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Common Abbreviations & Nomenclature 

AGL = above ground level 
APCP = ammonium perchlorate composite propellant 
ARRD = advanced retention and release device 
AV = avionics 
BP = black powder 
CDR = Critical Design Review 
CG = center of gravity 
CP = center of pressure 
DÁVÍD = Device for Assisting in Validation of Integration and Deployment 
EIT = electronics and information technology 
FAA = Federal Aviation Administration 
FMEA = failure modes and effects analysis 
FN = foreign national 
FoS = factor of safety 
FRR = Flight Readiness Review 
HEO = Human Exploration and Operations 
HPR = High Power Rocketry 
HPRC = High-Powered Rocketry Club 
L3CC = Level 3 Certification Committee (NAR) 
LCO = Launch Control Officer 

LOPSIDED = 
Lander for Observation of Planetary Surface Inclination, Details, and Environment 
Data 

LRR = Launch Readiness Review 
MAE = Mechanical & Aerospace Engineering Department 
MSDS = Material Safety Data Sheet 
MSFC = Marshall Space Flight Center 
NAR = National Association of Rocketry 
NCSU = North Carolina State University 
NFPA = National Fire Protection Association 
PDF = Payload Demonstration Flight 
PDR = Preliminary Design Review 
PLAR = Post-Launch Assessment Review 
POS = Planetary Observation System 
PPE = personal protective equipment 
RFP = Request for Proposal 
RSO = Range Safety Officer 
SL = Student Launch 
SME = subject matter expert 
SOW = statement of work 
SSTV = Slow-Scant Television 
STEM = Science, Technology, Engineering, and Mathematics 
TAP = Technical Advisory Panel (TRA) 
TRA = Tripoli Rocketry Association 
VDF = Vehicle Demonstration Flight 
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1. Summary of FRR Report 

1.1 Team Summary 
1.1.1 Team Name and Mailing Address 

Name: High-Powered Rocketry Club at NC State, Tacho Lycos 
Mailing Address: 911 Oval Drive, Raleigh, NC 27695 
Primary Contact: Evan Waldron, emwaldro@ncsu.edu, (919)-448-1396 

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

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

1.1.3 Time Spent on FRR Milestone 
The team spent a total of 240 hours working towards completion of the FRR milestone. 

1.2 Launch Vehicle Summary 
1.2.1 Official Target Altitude 

¢ƘŜ ǘŜŀƳΩǎ ƻŦŦƛŎƛŀƭ ǘŀǊƎŜǘ ŀƭǘƛǘǳŘŜ ƛǎ ппто ŦŜŜǘΦ {ŜŜ ǎŜŎǘƛƻƴ 3.5.1 for justification. 

1.2.2 Final Motor Choice 
¢ƘŜ ǘŜŀƳΩǎ Ŧƛƴŀƭ ƳƻǘƻǊ ǎŜƭŜŎǘƛƻƴ ƛǎ ǘƘŜ !ŜǊƻǘŜŎƘ [мрнл¢Φ {ŜŜ ǎŜŎǘƛƻƴ 3.5.3 for justification. 

1.2.3 Launch Vehicle Size and Mass 
The as-built launch vehicle is 110.25 inches long with a diameter of 6.17 inches. The fully 
loaded mass of the launch vehicle with the final motor onboard is 49.3 lbs. See section 
3.1 for additional launch vehicle size discussion. 

1.2.4 Recovery System 
The recovery system design is a dual-deployment system controlled by two independent 
PerfectFlite Stratologger CF altimeters. An 18-inch drogue parachute will be deployed at 
apogee, and a 120-inch main parachute will be deployed at 700 feet AGL. See section 
3.4.1 for discussion of the recovery system. 

1.3 Payload Summary 
The lander has been designated the Lander for Observation of Planetary Surface Inclination, 
Details, and Environment Data, abbreviated to LOPSIDED. The imaging system contained 
within LOPSIDED is designated the Planetary Observation System, abbreviated as POS. During 
the descent of the launch vehicle, the LOPSIDED-POS system will be removed from the 
payload bay by the main parachute recovery harness. The LOPSIDED-POS will then detach 
itself from the recovery harness by means of an Advanced Retention Release Device (ARRD). 
The LOPSIDED-POS will descend under its own parachute. After landing, LOPSIDED will record 
its angle relative to vertical, then disengage four solenoid latches, allowing gravity to rotate 
two concentric rings such that LOPSIDED is oriented vertically with respect to gravity. 
LOPSIDED will then record its final orientation. The POS will then capture an image from each 
of the four onboard cameras. The POS will then transmit these images over slow-scan 
ǘŜƭŜǾƛǎƛƻƴ ǘƻ ŀ ƭŀǇǘƻǇ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ǘŜŀƳΩǎ ǇǊŜǇ ŀǊŜŀ. The laptop will then be used to combine 
these separate images into a single 360-degree panoramic image. 
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2. Changes Made Since CDR 

2.1 Changes Made to Launch Vehicle 
Table 2-1 below lists all changes made to the launch vehicle since CDR, along with justification 

of these changes. 

Table 2-1 Changes to Launch Vehicle Since CDR 

Description of Change Justification of Change 

The main parachute bay 
has been lengthened 
from 17 inches to 19 
inches. 

Additional space is required to pack the main parachute 
and its associated hardware. This change has been 
approved by the Student Launch team. 

The forward AV bay 
coupler has been 
shortened from 6 inches 
to 2 inches. 

Additional space is required to pack the main parachute 
and its associated hardware. This reduction is deemed 
acceptable since the forward AV coupler is not an in-flight 
separation point. This change has been approved by the 
Student Launch team. 

The main parachute will 
now be packed behind 
the piston in the main 
parachute bay. 

This allows for all hardware to fit within the payload 
coupler and main parachute bay. When the main 
parachute previously resided in the payload coupler, there 
was not sufficient room to join all sections of the launch 
vehicle. 

The forward rail button 
has been moved from 
the middle centering ring 
to the engine block. 

This reduces the risk of the rail buttons binding on the 
launch rail due to the forward CG of the launch vehicle. 

The exposed section of 
the nose cone is 26 
inches long instead of 24 
inches. 

Due to a misinterpretation of manufacturer dimensions, 
the nose cone is 2 inches longer than predicted. The nose 
cone is still a 4:1 ogive geometry, as these extra 2 inches 
are a straight section at the base of the nose cone. 

The payload parachute 
has been changed from a 
CǊǳƛǘȅ /ƘǳǘŜǎ слέ LǊƛǎ 
Ultra Compact to a Fruity 
/ƘǳǘŜǎ пуέ /ƭŀǎǎƛŎ 
Elliptical. 

The LOPSIDED-POS weight as built was lower than 
designed resulting in the LOPSIDED-POS exceeding wind 
drift limits with the larger parachute selected at the CDR 
level design, so a smaller parachute was selected. 

 

2.2 Changes Made to Payload 
Table 2-2 below lists all changes made to the payload since CDR, along with justification of 

these changes. 
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Table 2-2 Changes to Payload Since CDR 

Description of Change Justification of Change 

An Arduino Nano is now used in 
addition to a Stratologger CF 
altimeter for control of the payload 
retention latch. 

Continuous current must be provided to the 
retention latch to keep it unlocked. The 
altimeter alone is only capable of 
instantaneous current, so an Arduino 
controller is necessary. 

SSTV will now be used for image 
transmission instead of digital SSTV 
(DSSTV). 

DSSTV is much more difficult to implement, 
and documentation is limited compared to 
SSTV. 

The metal brackets connecting the 
LOPSIDED landing legs to the 
leveling system rings are now 
straight instead of curved. 

Limited manufacturing capabilities available 
to the team made curved brackets not 
feasible. There is no appreciable difference in 
strength between the curved and straight 
brackets. 

The LOPSIDED electronics sled is 
now offset from the center of the 
LOPSIDED lower compartment. 

This offset places the battery as close to the 
center of LOPSIDEDΩs vertical axis as possible, 
improving the leveling accuracy of LOPSIDED. 

 

2.3 Changes Made to Project Plan 
Table 2-3 below lists all changes made to the project plan since CDR, along with justification 

of these changes. 

Table 2-3 Changes to Project Plan Since CDR 

Description of Change Justification of Change 

The Payload Demonstration Flight 
will now be conducted separately 
from the Vehicle Demonstration 
Flight. The PDF is scheduled for 
March 20, 2021. 

The payload was not ready in time for the 
VDF, so a mass simulator was flown in its 
place. A separate PDF is now necessary. 

The maximum transmission range 
required by TDR 4.14 has been 
reduced from 4500 ft to 2500 ft. 

Since the team will be launching at the 
teamΩs home field in Bayboro, NC, the team 
is able to locate its ground station closer to 
the launch pad than at the Huntsville launch 
site. The payload will land within 2500 ft of 
the launch pad. 
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3. Vehicle Criteria 
3.1 Launch Vehicle Design 

3.1.1 Full Assembly 
When fully assembled, the launch vehicle is 110.25 inches long with a launch weight of 
49.3 lbf and empty weight of 43.6 lbf. The nose cone design has changed based on a 
misunderstanding with dimensions given by the manufacturer, which is explained in more 
detail in Section 3.1.2. The dimensions of the AV bay and main parachute bay have been 
adjusted to give more space for the recovery system. The launch vehicle will separate 
between the payload bay and main parachute bay and between the AV bay and fin can. 
Black powder will be in blast caps on either end of the AV bay and in the ARRD on the 
payload. 

 

Figure 3-1 Launch Vehicle Sections 

 

Figure 3-2 Launch Vehicle Dimensions 

 

Figure 3-3 Launch Vehicle Points of Separation and Energetic Materials 
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3.1.2 Nose Cone 
The nose cone design changed due to a misunderstanding with the manufacturer. It was 
expected that the nose cone would be a 24-inch-long 4:1 ogive with an integrated 
coupler. However, the part we received was 26 inches long and came with the coupler as 
a separate part. The extra 2 inches were completely straight to allow for a coupler to be 
inserted. The nose cone bulkhead is still positioned in the same place with respect to the 
aft edge of the nose cone. 

 

Figure 3-4 CDR Expected Nose Cone Dimensions 

 

Figure 3-5 Actual Nose Cone Dimensions 

 

Figure 3-6 Nose Cone 
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3.1.2.1 Nose Cone Bulkhead 
The basic design of the nose cone bulkhead is unchanged since CDR. The latch and 

associated electronics that have since been added are discussed in Section 4.6.1.2. 

 

Figure 3-7 Nose Cone Bulkhead 

3.1.3 Payload Bay 
The dimensions of the payload bay itself are unchanged since CDR, but the coupler section 

has had a slight modification. The team realized that the location of the payload ring was 

to be more than 6 inches from the aft end of the payload bay. It was intended that the 

payload ring would sit inside the coupler section so upon deployment it would not get 

caught on the transition from body tube to coupler. To remedy this, an additional 2.75 

inches of coupler section were added inside the payload bay where the payload ring could 

be secured. 

 

Figure 3-8 Payload Bay Dimensions 
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Figure 3-9 Payload Bay 

3.1.4 Main Parachute Bay 
The main parachute bay has been lengthened to 19 inches to accommodate extra space 

for parachutes and shock cord, but the piston remains unchanged. 

 

Figure 3-10 Main Parachute Bay Dimensions 

 

Figure 3-11 Main Parachute Bay 
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Figure 3-12 Piston Dimensions 

 

Figure 3-13 Piston 

3.1.5 AV Bay 
The basic design of the AV Bay and bulkheads are unchanged since CDR, but the 

dimensions have been altered slightly. Due to some issues with packing parachutes and 
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other recovery materials, the team decided to shorten the forward end of the AV coupler 

by 4 inches to accommodate extra space for the parachutes. 

 

Figure 3-14 AV Bay Dimensions 

 

Figure 3-15 AV Bay 

3.1.6 Fin Can 
The fin can dimensions remain unchanged since CDR. 
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Figure 3-16 Fin Can Dimensions 

 

Figure 3-17 Fin Can 

3.1.7 Payload Mass Simulator 
Since the final payload was not ready in time for the vehicle demonstration flight, a 

payload mass simulator was built to take its place. The mass simulator was designated 

the Device for Assisting in Validation of Integration and Deployment, or the DÁVÍD. The 

DÁVÍD was made to be approximately the same size and weight of the payload, as well as 

have its center of gravity in the same location in the rocket. 

The body of the DÁVÍD was adapted from the body of the payload and measured 17 

inches not including external hardware. An ARRD was mounted to the aft end to separate 

from the main shock cord along with two U-bolts that hooked into the payload parachute. 

