awarded varies. Possible awards range from 100.00 to 5000.00.

8.2.2 TIMELINE

Just as presented in the proposal for entry, ARC’s project schedule has deviated little to none.
The following figures represent the project plan as broken down by subteam.
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Figure 8.1: SET and SM Team Schedule

Figure 8.2: LV and Mission Team Schedule
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Figure 8.3: Mission Team Budget
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Figure 8.4: Launch Vehicle Team Budget

Figure 8.5: Team Travel Budget
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Figure 8.6: Student Engagement Team Budget
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