Another U-bolt was attached to the forward end which attached to the latch on the nose 

cone bulkhead via quick links.  
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To reach the estimated 9 lbf payload mass, additional weight needed to be added to the 

DÁVÍD in the form of lead pellets and epoxy. 3D printed spacers were added inside the 

DÁVÍD to help place the correct volume of lead pellets at the desired center of gravity 

location. The additional space past the spacers was used to mount an altimeter used to 

control the ARRD and hinges were added to one of the side panels for easy access. Before 

the lead pellets and epoxy were poured in, a small metal tube was inserted through the 

spacers to route wires from the altimeter to the ARRD. As a last touch, a 1/2-inch plywood 

ring was slid over the DÁVÍD so it could be held in the payload coupler with 4-40 nylon 

shear pins. A small portion was cut from the ring so the parachute shock cord could pass 

through. 

 

Figure 3-18 DÁVÍD Side View 
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Figure 3-19 DÁVÍD Standing Vertical 

3.1.8 Test Pieces 
Two test pieces were built alongside the launch vehicle that were meant to test the 

structural integrity of the nose cone bulkhead and the AV bulkheads. The design has 

identical bulkheads mounted on either side of a short piece of coupler section and U-bolts 

on each bulkhead that are connected to a universal testing machine. The tensile machine 

would increase the tensile loading until either the plywood, the nose cone bolts, or the 

AV threaded rods failed. These pieces would help to confirm the validity of the ANSYS 

simulations and that our parts had a sufficient factor of safety per requirement TDR 2.2. 

Additionally, to shear test the nose cone bolts and shear pins, holes were made in two 

small pieces of steel so they could be mounted in the universal testing machine as shown 

in Figure 3-24. 
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Figure 3-20 Nose Cone Bulkhead Test Piece 

 

Figure 3-21 Nose Cone Bulkhead Test Piece Dimensions 
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Figure 3-22 AV Bulkhead Test Piece 

 

Figure 3-23 AV Bulkhead Test Piece Dimensions 
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Figure 3-24 Shear Testing Plates 

3.2 Flight Reliability 
3.2.1 Structural Elements 

3.2.1.1 Airframe 
The airframe of the launch vehicle is made from G12 fiberglass which is one of the 

strongest available materials for hobby rocketry due to its durability and damage 

resistance. As proven by many previous launches, this material can easily resist in-

flight loads as well as any impacts upon landing. Another important feature is its 

water resistance, which will prevent damage to the airframe should it land in water. 

These characteristics will allow the launch vehicle to be launched and recovered 

safely. 

3.2.1.2 Fins 
Each fin is made of two layers of 1/8-inch aircraft grade birch plywood for greater 

strength. The fins are secured with epoxy connections to the motor tube, middle 

centering ring, and fin slots. These connections are then filleted to distribute stress 

more evenly. The process is described in more detail in Section 3.3.3.2. While the 

fins do not experience extremely high loadings, these connections prevent undesired 

movement during flight or damage upon landing. 

3.2.1.3 Bulkheads 
All the bulkheads in the launch vehicle are made of layers of 1/8-inch thick aircraft-

grade birch plywood which is stronger than typical plywood. The designs for each 

bulkhead were tested using ANSYS to ensure they would have a high enough factor 

of safety under expected loading as per requirement TDR 2.2. Physical tests of the 
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nose cone and AV bulkheads are scheduled to occur the week after the FRR 

document is due to COVID-19-related delays in lab access. Based on success in past 

years using similar designs and the same material, the team can be confident in the 

reliability of these parts. An example of the FEA analysis is shown in the Figure 3-25 

below. Table 3-1 below gives the expected maximum loading and factor of safety for 

each part. The maximum deployment force on each of the bulkheads has changed 

since CDR, these changes are reflected in Table 3-2. 

 

Figure 3-25 Maximum Principle Stress on Nose Cone Bulkhead 

Table 3-1 Maximum Stress and FoS for Each Bulkhead 

BULKHEAD MAX FORCE (lbf) MAX STRESS (psi) F.o.S. 

Nose Cone 206 1600 2.81 

AV Bay 343 2200 2.05 

Engine Block 106 488 9.23 

Aft Centering Ring 397 427 10.5 

3.2.1.3(a) Epoxy Connection 
The centering rings and engine block in the fin can are secured with an epoxy 

connection. The mixture of West Systems 105 Epoxy Resin and 206 Slow 

Hardener has a tensile strength of 7,320 psi, which is more than strong enough 

to hold the bulkheads in place considering the loading they experience. Fillets are 

also added to the connection by mixing the epoxy with 406 Colloidal Silica, which 

helps distribute stress and further increases the strength. 

3.2.1.3(b) Bolted Connection 
The nose cone bulkhead is held in place by 4 10-24 machine screws which go 

through the body tube and the L-brackets mounted to the bulkhead. Structural 

simulations found that the bolts closest to the U-bolt only experience 100 lbf of 

loading. These screws have a tensile strength of about 1000 lbf, and their shear 

strength can be estimated as about 60% of this value, or 600 lbf. This gives a factor 

of safety of 6 which is more than required. Sections of the body tube are bolted 
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together in a similar fashion, described in more detail in Section 3.3.2.3. Shear 

testing will be done to find the exact strength of the bolts, but success in past 

flights with similar designs gives confidence in the connection. 

3.2.1.3(c) Threaded Rods 
The AV bulkheads are held in place by 3/8-inch-thick threaded rods. These rods 

have a load capacity of 600 lbf. With the highest deployment loading expected at 

343 lbf, this gives the threaded rods a factor of safety of 3.5 since the force is split 

between the two of them, so they should easily resist deployment forces. 

3.2.1.3(d) Attachment Hardware 
U-bolts are used on most of the bulkheads as mounting points for shock cord. 

Structural simulations show that the maximum deployment forces will not be 

enough to damage the bulkheads to the point that the U-bolts are ripped out. 

Washers and plates are also used to better distribute the applied loading. The U-

bolts themselves are 5/16-inches thick with a load capacity of 600 lbf. The yield 

strength of the U-bolts is likely higher than the capacity. With the highest 

deployment loading expected at 343 lbf, the U-bolts should have a factor of safety 

greater than 2 and should be able to resist deployment forces. 

3.2.2 Electrical Elements 

3.2.2.1 Wiring 
All onboard wiring is comprised of 16-gauge copper wire. Quick disconnects are used 

for all portions of the wiring harness running between different sections of the 

launch vehicle, for example between the AV sled and AV bulkheads. Wires are 

secured to fixed portions of the launch vehicle (i.e. bulkheads, AV sled) using zip ties. 

3.2.2.2 Switches 
All four altimeter arming switches and the GPS arming switch are Missile Works 6-

32 screw switches. These are secured to laser cut frames using 4-40 nylon standoffs 

and bolts. The laser cut frames are epoxied to a secure portion of the launch vehicle 

or LOPSIDED-POS. All wiring harness connections to the switches are soldered and 

remove before flight tags are used to prevent premature contact being made by the 

screw switch on all switches used to arm energetic materials. 

3.2.2.3 Battery Retention 
All onboard batteries are contained on the AV sled, nosecone bulkhead, or onboard 

the LOPSIDED-POS. On the AV sled are two 9V batteries powering the altimeter and 

a 7.4V LiPo battery used to power the GPS tracker. All three of these batteries are 

mounted inside laser cut boxes, held closed by four 4-40 machine screws. The 

nosecone contains an additional 9V battery and a 12V battery powering the payload 

retention altimeter and the rotary latch, respectively. The 12V battery is mounted in 

an off the shelf battery holder epoxied to the nosecone bulkhead. The 9V battery 

controlling the payload ascent retention setup is contained in a 3D printed PLA 

plastic housing, through bolted to the nosecone bulkhead using two 6-32 machine 

screws. 
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3.2.2.4 Avionics Retention 
All avionics components are mounted using 4-40 machine screws and nylon 

standoffs. These fasteners are through bolted to robust structural components such 

as bulkheads or the AV sled.  

3.3 Launch Vehicle Construction 
3.3.1 Bulkhead Assembly 

3.3.1.1 Laser Cutting 
The bulkheads were designed in Solidworks with laser cutting in mind, so the parts 

already had the necessary holes for any hardware needed. The CAD files for the 

bulkhead layers, the fins, and some of the AV sled parts were exported so they could 

be read by the VLS6.60 laser cutter. Some issues were encountered using the laser 

cutter, but all parts were able to be cut in one visit. 

 

Figure 3-26 Laser Cutting in Progress 

3.3.1.2 Layups 
To prepare for layups, all the layers were sanded to promote adhesion. A 1/4-inch 

dowel rod was cut into short pieces to go through the bulkheads and help keep the 

layers aligned while the epoxy cured. With the dowel rod cut, two-part epoxy was 

mixed and applied in a thin layer between each of the contacting faces. To prevent 

excess epoxy from leaking out of the bulkheads as they cured, which would require 

extra sanding, the team was careful to use only the necessary amount of epoxy. With 

all the bulkheads and fins properly coated in epoxy and assembled, they were each 

wrapped in a layer of peel ply to prevent the epoxy from sticking to anything. They 
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were then wrapped again in a layer of burlap breather material to ensure vacuum 

would be applied evenly. ! ǎƘŜŜǘ ƻŦ Ǿƛƴȅƭ ǿŀǎ ǳǎŜŘ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ ǇƭǳƳōŜǊΩǎ 

putty to create a seal around the parts and then a vacuum line was inserted and 

turned on. Weights were placed atop each of the parts to add extra compression. 

The epoxy only takes 10-15 hours to cure, but the parts were left to cure for 24 hours 

as a precaution and as specified by TDR 1.1. 

 

Figure 3-27 Bulkhead Layups 

3.3.1.3 Hardware 
Once the epoxy had cured, the bulkheads and fins were removed. A small amount 

of excess epoxy had leaked out the sides and into the pre-cut holes, so the parts 

were sanded and filed until a good fit was achieved. With this done, U-bolts were 

added to the nose cone bulkhead, AV bulkheads, and the engine block. In addition, 

threaded rods were added to the AV bulkheads and L-brackets were mounted to the 

nose cone bulkhead. 

3.3.2 Body Tube Assembly 

3.3.2.1 Machine Shop 
The fiberglass tubing was only available in specific lengths ŀƴŘ ƻǳǊ ƭŀōΩǎ ǘƻƻƭǎ ŎƻǳƭŘ 

not cut through the 0.085-inch wall thickness, so ǘƘŜ ƳŀŎƘƛƴŜ ǎƘƻǇΩǎ ŀǎǎƛǎǘŀƴŎŜ ǿŀǎ 

required to cut the tubes to the lengths required. The tubes were measured to the 

ŎƻǊǊŜŎǘ ƭŜƴƎǘƘ ǘƘŜƴ ōǊƻǳƎƘǘ ǘƻ ǘƘŜ ƳŀŎƘƛƴŜ ǎƘƻǇΩǎ ōŀƴŘǎŀǿ ǘƻ ōŜ ŎǳǘΦ hƴŎŜ ŎǳǘΣ ǘƘŜ 

fiberglass dust and lubricant were washed off, then the cut ends were sanded to 

ensure they were smooth and level. 
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Figure 3-28 Body Tube in Bandsaw 

Since the body tube supplier did not offer to cut fin slots as part of the order, the 

ƳŀŎƘƛƴŜ ǎƘƻǇΩǎ ŀǎǎƛǎǘŀƴŎŜ ǿŀǎ ǊŜǉǳƛǊŜŘ ŀƎŀƛƴΦ Using a mill, the machine shop 

supervisor was able to cut the three slots to the correct dimensions. 

 

Figure 3-29 Fin Slots Cut by Mill 
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3.3.2.2 Epoxy 
Once the pieces had been cut the 2-inch AV switch band was centered on the AV 

coupler and epoxied into place. Additionally, the payload coupler was epoxied in 

place with 6 inches exposed to meet requirement NASA 2.5.1. Contact info for our 

team lead was written on the aft AV bay coupler to meet requirement NASA 2.20. 

 

Figure 3-30 Team Lead Contact Info 

3.3.2.3 Attachment Points 
With the epoxy cured, the attachment points between each of the section had to be 

made. The separation points between the payload bay and main parachute bay as 

well as the AV bay and fin can were to be held together with 4-40 nylon shear pins. 

The tubes were slid together and four holes were marked evenly spaced around the 

circumference. One through hole was drilled matching the size of the shear pins. A 

single pin was then inserted to prevent the tubes from rotating and the remaining 

three holes were drilled. A similar process was followed for the bolted connections 

between the nose cone and payload bay and the main parachute bay and AV bay. 

Four equally spaced through holes matching the diameter of the bolts were drilled 

through the tubes. The tubes were separated, and a larger drill bit was used to create 

a countersink in the body tube to help the bolt sit flat relative to the surface of the 

launch vehicle. Because the nose cone bulkhead and the inside of the AV bay would 

be exceedingly difficult to reach to hold nuts in place, the nuts were epoxied to the 

inside surface of the AV bay and to the L-brackets on the nose cone bulkhead. This 

allows for the bolts to be threaded into the nuts from outside the launch vehicle 

without needing access to the inside. 
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Figure 3-31 Nuts Secured to the Inside of the AV Bay 

 

Figure 3-32 Bolted Connection between Main Parachute Bay and AV Bay 

3.3.3 Fin Can Assembly 

3.3.3.1 Motor Tube 
The fin can assembly started with the construction of the motor tube assembly. The 

middle centering ring was slid onto the motor tube and epoxied at the desired 

location. The motor tube was then stood vertically using the fin jig to support the 

centering ring at the correct height. The engine block was then placed on top of the 

motor tube and epoxied in place. Once the epoxy had cured, fillets were added 
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between the centering ring and engine block where they contacted the motor tube 

as this area would be unreachable once placed in the fin can. The entire motor tube 

assembly was then slid inside the fin can to the correct depth and left to cure. 

 

Figure 3-33 Motor Tube Assembly 

3.3.3.2 Fins 
With the motor tube assembly in the fin can, the fins were ready to install. Some 

sanding and filing had to be done to ensure a smooth fit into the slots. A Dremel was 

then used to round the fin tabs and the edges of fins themselves to give them better 

aerodynamic performance. With this done, the fins were epoxied in place. The inside 

of the fin can was then filleted at all intersections between the fins, the body tube, 

the motor tube, and the middle centering ring to ensure the fins would be secure. 

The laser cut fin jig was used to keep the fins aligned while the epoxy and fillets 

cured. Fillets were also added to the outside of the fin can around the fin slots, this 

ǘƛƳŜ ǳǎƛƴƎ ǇŀƛƴǘŜǊΩǎ tape to give smoother fillets. 
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Figure 3-34 Fin Can in Fin Jig 

3.3.3.3 Motor Retainer and Rail Buttons 
With the fins in place, the fin can could be closed off with the aft centering ring. The 

aft centering ring was slid overtop the motor tube and epoxied in place. Then fillets 

were added around the outer edge where it met the body tube. The motor retainer 

was then placed over the remaining motor tube and epoxied in place, with an 

additional fillet at its base for a stronger connection. 
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Figure 3-35 Motor Retainer 

The locations of the two fin can centering rings had been marked on the outside of 

the body tube so that rail buttons could later be installed. Two vertically aligned 

holes were drilled through the fiberglass and bulkheads ensuring that they would 

not be in line with any bolt holes or shear pin holes as this would cause issues on the 

launch rail. A larger bit was used to drill through the fiberglass so that the wood 

screws would only need to thread into the wood of the bulkheads. The two 1515 rail 

buttons were then screwed into the launch vehicle. 
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Figure 3-36 Rail Buttons 

3.3.4 Nose Cone Assembly 
The nose cone coupler came as a separate piece from the nose cone itself, so the coupler 

would need to be epoxied in later. Before inserting the coupler, four evenly spaced holes 

were drilled into the coupler. These would align with the bolt holes in the payload bay 

and would hold the nose cone bulkhead in the correct position with respect to the nose 

cone. The coupler was then epoxied in place with 6 inches exposed as per requirement 

NASA 2.5.2. 

 

Figure 3-37 Nose Cone Coupler Attached 
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3.3.5 AV Sled Construction 
The AV sled is made from laser cut, 1/8 inches thick aircraft grade birch plywood. Jigsaw 

style pieces were laser cut out, and the interlocking teeth were bonded together using 

wood glue. The AV sled was assembled in two halves, with the wiring mounted on the 

inside of the sled. The two halves of the AV sled were secured together by the same 3/8-

inch threaded rods that secured the AV sled to the AV bulkheads. 

3.3.6 Payload Mass Simulator 
The basic structure for the DÁVÍD was laser cut and the layers were epoxied together to 

be 2 layers thick as opposed to the payload which is 3 layers thick. The U-bolts and ARRD 

were mounted in appropriate locations on the end pieces and the structure was 

assembled and epoxied together with one side left open so more work could be done 

inside. Two hinges were then attached to the door so it could be closed during flight but 

could be opened to access the altimeter. 

 

Figure 3-38 The DÁVÍD Structure Being Assembled 

Calculations were done to find the density of the lead pellets and epoxy mixture and the 

approximate volume needed to reach 9 lbf as found. Two spacers were 3D printed to hold 

the lead pellets in the correct location. The larger spacer was made with space for the U-

bolts to stick through and had a hex-shaped hole to hold a nut that the ARRD could thread 

into. Both spacers were coated with a thickened epoxy mixture so epoxy would not leak 

out of the specified area. 
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Figure 3-39 3D Printed Spacers 

With the volume marked, epoxy and lead pellets were added until the weight totaled 9 

lbf. A portion of the door was cut off and epoxied over top of the spacers and the lead 

pellets to ensure it would not come loose. Once everything had cured, a ring was slid over 

this portion of the DÁVÍD and epoxied in place at the center of gravity. Fillets were added 

for additional strength and four equally spaced holes were drilled in the ring matching 

holes in the payload coupler where it was to be mounted. 
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Figure 3-40 Lead and Epoxy Mixture 

3.3.7 Test Pieces 
The test pieces were made at the same time as the launch vehicle, so their construction 

process was similar. The bulkheads were all made the same way and hardware was 

mounted once they were pulled out of the vacuum seal. The AV bulkhead test piece was 

assembled at this point as it only needed the threaded rods to hold it together. With the 

L-brackets mounted to the two test nose cone bulkheads, holes were marked and drilled 

at either end of the coupler section so the bulkheads could be mounted. The U-bolts on 

the nose cone bulkheads were aligned so the test piece would not rotate in the universal 

testing machine. 

3.4 Recovery Subsystem 
3.4.1 Summary 

All recovery system events are controlled by four PerfectFlite StratoLogger CF Altimeters 

and two Jolly Logic Chute Release parachute retention devices. Of the four altimeters, 

one acts as the primary flight controller while a second controls a redundant system. 

These two altimeters control the launch vehicle recovery events. They are mounted to an 

ŀǾƛƻƴƛŎǎ ǎƭŜŘ ƳŀŘŜ ŦǊƻƳ ƭŀǎŜǊ Ŏǳǘ мκуέ ŀƛǊŎǊŀŦǘ ƎǊŀŘŜ ōƛǊch plywood and mounted inside 

the avionics bay to two parallel threaded rods. A third altimeter, mounted to the 

nosecone bulkhead, controls the R4-EM rotary latch and the fourth altimeter, mounted 

onboard the LOPSIDED, acts to separate the LOPSIDED-POS from the main parachute 

shock cord. The two parachute retention devices are interlocked to form a redundant 

system keeping the payload parachute furled during the deployment of the main 

parachute and main recovery harness. All altimeters are armed using four independent 
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screw switches, accessible from outside the airframe through holes in the nosecone, 

payload bay, and AV switch band. These holes are large enough to fit a screwdriver and 

serve as sampling ports for the altimeters. 

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

from the midsection. One second after apogee, the secondary altimeter will detonate the 

redundant backup black powder charge in case of failure of the primary system. Also at 

apogee, the latch altimeter will unlatch the R4-EM rotary latch. The two sections descend 

ǳƴŘŜǊ ŀ CǊǳƛǘȅ /ƘǳǘŜǎ муέ /ƭŀǎǎƛŎ 9ƭƭƛǇǘƛŎŀƭ ŘǊƻƎǳŜ ǇŀǊŀŎƘǳǘŜ ǘŜǘƘŜǊŜŘ ǘƻ ǘƘŜ ǘǿƻ ǎŜŎǘƛƻƴǎ 

by a 40 ft length of 5/16έ ǘǳōǳƭŀǊ YŜǾƭŀǊ ǎƘƻŎƪ ŎƻǊŘΦ ¢ƘŜ ŘǊƻƎǳŜ ǇŀǊŀŎƘǳǘŜ ƛǎ ǇǊƻǘŜŎǘŜŘ 

by a фέ sheet of Nomex fabric. Loops in the end of the shock cord are formed using 

bowline knots and connected to U-bolts on structural bulkheads using 5/16" quick links. 

The aft end of the drogue shock cord is secured to a permanent bulkhead in the fin can, 

while the forward end is secured to the removable aft AV bulkhead. This bulkhead is held 

in place by two 3/8έ ǘƘǊŜŀŘŜŘ ǊƻŘǎ ŀƴŘ ƭƻŎƪ ƴǳǘǎ ŎƻƳǇǊŜǎǎƛƴƎ the aft AV bulkhead and 

the companion forward AV bulkhead on the opposite side of the AV coupler. This AV can 

assembly contains the main and drogue ejection charges, avionics sled, and the launch 

vehicle altimeters.  

At 700 ft, the primary altimeter will detonate the primary main parachute black powder 

charge, separating the nosecone and payload bay from the midsection. At 650 ft the 

secondary altimeter will fire the backup black powder charge. Following this event, the 

launch vehicle will descend under a Fruity Chutes 12лέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ Ƴŀƛƴ ǇŀǊŀŎƘǳǘŜ, 

stored and protected up until ejection by a Nomex deployment bag. The nosecone and 

midsection are tethered together by an identical length of shock cord to the drogue 

recovery harness and make use of the same 5/16" quick links to connect to bulkheads. 

The aft end of the main recovery harness is tethered to the forward AV bulkhead, 

discussed above. The forward end of the same is tethered to a removable bulkhead in the 

nosecone. Also tethered to the main recovery harness is the LOPSIDED-POS by way of the 

ARRD, and the payload parachute which is stored in a Nomex deployment bag. The 

payload parachute is kept furled during flight by a pair of redundant chute releases, 

discussed previously. At 600 ft, these chute releases will unlatch, freeing the payload 

parachute. 

The payload altimeter will detonate the ARRD black powder charge at 500 ft, jettisoning 

the LOPSIDED-POS from the main recovery harness. Two U-bolts tether the LOPSIDED-

POS to one end of the payload recovery harness using ¼" quick links. The other end of the 

payload recovery harness is tied to the shroud lines of the payload parachute using 5/16" 

quick links. As the LOPSIDED-POS falls, it pulls the payload parachute clear of the 

deployment bag, which remains on the main recovery harness. The LOPSIDED-POS will 

descend under a Fruity Chutes 48έ Classic Elliptical payload parachute. For the vehicle 

demonstration flight, the DÁVÍD payload mass simulator descended under a Fruity Chutes 

слέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ tŀǊŀŎƘǳǘŜΦ 

The LOPSIDED-POS is protected during main parachute deployment by means of a 

piston. This is a free-floating section of coupler tubing capped by a bulkhead at one end. 
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The piston is tied into the main recovery harness and resides in the main parachute bay 

during flight. During ejection, it caps the pressurized section in the forward direction 

and transfers ejection forces to the coupler section epoxied into the payload bay, 

causing failure of the shear pins leading to successful section separation. 

3.4.2 Structural Components 

3.4.2.1 AV Bulkheads 
¢ƘŜ !± ōǳƭƪƘŜŀŘǎ ŀǊŜ ƳŀŘŜ ƻŦ ƭŀǎŜǊ Ŏǳǘ ƭŀȅŜǊǎ ƻŦ мκуέ ŀƛǊŎǊŀŦǘ-grade birch plywood 

epoxied together to a thickness of ¾". The bulkheads have been put through 

structural simulations in ANSYS to ensure a sufficient factor of safety and physical 

testing is planned to occur soon. Both the U-bolts and the threaded rods will be 

strong enough to resist deployment forces. More details on the bulkheads can be 

found in Section 3.1.5. 

3.4.2.2 Avionics Sled 
The !± ǎƭŜŘ ƛǎ ŎƻƴǎǘǊǳŎǘŜŘ ƻǳǘ ƻŦ ƭŀǎŜǊ Ŏǳǘ мκуέ ōƛǊŎƘ ǇƭȅǿƻƻŘ ŀƴŘ ƛǎ ǿƻƻŘ ƎƭǳŜŘ 

together except for the battery compartment covers. Two threaded rods running 

through the AV bay hold the AV sled in place. The tilted plates hold the altimeter 

screw switches at a 90° angle to each other. мέ ǎǘŀƴŘƻŦŦǎ ŀǊŜ ǳǎŜŘ ǘƻ Ƴƻǳƴǘ ǘƘŜ 

screw switches to ensure that they are easy to locate and activate on the launch pad. 

The launch vehicle altimeters are mounted to the AV sled using ½" standoffs to 

ensure that the pressure sensors, mounted on the bottom of the altimeter board, 

have sufficient space to adequately measure pressure in the AV bay. The altimeters 

are mounted inline such that the wires do not interfere with each other as they 

would if the altimeters were mounted side-by-side. The box on the top of the AV 

sled contains the two 9V batteries powering the launch vehicle altimeters. The box 

on the bottom of the AV sled contains the 7.4V LiPo battery powering the GPS 

transmitter. The Eggfinder TX unit is mounted using the same ½" standoffs as the 

altimeters. All wires are internal to the AV sled. The eight signal wires emerge from 

holes cut in the end of the two AV sled halves. 
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Figure 3-41 AV Sled as of VDF 

Following the reduction in length of the AV bay, the AV sled was redesigned. To make 

full use of the reduced length available, the two 9V batteries were moved to the 

opposite side of the sled from the altimeters. The figure below shows CAD models 

of the updated AV sled. 
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Figure 3-42 Redesigned AV Sled 

 

3.4.2.3 Quick Links 
Quick links will be used to tether all body sections, recovery hardware, and payload 

elements remaining attached to the recovery harness to the recovery harness 

discussed in Section 3.4.4.2. !ƭƭ ǉǳƛŎƪ ƭƛƴƪǎ ŀǊŜ ŜƛǘƘŜǊ ѻϦ ƻǊ рκмсέ ǎǘŜŜƭ ǉǳƛŎƪ ƭƛƴƪǎ 

ǊŀǘŜŘ ǳǇǿŀǊŘǎ ƻŦ мнлл ƭōǎΦ рκмсέ ǉǳƛŎƪ ƭƛƴƪǎ ŀǊŜ ǳǎŜŘ ǘƻ ǘŜǘƘŜǊ ƭŀǳƴŎƘ vehicle 
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sections due to the large U-bolts utilized, and to tether the parachutes to the 

recovery harness. The ¼" quick links are used to tie in the ARRD, deployment bags, 

and Nomex sheets. 

3.4.2.4 Pressure Sampling Ports 
For the altimeters to detect the altitude of the launch vehicle at all points of the 

flight, pressure sampling ports must be drilled in the launch vehicle to sense the 

static pressure correctly. The sizing of these static ports was determined by 

recommendations set forth by PerfectFlite, the altimeter manufacturer. The user 

manual recommends using at least 4 holes set at 90° intervals for larger diameter 

rockets to avoid any fluctuations in the static pressure due to wind, angle of attack, 

or turbulence produced by the launch vehicle upstream of the pressure port. The 

following equation provided in the StratoLogger user manual is used to determine 

hole size.  

Ὠ Ὀ ὒzz πȢπππψ (1) 

Where d is the diameter of the switch hole, D is the inner diameter of the section, 

and L is the interior length of the section. On the AV bay and nosecone, the ports are 

aligned so that sampling ports can be used as access to the altimeter screw switches. 

3.4.3 Parachute Selection 
The launch vehicle uses a Fruity ChǳǘŜǎ мнлέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ ǇŀǊŀŎƘǳǘŜ ŦƻǊ Ƴŀƛƴ 

recovery and a Fruity Chutes муέ LǊƛǎ /ƭŀǎǎƛŎ 9ƭƭƛǇǘƛŎŀƭ ǇŀǊŀŎƘǳǘŜ ŦƻǊ ŘǊƻƎǳŜ ǊŜŎƻǾŜǊȅΦ ¢ƘŜ 

LOPSIDED-POS uses a Fruity Chutes 48έ Classic Elliptical parachute for payload recovery. 

These parachute selections have been made based on parachute availability, descent 

time, wind drift, and kinetic energy at landing. Launch vehicle speed under parachute can 

be determined by the equation below. 

ὺ  (2) 

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

ŘǳŜ ǘƻ ƎǊŀǾƛǘȅΣ ˊ ƛǎ ǘƘŜ ŘŜƴǎƛǘȅ ƻŦ ŀƛǊΣ ! ƛǎ ǘƘŜ ŀǊŜŀ ƻŦ ǘƘŜ ǇŀǊŀŎƘǳǘŜΣ ŀƴŘ /5 ƛǎ ǘƘŜ 

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

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

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

of 2.60 slugs. 

3.4.3.1 Main Parachute 
¢ƘŜ CǊǳƛǘȅ /ƘǳǘŜǎ мнлέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ has been chosen as the main parachute for 

the launch vehicle. This parachute is used for its favorable kinetic energy and wind 

drift performance. The main parachute has a reference area of 78.53 ft2 and a CD of 

2.11, giving a descent rate of 14.9 ft/s with the LOPSIDED-POS to the launch vehicle 

and a descent rate of 13.3 ft/s following detachment of the LOPSIDED-POS. In 

addition, the team already possesses a Fruity Chutes мнлέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ 

parachute, conserving team funds. 
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3.4.3.2 Drogue Parachute 
¢ƘŜ CǊǳƛǘȅ /ƘǳǘŜǎ муέ /ƭŀǎǎƛŎ 9ƭƭƛǇǘƛŎŀƭ ǇŀǊŀŎƘǳǘŜ Ƙŀǎ ōŜŜƴ ŎƘƻǎŜƴ ŀǎ ǘƘŜ ŘǊƻƎǳŜ 

parachute for its high descent rate and team ownership. This drogue parachute has 

a reference area of 1.77 ft2 and a CD of 1.43. This gives a descent rate of 120.6 ft/s 

under drogue parachute, giving the high descent rate needed to remain within 

descent time and wind drift limits while satisfying TDR 3.3 - drogue descent velocity 

will be under 125 ft/s. 

3.4.3.3 Payload Parachute 
The Fruity Chutes 48έ Classic Elliptical parachute has been chosen as the payload 

parachute for its kinetic energy performance. This parachute was provided the 

lowest descent velocity while remaining within wind drift limitations. The 48έ Classic 

Elliptical has a reference area of 12.57 ft2 and a CD of 1.44. This gives the LOPSIDED-

POS a descent rate of 18.04 ft/s. For the VDF flight, the DÁVÍD mass simulator was 

heavier than the LOPSIDED-POS, and ŀ CǊǳƛǘȅ /ƘǳǘŜǎ слέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘ ǇŀǊŀŎƘǳǘŜ 

was used. This parachute has a reference area of 19.63 ft2 and a CD of 2.16. This gives 

the DÁVÍD mass simulator a descent rate of 13.4 ft/s. 

3.4.3.4 Parachute Opening Shock 
Parachute opening shock was calculated to determine the loading on launch 

vehicle bulkheads during each deployment event. A rule of thumb for parachute 

inflation time is that it takes a time approximately equal to the time it takes air to 

travel from the edge to the center of the furled parachute. Opening time is 

computed using the following equation, where ti is the inflation time of the 

parachute, r is the parachute radius, and V is the descent velocity prior to 

parachute deployment. The coefficient of 8 is taken from Ludtke for a cloth 

parachute.  

ὸ ψὨὠ (3) 

The following equation is then used to determine the opening force for a given 

section mass based on the deceleration of the launch vehicle taken as the difference 

in terminal velocities under main and drogue parachutes over the main parachute 

inflation time. Here, vd is the drogue descent velocity, vm is the main descent velocity, 

t i is the parachute inflation time, and msection is the section mass. 

 

Ὂ
ὺ ὺ

ὸ
άz  (4) 

At main parachute deployment, the forward assembly will experience 177 lbf at the 

nosecone bulkhead, the midsection will experience 327 lbf at the avionics bulkheads, 

and the fin can will experience 101 lbf at the engine block. At the main parachute 

attachment point, a loading of 393 lbf will be encountered. These loading conditions 

fall well within the FoS of 2 set forth in TDR 2.2 and discussed further in Section 

3.2.1.3. 
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Table 3-2 Body Section Opening Shock 

Launch Vehicle Body 
Section 

Body Section 
Mass 

Parachute 
Opening Time 

Main Parachute 
Opening Shock 

Nosecone w/ LOPSIDED-

POS 
.5835 slugs .3 s 177 lbf 

Full Launch Vehicle 1.2937 slugs .3 s 393 lbf 

Midsection and Fin Can .7102 slugs .3 s 327 lbf 

Fin Can .332 slugs .3 s 101 lbf 

 

3.4.4 Recovery Harness 
¢ƘŜ Ƴŀƛƴ ŀƴŘ ŘǊƻƎǳŜ ǊŜŎƻǾŜǊȅ ƘŀǊƴŜǎǎŜǎ ŀǊŜ плΩ Ȅ рκуέ ǘǳōǳƭŀǊ YŜǾƭŀǊ ǎƘƻŎƪ ŎƻǊŘΣ ǿƘƛƭŜ 

ǘƘŜ ǇŀȅƭƻŀŘ ǎƘƻŎƪ ŎƻǊŘ ƛǎ мрΩ Ȅ 1/4έ ǘǳōǳƭŀǊ YŜǾƭŀǊ ǎƘƻŎƪ ŎƻǊŘΦ ¢ƘŜ рκуέ ǎƘƻŎƪ ŎƻǊŘ ƛǎ 

rated for loads up to 6000 lbf, while the predicted maximum load on the shock cord is 432 

lbf. This gives a FoS of 14 for the launch vehicle shock cord. The LOPSIDED-POS is expected 

to experience loading up to 11 lbf during payload parachute deployment and loading up 

to 206 lbf during the removal of the LOPSIDED-POS from the main parachute bay. The ¼" 

shock cord material used is rated for up to 1700 lbf, providing a FoS of 8.3 for the payload 

recovery harness. 

3.4.4.1 Drogue Recovery Harness Description 
The drogue recovery harness has a bowline knot tied on each end, and a third 

bowline knot tied in the middle. The drogue parachute and Nomex sheet are 

ŎƻƴƴŜŎǘŜŘ ōȅ ŀ рκмсέ ǉǳƛŎƪ ƭƛƴƪ ǘƻ ǘƘŜ ƳƛŘŘƭŜ ōƻǿƭƛƴŜ ƪƴƻǘΦ ¢ƘŜ shorter end of the 

ŘǊƻƎǳŜ ǎƘƻŎƪ ŎƻǊŘ ƛǎ ŎƻƴƴŜŎǘŜŘ ōȅ рκмсέ ǉuick link to the aft AV bulkhead, and the 

long end is connected to the engine block in the fin can. This causes the midsection 

to hang above the fin can during drogue descent, lessening the chance of the fin can 

fouling the main parachute during deployment. The figure below shows the exact 

position of these knots along the drogue shock cord. 

 

Figure 3-43 Drogue Shock Cord Dimensions 
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3.4.4.2 Main Recovery Harness Description 
The main recovery harness has bowline knots tied in each end much as the drogue 

recovery harness, connecting to the nosecone bulkhead and forward AV bulkhead 

ǿƛǘƘ рκмсέ ǉǳƛŎƪ ƭƛƴƪǎ. Along the length of the main recovery harness are four 

bowline knots and two stevedore knots. The positions of all main recovery harness 

attachment points are shown in the diagram below.  

 

Figure 3-44 VDF Main Parachute Recovery Harness Layout 

As flown, all four middle bowline knots are tied forward of the piston. Moving 

forward from the aft end of the shock cord are the two stevedore knots holding the 

piston in place along the harness, first the main parachute deployment bag is 

connected using ŀ рκмсέ ǉǳƛŎƪ ƭƛƴƪΣ ǘƘŜ main parachute which is again attached with 

ŀ рκмсέ ǉǳƛŎƪ ƭƛƴƪΣ ǘƘŜ [ht{L595-POS or DÁVÍD with the ARRD connected using a 

5/1сέ ǉǳƛŎƪ ƭƛƴƪΣ ŀƴŘ ǘƘŜ ǇŀȅƭƻŀŘ ǇŀǊŀŎƘǳǘŜ ŘŜǇƭƻȅƳŜƴǘ ōŀƎ ŎƻƴƴŜŎǘŜŘ ǿƛǘƘ 

ŀƴƻǘƘŜǊ рκмсέ ǉǳƛŎƪ ƭƛƴƪΦ  

Following the Launch Vehicle Demonstration Flight, several issues were identified 

with this recovery harness layout since this layout is a suboptimal configuration 

resulting from insufficient space in the main parachute bay following 

implementation of the piston ejection system. The lengthened main parachute bay 

allows for the main parachute and main parachute deployment bag to be connected 

to the main recovery harness aft of the piston. Moving this allows the payload 

parachute to be moved aft of the LOPSIDED-POS, reducing the chance of the 

parachute fouling in the legs of the LOPSIDED-POS during deployment. The exact 

locations and distances of these tie-in points are shown in the figure below. 
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Figure 3-45 Updated Main Parachute Recovery Harness Layout 

3.4.4.3 Payload Recovery Harness Description 
The fifteen-foot shock cord used for the payload recovery harness has two knots tied 

at each end. On one end is a bowline knot, which is connected to the main recovery 

ƘŀǊƴŜǎǎ ǳǎƛƴƎ ŀ рκмсέ ǉǳƛŎƪ ƭƛƴƪΦ ¢ƘŜ ƻǘƘŜǊ ŜƴŘ ƻŦ ǘƘŜ ƘŀǊƴŜǎǎ ǳǎŜǎ ŀ Birmingham 

bowline knot, which is a bowline with multiple loops. This connects to the two tie-in 

points on the LOPSIDED-POS or payload mass simulator using ¼" quick links. 
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3.4.5 Avionics 

 

Figure 3-46 Recovery-Avionics Master Block Diagram 

The above block diagram shows all components of the recovery avionics system and how 

each is interconnected. The dashed green box contains all components of the primary 

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

record the teamΩǎ ƻŦŦƛŎƛŀƭ ŀǇƻƎŜŜΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ōƻǘƘ Ƴŀƛƴ ŀƴŘ 
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drogue deployment events. The altimeter is connected to a 9V battery, a screw switch, 

and two E-matches. One E-match is housed in the drogue compartment and is fired at 

apogee, while the other E-match is housed in the main compartment and is fired at 700 

ft. A fresh 9V battery is installed before each flight to ensure the altimeter has sufficient 

power to fire both E-matches, record flight data, and meet the pad stay time 

requirements set forth in NASA 2.7. 

The dashed gray box contains all components of the secondary recovery system, 

providing an independent, redundant backup to the primary avionics system. The sole 

difference is in the mass and timing of the black powder charges, outlined further in 

Section 3.4.7. The drogue charge is programmed to fire one second after apogee, while 

the main charge is set to fire at 650 ft. Both systems are capable of independently 

recovering the launch vehicle, and a lack of interconnection provides system redundancy. 

Should any one component of either system fail, the other system will activate in its place 

and allow for safe recovery. 

The dashed purple box contains all components of the payload recovery system. This 

system contains an altimeter, screw switch, 9V battery, and an E-match connected to the 

ARRD black powder charge. The drogue terminal blocks are left unconnected, and the 

main terminal blocks are wired to the ARRD E-match. At 500 ft., the ARRD E-match is 

programmed to fire, separating the ARRD and detaching the LOPSIDED-POS from the 

main recovery harness. A redundant system is unnecessary here, since a failure of the 

payload recovery system will result in the LOPSIDED-POS descending under the main 

parachute, a scenario for which the recovery system has been designed. 

The dashed orange box contains all components of the payload retention avionics system. 

This system is comprised of the payload retention altimeter, a screw switch, a 9V battery, 

and the R4-EM rotary latch. The rotary latch is wired to the drogue terminal blocks on the 

altimeter. At apogee, the altimeter is programmed to send a signal to the drogue terminal 

blocks, which will unlock the latch and let the LOPSIDED-POS be retained by only the shear 

pins. As with the payload recovery system, a redundant system is not included since a 

failure of the latch to release will still result in a safe landing within mission parameters. 

The solid blue box contains the launch vehicle tracker, the Eggfinder GPS, discussed 

further in Section 3.4.6 while the solid yellow box contains the LOPSIDED-POS tracker, a 

BRB900, discussed in the same section. 

3.4.5.1 Altimeters 
All recovery events are controlled by one of four PerfectFlite StratoLogger CF 

altimeters. Two of these, housed in the AV bay, are designated the primary and 

secondary altimeter, and control the launch vehicle recovery events. One 

StratoLogger is housed onboard the LOPSIDED-POS and is designated the payload 

altimeter, responsible for controlling the ARRD separation of the LOPSIDED-POS 

from the main recovery harness. The fourth altimeter is mounted on the forward 

face of the nosecone bulkhead and is designated the latch altimeter, responsible for 

releasing the rotary latch retaining the LOPSIDED-POS during ascent. The primary 

altimeter serves as the nominal operating point for the recovery procedure and is 
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ƳŀǊƪŜŘ ŀǎ ǘƘŜ ǘŜŀƳΩǎ ŎƻƳǇŜǘƛǘƛƻƴ ǊŜǇƻǊǘƛƴƎ ŀƭǘƛƳŜǘŜǊ. The primary altimeter 

detonates its drogue charge at apogee and its main charge at 700 ft AGL, while the 

secondary altimeter delays its charges by one second and 50 ft respectively. Delays 

are crucial to prevent simultaneous detonation of the ejection charges resulting in 

over pressurization of the parachute cavities. The payload altimeter is programmed 

to fire its main charge at 500 ft, dropping the LOPSIDED-POS free of the main 

recovery harness and deploying the payload parachute. The latch altimeter is 

programmed to send a signal to the latch at apogee, taking the weight of the 

LOPSIDED-POS off the retention strap and transferring it to a series of shear pins for 

the remainder of the descent until main parachute deployment. 

The StratoLogger CF is an altimeter known for high precision, with prior team flights 

using a pair of StratoLogger CFs recording apogee within 10 ft of each other. The 

team already owns multiple StratoLoggers. The fine tunability of the StratoLogger CF 

is another favorable point, with apogee delay being tuned in 1 second increments 

and main deployment in 1 ft increments. This makes the StratoLogger CF suitable for 

use for all four altimeters. Each altimeter can also be set to beep out its programming 

at different pitches to help personnel distinguish each individual altimeter from the 

others. 

 

Figure 3-47 Stratologger CF Wiring Schematic 

Figure 3-47 above shows the wiring of the PerfectFlite StratoLogger CF altimeter. 

3.4.5.2 Parachute Retention Devices 
Concerns about the payload parachute unfurling during the main parachute and 

recovery harness deployment sequence of events led to the implementation of a 

system to keep the payload parachute furled until sometime after the main 

parachute is deployed. Two Jolly Logic Chute Release devices are used to accomplish 

this task. The parachute releases have an onboard altimeter set to 600 ft. Once the 



 

2021 NASA Student Launch | Tacho Lycos 42 

 

correct altitude is detected, a latch is disengaged, releasing a rubber band that is 

wrapped around the parachute. By connecting the free end of the rubber band into 

the opposite parachute release as shown in the diagram below, the system is 

redundant. Should either of the chute releases fail to unlatch, the other will unlatch 

and free the parachute. 

 

Figure 3-48 Payload Parachute in Deployment Bag with Two Jolly Logic ChuteReleases 

3.4.5.3 Screw Switches 
A total of five screw switches are used to arm various elements of the recovery 

system. Of these, four are accessed from outside the launch vehicle following being 

raised onto the launch pad. All five are secured to laser-Ŏǳǘ ǇƭȅǿƻƻŘ ŦǊŀƳŜǎ ǳǎƛƴƎ мέ 

standoffs so they may be visible and easily accessible from outside the launch 

vehicle. This allows for the launch vehicle to be brought to the launch pad fully 

assembled without any continuous connection between an E-match and a power 

source. Once the launch vehicle is in the upright position, all four altimeter screw 

switches can be tightened by a team member using a screwdriver. This setup 

protects team members from premature black powder detonations and conserves 

the battery life of the altimeters. Screw switches also provide a strong mechanical 

force to maintain the connection ensuring that the altimeters remain powered on 

despite any flight forces or vibrations in the AV bay or the launch vehicle. 

3.4.5.4 Batteries 
All altimeters are powered by fresh 9V batteries for each flight. Before each flight, 

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

connected to the system and enclosed in the proper battery compartment. These 
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compartments are designed to provide a tight fit such that there is no chance for the 

battery to come disconnected from its connector, ensuring uninterrupted power 

regardless of flight or external forces. This model of battery has been successfully 

tested as outlined in Section 7.1.1.7 to ensure sufficient battery life. 

LiPo Batteries will be used to power the BRB900 and Eggfinder TX transmitters. The 

BRB900 uses a 1S, 3.7V battery that is attached to the underside of the transmitter 

unit. The Eggfinder uses a 2S, 7.4V battery that is housed in a battery housing on the 

AV sled much like the altimeter 9V batteries. 

3.4.5.5 Redundancy Features 
The recovery avionics system contains two fully independent systems. There are two 

entirely independent altimeters, screw switches, 9V batteries, e-matches, and black 

powder charges. If any one component of one system were to fail, the other system 

would activate and ensure a safe recovery of the launch vehicle. The Jolly Logic Chute 

Release system is also redundant with two interlinked parachute releases such that 

the release of one will fully free the parachute. Further redundancy is incorporated 

into the black powder charges, with the secondary charges being 0.5 g larger than 

the primary charges. This will increase the chances of section separation in case the 

primary recovery avionics system functions as designed but the body sections fail to 

separate properly after detonation of the primary charge. As such the recovery 

system is protected against equipment failure, miscalculations, and aberrations in 

the separation process. The recovery system of the LOPSIDED-POS is designed such 

that recovery avionics system failures will result in the LOPSIDED-POS remaining 

attached to the launch vehicle or main recovery harness and descending under the 

main parachute. Should the rotary latch fail to release, the LOPSIDED-POS will 

remain in the payload bay and descend under the main parachute. If the opening 

shock is sufficient to overcome the rotary latch or some structural component of the 

LOPSIDED-POS and remove it anyway, the LOPSIDED-POS will be able to be 

recovered in a safe manner as planned. Should the ARRD fail to release the 

LOPSIDED-POS from the main recovery harness, the LOPSIDED-POS will then 

descend under the main parachute. 

3.4.6 Tracking Device 
As two components of this system will be descending independently of each other, there 

are two tracking devices that will be used to recover the launch vehicle and LOPSIDED-

POS. The launch vehicle makes use of an Eggfinder TX/RX GPS system and the LOPSIDED-

POS uses a BigRedBee BRB900. Both systems are GPS trackers transmitting on the 900 

MHz ISM band.  

The launch vehicle transmitter is located on the AV sled in the midsection of the rocket. 

This location was selected due to insufficient room on the nosecone bulkhead for the 

tracker. The transmitter is armed during AV bay assembly by tightening a screw switch to 

power the transmitter. This switch is mounted in a similar fashion as the altimeter screw 

switches described above. The Eggfinder TX transmitter is paired with the Eggfinder RX 

receiver, programmed to the same frequency of 921 MHz on ID 3. The transmitter power 
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is 100 mW, satisfying requirement NASA 2.22.8. The transmitter has a range of around 

10000 ft, maintaining connection during ground testing. Even should the transmitter exit 

the range of the receiver during flight, since the launch vehicle will descend within 2500 

ft of the launch pad signal will be able to be reacquired during descent or after landing. 

The receiver is mounted in a plastic case also containing a battery holder for 3 AA batteries 

and a Bluetooth module. This module is paired to the phone of a member of the field 

recovery team via Bluetooth. GPS data is then plotted on the phone using the Rocket 

Locator app. The app Ǉƭƻǘǎ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŀȊƛƳǳǘƘ ƭƻŎŀǘƛƻƴ ƻƴ ŀ ǎŀǘŜƭƭƛǘŜ ƛƳŀƎŜ ŀǎ ǿŜƭƭ ŀǎ 

ǇǊƻǾƛŘƛƴƎ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŘƛǎǘŀƴŎŜΣ ŀƭǘƛǘǳŘŜΣ ŀƴŘ ŀƴ ŀȊƛƳǳǘƘ ƭƛƴŜ ŦǊƻƳ ǘƘŜ ŎǳǊǊŜƴǘ ƭƻŎŀǘƛƻƴ 

of the phone to the vehicle. Specific latitude and longitude information can be easily 

obtained from the logs of the app. No redundant tracking transmitter is included in the 

launch vehicle since the GPS tracker serves as the redundant backup to the primary 

method of flight tracking ς visual observation of the launch vehicle. 

As required by NASA 3.12.1, each section of the launch vehicle and payload descending 

independently requires its own tracker. To this end, the BigRedBee BRB900 was selected 

for tracking the payload. The BRB900 is ideal for its small form factor and light weight. 

The BRB900 transmits on 900 MHz and utilizes a handshake system to prevent 

interference. The receiver is a dedicated radio unit that displays the latitude and longitude 

coordinates on a readout. It can also be paired with a laptop and the data ported into 

Google Earth to view ǘƘŜ о5 Ǉƭƻǘ ƻŦ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ ǇŀǘƘΦ 

3.4.7 Ejection Charge Sizing 
Black powder ejection charges were calculated by considering the gases in each launch 

vehicle body cavity as a mixing problem between the gaseous products of the black 

powder combustion and the air in the cavity at the ambient conditions. The reaction 

model below was used to determine the mass percentage of a given black powder charge 

converted into a gaseous product. 4F black powder is used for all energetic events. 

ρπὑὔὕ σὛ ψὅᴼςὑὅὕ ί σὑὛὕ ί υὔ Ὣ φὅὕ Ὣ (5) 

It was assumed then that a mass of gas 33.5% the mass of the black powder charge was 

added to the mixing chamber at the adiabatic flame temperature of black powder as 

obtained from the manufacturer data. A target pressure rise was specified to determine 

the amounts of each product gas (N2 and CO2) that would be required for the desired 

pressure rise by considering the partial pressure of all three gases in the chamber. Since 

this required mass is a known fraction of the black powder mass burned, it is trivial to 

back out the required powder charge mass. 

Validation testing of this model has been carried out with great success, and these tests 

are covered further in Section 7.1.1.5. For flight, a target pressure rise of 10 psi was 

determined. This increase in pressure generates sufficient force to shear four shear pins 

with a FoS of 2.02, acceptable for this context. The exception to this is on the main 

parachute, where a pressure rise of 15 psi was specified over concerns about added 

frictional forces resulting from the piston deployment system. These concerns have been 

further negated by the application of silicone lubricant during assembly to the piston 

body. With a 15 psi pressure rise, the main primary ejection charge gives a FoS of 3.03. 
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If the shear pins do not break with the primary ejection charge, the secondary charge is 

sized up from the primary. Here a mass increase of 0.5 grams was specified. This ensures 

that even if the primary black powder charge does not cause section separation, the 

backup charge will be able to do so while remaining small enough that a sympathetic 

detonation will not over pressurize the body section. 

As flown, the main parachute ejection charge had a primary mass of 2.9 g and a secondary 

mass of 3.4 g. The drogue ejection charges had a primary mass of 2.6 g and a secondary 

mass of 3.1 g. The ARRD ejection charge is sized according to manufacturer 

recommendations, and is approximately 0.1 g. Following the increase in main parachute 

bay length after the VDF, the main parachute ejection charge masses are increased to a 

3.8 g primary and a 4.3 g secondary. 

Table 3-3 Ejection Charge Masses 

Ejection Event Black Powder Mass 

Main Parachute Primary - VDF 2.9 g 

Main Parachute Secondary ς VDF 3.4 g 

Drogue Parachute Primary 2.6 g 

Drogue Parachute Secondary 3.1 g 

Main Parachute Primary 3.8 g 

Main Parachute Secondary 4.3 g 

 

3.5 Mission Performance Predictions 
3.5.1 Launch Day Target Altitude 

Based on simulations ran for PDR, the team determined the target apogee to be 4473 

feet.  

3.5.2 Current Flight Profile Simulations 
Before the launch vehicle demonstration flight, the CG and weight of the launch vehicle 

were recorded, and the RockSim file was updated to reflect these recorded values. Also, 

as the team is now planning on launching the final performance flight from Bayboro, NC 

rather than in Huntington, AL, the weather data in RockSim was changed to reflect 

historical trends in weather for this location. Launch simulations were ran with a 5o launch 

rail angle, a 12-foot launch rail, and in four different wind regimes ranging from 0 to 25 

mph. The team found an updated apogee of 3678 feet by running twenty simulations and 

taking the average of their results. The velocity at launch rail departure was calculated to 

be 69.44 ft/s and the maximum velocity reached was 481.32 ft/s, or approximately 0.428 

Mach. The flight profile of one of the simulations can be found below. 



 

2021 NASA Student Launch | Tacho Lycos 46 

 

 

Figure 3-49 Predicted Launch Vehicle Flight Profile 

As the exact weight of the payload is not yet known, the final constructed weight of the 

payload could affect the apogee on launch day. Windspeed is another variable that could 

vary widely on launch day. Due to these uncertainties, a tolerance study was conducted 

using RockSim, which is displayed in the figure below. All simulated launches used a 5o 

launch rail angle, a 12-foot launch rail, and in four different wind regimes ranging from 0 

to 25 mph. 
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>20% >10%    <10% 

Figure 3-50 Effects of Payload and Wind Speed on Apogee 

Due to some early estimates on the construction of the weight, 7 pounds was set as a 

lower bound for the final payload weight. As can be seen in the figure, regardless of the 

weight, the launch vehicle is predicted to reach over 3000 feet. However, as long as the 

payload is under 10% overweight, the payload will be within 900 feet of declared apogee. 

The tolerance study also reveals that the final weight of the payload will play the greater 

role in achieved apogee on launch day than wind speed will. 

3.5.3 Altitude Verification 
The team decided to verify the altitude prediction of RockSim using an algebraic method. 

All of the variables used in this method are described in the table below. The first step of 

this method is to calculate the wind resistance coefficient, k, using the ŘŜƴǎƛǘȅ ƻŦ ŀƛǊΣ ˊΣ 

the reference area of the launch vehicle, A, and the CD of the launch of vehicle. The 

variables q and x do not represent physical values but are merely used to simplify the final 

equation. 
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Table 3-4 Variable Definition for Altitude Verification 

Quantity Variable Value Units 

Density ” 1.225 Kg/m3 

Radius R 0.078 m 

Coefficient of Drag CD 0.292 N/A 

Average Thrust T 1,567.8 Newtons 

Mass M 22.348 Kg 

Gravity g 9.81 m/s2 

Burn Time t 2.4 s 
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With x and q calculated, the maximum velocity of the launch vehicle, vmax, can be 

calculated: 
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Using vmax, the height upon motor burnout can be calculated: 

Ὤ
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Ὕ ὓὫ Ὧὺ
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The height gained during coast was calculated next: 

Ὤ
ὓ

ςὯ
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ὓὫ Ὧὺ

ὓὫ
ψωψȢρσςÍ 

The maximum height can be calculated by adding together the two previous values: 

Ὤ Ὤ Ὤ ρπχπȢτά συρρȢψ ὪὩὩὸ 

Table 3-5 Altitude Prediction Results 

Method Result 

RockSim 3678 feet 

Algebraic 3511.8 

Using an algebraic method of calculating the altitude, a result was calculated that was 

within 5% of the RockSim calculation. Given the simplicity of the algebraic method, and 
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the neglection of drag and atmospheric condition, the team decided this was an 

acceptable error margin. 

3.5.4 Stability Margin Simulation 
RockSim was used to calculate the CG, CP, and static stability margin of the launch vehicle 

throughout the flight. RockSim simulations yielded an initial stability margin of 2.17 and 

a stability margin of 2.23 at launch rail departure. 

 

Figure 3-51 Stability Margin Simulation Results 

design for the nosecone of the launch vehicle is 24 inches, which gives: 

ὢ πȢτφφϽ ὒ ρρȢρψτ ὭὲὧὬὩί 

The next value to be calculated is the sweep angle. The sweep angle is a simple 
trigonometric relationship between the fin semi-span, S, and the fin sweep length when 
measured parallel to the launch vehicle body, XN. The leading design has S=6.00 inches 
and XR=3.5 inches. 

— ωπЈÔÁÎ
Ὓ

ὢ
σπȢςυφЈ 

The sweep angle allows for the calculation of the fin mid-chord line length, LF. Other 
values which are needed to calculate LF are chord tip length, CT, and chord root length, 
CR. The leading design has CT = 3.5 inches and CR = 10.5 inches.  
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ὅ

Ὓ
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With LF calculated, the coefficient for the fins, CF, can be calculated using the radius of 
the launch vehicle, R, and the number of fins, N. The leading design has R = 3 inches and 
N = 3. 

ὅ ρ
Ὑ

Ὓ Ὑ

ở

Ở
Ở
ờ τὔ

Ὓ
ςz Ὑ

ρ ρ
ςὒ
ὅ ὅ

Ợ

ỡ
ỡ
Ỡ

φȢχυυ 

In order for the arm length of the fins to be calculated, the distance from the tip of the 
nose cone to the fin root chord leading edge, XB, must be used. The leading design has 
an XB = 95.25 inches. 

ὢ ὢ
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ὅ ὅ
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Given that ὅ ςȟ with these values, the center of pressure is calculated: 

ὢ
ὅὢ ὅὢ

ὅ ὅ
ψρȢχς ὭὲὧὬὩί 

Using the measured CG from the fully constructed launch vehicle, XCG = 67.175 inches, 
the stability margin can be calculated. The stability margin from both the Barrowman 
method and RockSim simulations can be found in the table below. ThŜǊŜΩǎ ŀ 5.98% 
difference between the two calculation methods, but both satisfy the NASA 
requirement of 2.0 calipers upon launch rail departure.  

Table 3-6 Stability Margin Prediction Results 

Computation Method Result (calipers) 

Barrowman Ὓȟ 2.315 

RockSim 2.17 

 

A summary of the variables, and the values of those variables, used in the Barrowman 
method can also be found below. 

Table 3-7 Variable Definitions for Stability Calculations 

LF ς Mid-chord line 
length 

XF ς Fin arm length XR ς Fin sweep 
length measured 
parallel to launch 
vehicle body 

XB ς nose cone tip 
to fin root chord 
leading edge 

LN ς Length of nose 
cone  

CN ς Nose cone 
coefficient 

XN ς Nose cone arm 
length 

— ς Sweep angle 

R ς Radius of 
launch vehicle 

CR ς Root chord 
length 

CT ς Tip chord 
length 

 

S ς Fin semi-span N ς Number of fins CF ς Fin coefficient  
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Table 3-8 Measured Stability Variable Values 

Variable Input Value Units 

CN 2 N/A 

LN 24 Inches 

R 3 Inches 

S 6 Inches 

N 3 N/A 

CR 10.5 Inches 

CT 3.5 Inches 

XB 99.25 Inches 

XR 3.5 Inches 

CG 67.83 Inches 

 

Table 3-9 Calculated Stability Variable Values 

Variable Output Value Units 

XN 11.184 Inches 

— 30.256Ј Degrees 

LF 6.541 Inches 

CF 6.755 N/A 

XF 98.604 Inches 

XCP 78.634 Inches 

Ὓȟ 2.369 Calipers 

 

3.5.5 Stability Margin Tolerance Study 
To account for variances in the final manufactured weight and CG of the payload, the 

team conducted a tolerance study to determine how this uncertainty would affect the 

stability of the launch vehicle.  

RockSim was used to calculate the stability margin of the launch vehicle while the CG and 

weight of the payload were varied. The weight was varied in 0.5lb increment, starting at 

7lbs, which has been determined as a lower bound for the final constructed weight of the 

payload. Additionally, the CG of the payload was varied in 1 inch increments up to a 

threshold of ±2 inches of the predicted CG. A visualization of how stability changed with 

these variables can be seen in the figure below. 
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>20% >10%    <10% 

Figure 3-52 Stability Tolerance Study 

A lower bound of 2.0 calipers is defined by NASA and an upper bound of stability is 

defined as 2.3 calipers to help reduce the effects of weathercocking. The predicted CG 

of the payload is denoted by a solid black trendline on the figure; each data point above 

or below the line represents an inch change in the CG either forward or aft. The stability 

tolerance study shows that the launch vehicle shows no signs of falling below 2.0 

calipers when accounting for possible variations in payload weight and CG that could 

occur during manufacturing. Additionally, as long as the payload is under 20% 

overweight, the stability of the launch vehicle will stay below 2.3 calipers. 

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

energy of the object, m is its mass, and V is its velocity.  

╚╔ □○ 
(6) 

At landing, the launch vehicle will be descending under its main parachute and the 

LOPSIDED-POS will be descending under its payload parachute. The velocity of each 

component under its respective parachute will be used to calculate the kinetic energy for 

each section as seen below. The mass of each section was obtained by weighing the 

section as flown. Results are provided for nominal payload deployment, partial payload 

deployment, and a failure of the payload to exit the payload bay. 
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Table 3-10 Launch Vehicle Kinetic Energy at Landing 

Section Mass 
Kinetic Energy at 
Landing - Payload 

Attached 

Main Velocity - 
Payload 
Attached 

Kinetic Energy at 
Landing - Payload 

Detached 

Main Velocity - 
Payload Detached 

Nosecone 
w/ Payload 

.6457 slugs 61.8 ft-lbs 14.6 ft/s N/A 13.3 ft/s 

Nosecone .4281 slugs 38.8 ft-lbs 14.6 ft/s 32.2 ft-lbs 13.3 ft/s 

LOPSIDED-
POS 

.2176 slugs 
23. ft-lbs 14.6 ft/s N/A 13.3 ft/s 

DÁVÍD .2797 slugs 29.6 ft-lbs. 14.6 ft/s N/A 12.9 ft/s 

Midsection .3781 slugs 40. ft-lbs 14.6 ft/s 33.3 ft-lbs 13.3 ft/s 

Fin Can .332 slugs 35.2 ft-lbs 14.6 ft/s 29.2 ft-lbs 13.3 ft/s 

 

The section landing kinetic energy limit of 75 ft-lbs set forth by NASA 3.3 is sufficiently 

cleared by the heaviest launch vehicle section during the worst-case payload deployment 

scenario at 61.8 ft-lbs. However, this represents an off-design condition that would 

constitute at minimum a partial mission failure. For a nominal deployment of the 

LOPSIDED-POS, the heaviest section of the launch vehicle would have a kinetic energy of 

33.3 ft-lbs which is under half of the limit set forth by NASA 3.3. 

The kinetic energy for the DÁVÍD and the LOPSIDED-POS landing independently is 

presented in the table below. The LOPSIDED-th{ ƛǎ ŀƴŀƭȅȊŜŘ ǳǎƛƴƎ ǘƘŜ пуέ /ƭŀǎǎƛŎ 9ƭƭƛǇǘƛŎŀƭ 

while the DÁVÍD ƛǎ ŀƴŀƭȅȊŜŘ ŀǎ Ŧƭƻǿƴ ǳǎƛƴƎ ǘƘŜ слέ LǊƛǎ ¦ƭǘǊŀ/ƻƳǇŀŎǘΦ 

Table 3-11 Payload Kinetic Energy at Landing 

Section Mass Kinetic Energy at Landing Main Velocity 

DÁVÍD .2797slugs 25. ft-lbs 13.4 ft/s 

LOPSIDED-POS .2176 slugs 35.4 ft-lbs 18. ft/s 

 

3.5.6.1 Alternative Calculation Method 
To verify the validity of results calculated using the above method, the kinetic energy 

at landing was determined using RockSim. A test case was run using the worst-case 

scenario configuration wherein the LOPSIDED-POS fails to exit the payload bay. 

RockSim does not consider the configuration of the launch vehicle during descent, 

and as such cannot directly output section kinetic energy. The descent velocity at 

landing as computed in RockSim is therefore used to compute the kinetic energy at 

landing for each body section as below. 
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Table 3-12 RockSim Kinetic Energy at Landing 

Section Mass 
Kinetic Energy at Landing 

- Payload Attached 
Main Velocity - 

Payload Attached 

Nosecone w/ 
Payload 

.6457 slugs 67.6 ft-lbs 15.22 ft/s 

Nosecone .4281 slugs 42.4 ft-lbs 15.22 ft/s 

LOPSIDED-POS .2176 slugs 25.2 ft-lbs 15.22 ft/s 

DÁVÍD .2797 slugs 32.4 ft-lbs 15.22 ft/s 

Midsection .3781 slugs 43.8 ft-lbs 15.22 ft/s 

Fin Can .332 slugs 38.5 ft-lbs 15.22 ft/s 

 

3.5.7 Descent Time 
Descent time has been calculated as a necessary intermediate step in the wind drift 

calculations described in the next section and is presented as a component of those 

results.          

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

projected apogee, deployed its drogue parachute, and immediately accelerated to 

terminal velocity under drogue, deployed the main parachute at 700 ft and immediately 

decelerated to terminal velocity under main parachute, then accelerates to the new 

terminal velocity under main parachute following the LOPSIDED-POS release at 500 ft. 

From apogee to landing, the launch vehicle and LOPSIDED-POS is assumed to travel in a 

single direction at constant speed across the ground at a constant speed equal to the 

steady wind condition.  

Although simplifying assumptions are contained within this model, it is sufficiently 

accurate to reality for the purposes of this exercise. Assuming the launch vehicle 

immediately reaches terminal velocity at apogee will reduce total descent time by a few 

seconds while assuming the launch vehicle immediately reaches terminal velocity at main 

loses a second or two since the main parachute takes a several seconds to deploy and 

fully inflate. Assuming that the launch vehicle travels in a single direction at a constant 

wind speed also constitutes a worst-case scenario. 

The distances between apogee, main deployment, and landing are known as is the 

descent velocity of the launch vehicle during each stage of the recovery process. The 

descent time can therefore be easily calculated as below where t is the total descent time, 

zd is the drogue deployment altitude, zm­ is the main deployment altitude, zp is the 

LOPSIDED-POS deployment altitude, vd is the descent velocity under drogue, vm1 is the 

descent velocity under main with the LOPSIDED-POS attached, and vm2 is the descent rate 

under main following separation of the LOPSIDED-POS. 

◄
◑▀ ●□
○▀

◑□ ◑▬

○□

◑▬

○□
 (7) 
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Using the target apogee of 4473 ft gives a descent time of 81.0 seconds per the equation 

above. Multiplying this descent time by a given wind speed gives the distance traveled 

across the ground by the launch vehicle constantly sustaining these wind speeds, as 

shown in the table below for the nominal payload deployment sequence. 

Table 3-13 Launch Vehicle Wind Drift 

Wind 
Speed 

Apogee 
Descent 

Time 
Drift Distance 

0 mph 4473 ft 81 s 0 ft 

5 mph 4473 ft 81 s 596.5 ft 

10 mph 4473 ft 81 s 1193. ft 

15 mph 4473 ft 81 s 1789.5 ft 

20 mph 4473 ft 81 s 2386. ft 

 

The same calculations were performed for the LOPSIDED-POS following separation from 

the main recovery harness. The wind drift for the LOPSIDED-POS is presented in the table 

below. 

Table 3-14 LOPSIDED-POS Wind Drift 

Wind 
Speed 

Drift Distance 

0 mph 0 ft 

5 mph 531.1 ft 

10 mph 1062.2 ft 

15 mph 1593.4 ft 

20 mph 2124.5 ft 

 

Table 3-15 DÁVÍD Wind Drift 

Wind 
Speed 

Drift Distance 

0 mph 0 ft 

5 mph 610.1 ft 

10 mph 1220.3 ft 

15 mph 1830.4 ft 

20 mph 2440.6 ft 

 

!ǘ ǘƘŜ ƳŀȄƛƳǳƳ ǇŜǊƳƛǎǎƛōƭŜ ǿƛƴŘ ǎǇŜŜŘ ŦƻǊ ƭŀǳƴŎƘ ƻŦ нл ƳǇƘΣ ǘƘŜ ƭŀǳƴŎƘ ǾŜƘƛŎƭŜΩǎ 

estimated drift distance is 2386 ft, well within the maximum allowable drift distance of 
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2500 ft set forth by requirement NASA 3.10. The LOPSIDED-POS under nominal 

deployment conditions is expected to drift 2125 ft at a wind speed of 20 mph, safely 

remaining within the same criteria. The DÁVÍD also remains within the 2500 ft wind drift 

limit, with a calculated worst case drift of 2441 ft. 

3.5.8.1 Alternative Calculation Method 
To confirm the validity of the above wind drift calculations, the wind drift was 

modeled in RockSim at the same wind speeds used for the hand calculation cases. 

The launch vehicle is assumed to be launched into the wind at a 5° launch rail angle. 

Wind drift distance is calculated by finding the difference between the range at 

apogee and the range at landing data points provided in the RockSim output. 

Descent time is calculated in a similar manner, taking the difference between the 

time at apogee and time at landing data points. Thus, the descent time and wind 

drift are determined as if the launch vehicle begins to descend directly above the 

launch pad. The LOPSIDED-POS separation was not considered in the alternative 

calculations since RockSim makes no provision for independent descent of portions 

of the launch vehicle. 

Table 3-16 RockSim Launch Vehicle Wind Drift 

Wind 
Speed 

Apogee 
Descent 

Time 
Drift Distance 

0 mph 3688 ft 70 s 0 ft 

5 mph 3710 ft 59 s 431. ft 

10 mph 3715 ft 60 s 879.7 ft 

15 mph 3701 ft 70 s 1542.7 ft 

20 mph 3665 ft 71 s 2075.2 ft 

 

The RockSim calculations predict significantly lower descent times and wind drift 

distances than the hand calculations. This arises from the RockSim model not 

considering separation of the LOPSIDED-POS at 500 ft, which would reduce the mass 

of the launch vehicle assembly. As such, a higher main descent velocity is retained 

until touchdown. 
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4. Payload Criteria 
4.1 Payload Mission Statement 

The objective of the payload mission is to design, construct, and launch a planetary lander 
within a high-powered launch vehicle. This lander will achieve an upright orientation and be 
able to self-level within five degrees of horizontal. The initial and final angles relative to 
horizontal will be recorded. After leveling is complete, the payload will capture a 360-degree 
ǇŀƴƻǊŀƳƛŎ ǇƘƻǘƻ ƻŦ ǘƘŜ ƭŀƴŘƛƴƎ ǎƛǘŜ ŀƴŘ ǘǊŀƴǎƳƛǘ ǘƘƛǎ ǇƘƻǘƻƎǊŀǇƘ ōŀŎƪ ǘƻ ǘƘŜ ǘŜŀƳΩǎ ƎǊƻǳƴŘ 
station. 

4.2 Payload Success Criteria 
The payload team has established the following criteria for categorizing the payload success 
levels based on the ability of the LOPSIDED-POS, or Lander for Observation of Planetary 
Surface Inclination, Details, and Environment Data, and the Planetary Observation System, to 
fulfill its mission as stated in Section 4.1. These success criteria have remained unchanged 
since the CDR document. 

Table 4-1 Payload Success Criteria 

Success Level Payload Aspect Safety Aspect 

Complete Success 

LOPSIDED successfully lands 
in its upright configuration; 
the self-leveling procedure 

is completed within 5 
degrees of horizontal; the 

POS captures and transmits 
at least one 360- degree 
image of the landing site, 
which is received by the 

team. 

No injuries are inflicted on 
individuals present during 
the execution of mission 

requirements. 

Partial Success 

LOPSIDED successfully lands 
in its upright configuration; 
the self-leveling procedure 

fails to level the vehicle 
within 5 degrees of 

horizontal, or the leveling 
system is impeded in some 
way; the POS captures and 
transmits at least one 360- 
degree image of the landing 

site, which is received by 
the team. 

One or more close calls 
involving individuals present 

during the execution of 
mission requirements, but 

no injuries occur. 

Partial Failure 

LOPSIDED fails to land 
upright; self-leveling cannot 

be attempted; the POS is 
still able to capture and 
transmit photos, but the 
images do not properly 

Minor injuries inflicted on 
individuals present during 
the execution of mission 

requirements. 
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encapsulate the landing 
ǎƛǘŜΤ ŘŀƳŀƎŜ ǘƻ [ht{L595Ωǎ 

landing gear/leveling 
system can be repaired. 

Complete Failure 

[ht{L595Ωǎ ŘŜǇƭƻȅƳŜƴǘ 
system fails, leading to an 
unrecoverable payload; no 

images are captured or 
transmitted. 

Major injuries inflicted on 
individuals present during 
the execution of mission 

requirements. 

 

4.3 Payload Mission Overview 
The final design of the LOPSIDED-POS consists of an upright rectangular body of varying 

ǘƘƛŎƪƴŜǎǎΣ ǿƛǘƘ ŦƻǳǊ Ŝǉǳŀƭƭȅ ǎǇŀŎŜŘ ƭŜƎǎ ŦƻǊ ǎǳǇǇƻǊǘΦ ¢ƘŜ ƭŜƎǎ ŀǊŜ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ƭŀƴŘŜǊΩǎ ǘǿƻ-

axis, gyroscopic leveling system. The leveling system consists of two concentric rings that will 

allow the body of the lander to rotate about two axes. Leveling will be driven by gravitational 

force acting on the body of the lander. As stated in the Payload Summary in Section 1.3, the 

combined lander body and leveling system are designated LOPSIDED, or Lander for 

Observation of Planetary Surface Inclination, Details, and Environment Data. In addition to 

the components related to payload leveling and recovery, LOPSIDED will also house the POS, 

or the Planetary Observation System. The POS is responsible for capturing a series of images 

ƻŦ [ht{L595Ωǎ ƭŀƴŘƛƴƎ ǎƛǘŜ ŀƴŘ ǘǊŀƴǎƳƛǘǘƛƴƎ ǘƘŜǎŜ ǇƘƻǘƻǎ ǘƻ ǘƘŜ ǘŜŀƳΩǎ ƎǊƻǳƴŘ ǎǘŀǘƛƻƴ ƻƴ ǘƘŜ 

launch field. Once the images are received, they will be spliced together using an automated 

script to form two 360-degree panoramic images. 

The figure below depicts an overview of the payload mission, highlighting the major events 

that occur during operation and the subsystems these events pertain to. When the launch 

vehicle reaches apogee, a rotary latch attached to the payload bulkhead opens, which will 

allow the LOPSIDED-POS to be removed from the payload bay. This ejection occurs at 700 

feet, when the main parachute deploys and pulls the LOPSIDED-POS from the payload bay. 

The LOPSIDED-POS will descend with the launch vehicle main parachute until 500 feet, when 

an Advanced Retention Release Device (ARRD) attached to the top surface of the LOPSIDED-

POS, separates the payload from the main parachute shock cord. This event also releases the 

LOPSIDED-POS parachute from its parachute bag and allows the payload to descend under its 

own parachute. Once the LOPSIDED-POS lands, two electronic latches will open to release the 

parachute, and the initial surface inclination of the landing site will be recorded. Then, the 

solenoid latches will open to release the gravity-assisted leveling system, and the final angle 

post-leveling will be recorded. After this, the POS will initiate the image capture sequence, 

the images will be processed and compressed as necessary, and the images will be 

ǘǊŀƴǎƳƛǘǘŜŘ ǘƻ ǘƘŜ ǘŜŀƳΩǎ ƎǊƻǳƴŘ ǎǘŀǘƛƻƴ ŦƻǊ ŦǳǊǘƘŜǊ ǇǊƻŎŜǎǎƛƴƎΦ 
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Figure 4-1 LOPSIDED-POS Mission Overview 

4.4 LOPSIDED-POS Design 
4.4.1 LOPSIDED Design 

[ht{L595Ωǎ Ƴƛǎǎƛƻƴ ƛǎ ǘƻ ǎǳǊǾƛǾŜ ƭŀǳƴŎƘ ŀƴŘ ƭŀƴŘƛƴg and to level the chassis, fulfilling 

NASA requirements 4.3.2, and 4.3.3, and to hold the POS so that it can fulfill its 

requirements. LOPSIDED consists of two main assemblies, the body/chassis, and the 

leveling system.  

 

Figure 4-2 Entire LOPSIDED-POS 
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[ht{L595Ωǎ ōƻŘȅ Ŏƻƴǎƛǎǘs mainly of a metal skeletal chassis to bear most of the loads. 

That chassis is covered in laser-cut aircraft grade plywood.  This assembly houses other 

sub-ǘŜŀƳΩǎ ǎȅǎǘŜƳs: the POS and some integration equipment.  

 

 

Figure 4-3 LOPSIDED Aluminum Chassis 

The body itself can be broken into 3 sections, with different purposes: an upper, middle, 

and lower sections. The upper section features a skeletal bracket that mounts the 

integration equipment, the ARRD and the cabinet latches for the parachute. The POS is 

mounted beneath this bracket where clear polycarbonate walls surround it protecting it 

and allowing for maximum visibility.   
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Figure 4-4 LOPSIDED Body Sections 

The middle section sandwiched by the remaining two skeletal brackets serves to connect 

the upper and lower sections and to interface with the levelling system. It is surrounded 

by the skeletal brackets to both mount the other sections together and to disperse any 

load throughout the structure. 

The lower section will feature a sled that will host all the electronic necessary for the 

mission. It will be mounted to the lower bracket on the underside of the middle section. 

It will also have a U-bolt on its bottom section for integration. 

The leveling system consists of two gyroscopic rings to allow for rotation across two axes. 

The middle section that the inner ring interfaces with features two solenoid locks that will 

interface with the inner rod locking rotation across that axis. Two more solenoids are 

mounted on the inner ring that interface with the outer ring to lock rotation about that 

second axis.  
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Figure 4-5 Leveling System (Without Inner Ring) 

The outer ring has 4 mounting blocks to which the legs will attach. The legs, torqued by 

torsional springs, will flay out to 60 degrees off perpendicular to the outer ring on which 

they are mounted. A cable set to a certain length wraps around the leg joint and attaches 

to the legs. Once the cable is pulled taught, the legs will rest at their desired angle.  

The four total solenoids, while inactive, will be engaged with the rings preventing rotation 

and locking LOPSIDED in its neutral position. Once LOPSIDED has landed and recorded its 

initial orientation, it will retract the solenoid locks allowing the gyroscopic leveling system 

to reorient as best as possible. 
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Figure 4-6 Inner Ring Solenoid Lock Orientation 

 

Figure 4-7 Outer Ring Solenoid Lock Orientation 

The battery and other electronics in the ƭƻǿŜǊ ǎŜŎǘƛƻƴ ƘŜƭǇ ǘƻ ƭƻǿŜǊ [ht{L595Ωǎ CG to 

beneath the two axes so that it can self-level with the POS able to see up top. The 

electronics sled is offset to keep the CG centered in the middle of the rings where the two 

axes cross. Without disturbances and with locks releases, LOPSIDED will rest with its 

horizontal surfaces (including the ones to which the POS block is mounted) completely 

level or perpendicular to the force due to gravity. 
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Figure 4-8 Level LOPSIDED Demonstrating Centered CG 

4.4.2 POS Design 
The POS is used to capture and transmit 360-degree images of the payload landing site, 

to fulfill NASA requirements 4.2 and 4.3.4.1-4.3.4.4. The POS consists of on-board 

components including hardware for image capture, hardware for radio transmission, and 

an on-board computer for operating these components. The POS ground station consists 

of off-board components for the reception and processing of the transmitted POS images 

in order to generate the necessary 360-degree panoramas. 

The POS utilizes four Arducam Fisheye Raspberry Pi camera modules. The camera 

modules are oriented 90 degrees from each other and attached to a wooden mounting 

block in the upper section of LOPSIDED. Each module has four mounting holes which allow 

the cameras to be attached with M3 screws. 
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Figure 4-9 POS Camera Modules and Mounting Fixture 

As per TDR 4.1, the camera modules selected have a horizontal field of view (HFOV) of 

194 degrees, which allows two cameras to capture a full 360-degree image. The POS 

utilizes four camera modules, which allows it to capture two separate panoramic 

images, offset by 90 degrees. This provides redundancy in the event that one module 

fails, or two opposite-facing modules fail. Even if two adjacent modules were to fail, the 

captured field-of-view of the two operational cameras would be 284 degrees ς almost 

79 percent of the surveyable area. The HFOV of each camera module has been verified 

to exceed 180 degrees. Figure 4-10 and Figure 4-11 below show the two panoramic 

images produced during ground testing. 

 

Figure 4-10 Panorama Test Image 1 
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Figure 4-11 Panorama Test Image 2 

These camera modules interface directly with a Raspberry Pi 3B+, which serves as the 

on-board computer for the LOPSIDED-POS. Standard Raspberry Pi boards are equipped 

with one Camera Serial Interface (CSI), which allows only one camera module to be used 

with the board. For this reason, an Arducam Multi-Camera Adapter Board is used. The 

Adapter Board allows for four individual camera modules to be attached to one 

Raspberry Pi. The camera modules are connected using ribbon cables. To ensure the 

cameras are not damaged and/or do not become disconnected during flight, 24-inch-

long ribbon cables will be used This cable length provides enough slack to ensure the 

connections remain stable. 

 

Figure 4-12 Raspberry Pi 3B+ with Camera Board 

After leveling is detected by the on-board orientation sensor, a Python script will initiate 

image capture. These images are saved and transmitted with an Adafruit RFM69HCW 

433 MHz transmitter. Slow Scan Television (SSTV) is the method of image transmission 

utilized by the POS. This is a communication method common in amateur HAM radio, 

which allows static images to be transmitted via radio waves over long distances. This is 

achieved by converting images into WAV audio files and transmitting this audio data 

over HF, VHF, or UHF radio frequencies. On the receiving end, a personal computer 

equipped with SSTV software can be used to demodulate the incoming signals. 
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Originally, the POS was going to utilize Digital Slow Scan Television (DSSTV) in order to 

achieve a higher quality of transmitted images. However, this was changed to traditional 

SSTV, since DSSTV was found to be much more difficult to implement with Python on 

the Raspberry Pi. DSSTV is also a less-frequently used method of communication among 

HAM radio operators, and thus documentation about its use and modulation techniques 

is limited compared to SSTV. 

To receive POS ǘǊŀƴǎƳƛǎǎƛƻƴǎΣ ŀ ǘŜŀƳ ƳŜƳōŜǊΩǎ ǇŜǊǎƻƴŀƭ ƭŀǇǘƻǇ is equipped with an 

Adafruit SDR Radio USB Stick. This device consists of a tunable antenna and RTL dongle 

connected to a USB port. This model is tunable between 24 and 1850 MHz, allowing it to 

receive 433 MHz transmissions easily. The SDR receiver pairs with SDRSharp, an SDR 

software that creates an interface for observing and analyzing incoming radio 

transmissions. 

 

Figure 4-13 SDR Receiver with SDRSharp Software 

A free SSTV software called MMSSTV will be used simultaneously to demodulate the 

transmissions received and save the POS images to the laptop. After the images are saved, 

a Python script autonomously splices the POS images together into the two distinct 

panoramic images mentioned previously. 

The POS transmitter will be equipped with a quarter-wavelength whip, or monopole 

antenna. The total length of the antenna can be calculated with the formula 

‗= c/f  

L= ‗/ 2 

E= L/2  

Where ‗ is the wavelength, c is the wave speed, f is the wave frequency, L is the total 

antenna length, and E is the dipole length. The total length of a quarter-wave antenna is 
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Ŝǉǳŀƭ ǘƻ ŀ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ŀǘ ǘƘŜ ŀƴǘŜƴƴŀΩǎ ǘŀǊƎŜǘ ŦǊŜǉǳŜƴŎȅΦ !ǘ поо aIȊΣ ǘƘŜ 

total antenna length is 0.173 meters, or 6.8 inches. Space within the LOPSIDED-POS is 

limited, so this length can be decreased by introducing loading coils. Coiling sections of 

ǘƘŜ ŀƴǘŜƴƴŀ ǿƛǊŜ ŀƭƭƻǿǎ ŀ ǎƘƻǊǘŜǊ ƻǾŜǊŀƭƭ ƭŜƴƎǘƘ ǘƻ ōŜ άŜƭŜŎǘǊƛŎŀƭƭȅέ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ Ŧǳƭƭ 

quarter-wavelength antenna. This will allow the antenna to fit within the limits of the 

lower LOPSIDED section.  

A quarter wavelength antenna inductance calculator can be used to determine the 

matching impedance of a loaded antenna. The online calculator shown below uses a 

formula ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ƭƻŀŘƛƴƎ Ŏƻƛƭ ƛƴŘǳŎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ǇŀǇŜǊ άhŦŦ-center loaded dipole 

ŀƴǘŜƴƴŀǎΣέ ǿǊƛǘǘŜƴ ōȅ WŀŎƪ tƻƴǘƻƴ ƛƴ мфтпΦ LƴǇǳǘǎ ŦƻǊ ǘƘƛǎ ŦƻǊƳǳƭŀ ƛƴŎƭǳŘŜ ŦǊŜǉǳŜƴŎȅΣ 

antenna length, coil position, and wire diameter. A coil inductance calculator, such as 

Coil64, can be used to determine the physical dimensions of the coils itself, such as the 

number of turns, the length of winding, etc. 

 

Figure 4-14 Coil64 Software for Loading Coil Determination 

 

4.4.3 LOPSIDED-POS Electronics 
The leveling, imaging and deployment systems of the LOPSIDED-POS each require 

multiple electronic components. These systems will be powered by the same 12V, 1600 

mAh battery, and will be controlled by the same Raspberry Pi 3B+. This is to reduce weight 
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and cost of the LOPSIDED-POS, and to ensure that the electronic components are able to 

fit within the 69 x 69 x 180 mm volume of the lower LOPSIDED section. Power is provided 

to the Raspberry Pi from the 12V battery using a Hiletgo DC-DC buck step-down USB 

module voltage converter. This converts 12V to 5V and allows the Pi to be powered from 

its micro-USB port, which is the safest and most reliable way to power a Raspberry Pi. 

 

Figure 4-15 LOPSIDED-POS Electronics Sled with Dimensions 

POS electronics consist of four Arducam Fisheye camera modules, the Multi-Camera 

Adapter Board, and an Adafruit RFM69HCW 433 MHz transmitter, which transmits to an 

w¢[ нуон {5w ǊŜŎŜƛǾŜǊ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ǘŜŀƳΩǎ ƎǊƻǳƴŘ ǎǘŀǘƛƻƴΦ ¢ƘŜ {5w ǊŜŎŜƛǾŜǊ connects 

to a laptop computer to receive the transmitted POS images. Electronics for the leveling 

system consist of four 5V solenoid latches, two for each gimbal ring, an Adafruit TB6612 

motor driver, and an Adafruit BNO055 orientation sensor. An LM2596 buck voltage 

converter is used to step down the battery voltage from 12V to 5V for the solenoids. 

Electronics for the recovery system consist of two Dormakaba 3510LM 12V 

electromechanical locks, an Adafruit TB6612 motor driver, a StratologgerCF altimeter, a 

9V battery, and a BRB900 GPS tracker. The GPS transmitter will communicate with the 

BRB900 receiver, which will be located with the team at the ground station. The 

Stratologger altimeter and the GPS tracker module are both powered from separate 
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batteries ς a 9V Alkaline battery for the altimeter and a 3.7V LiPo battery for the GPS. The 

motor drivers allow the Raspberry Pi to actuate the solenoids and the electronics latches 

despite the difference in logic level between these devices and the Raspberry Pi. The 

motor drivers are rated for up to 13V and 1.1A, which fits the specifications of both the 

solenoids and the electromechanical locks. Each motor driver has four output channels, 

which allows it to control up to four solenoids on one board. 

 

Figure 4-16 LOPSIDED-POS Electronics Flow Chart 

The StratologgerCF altimeter will communicate with the ARRD, which will be activated 

using e-matches. The details of the ARRD will be provided in Section 4.6.1.3. It is 

important to clarify that the altimeters will be protected from the transmitter's frequency 

with the use of aluminum foil to prevent interference that can cause a failed ARRD 

ignition. A failed ARRD ignition means that the ARRD ignites too early or too late in which 

cases the payload could either not exit the launch vehicle at all as it will remain locked by 

the shear pins, or the payload could be falling too fast as it deploys its parachute at a 

lower altitude than intended. The testing setup for RF interference for the StratoLoggerCF 








































































































































































































































































































































