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Jacob.niece@colorado.edu 

2 Project Objective and Requirements  

Lead Author: Patty Femmer 

2.1 Background  

The DANDE (Drag and Atmospheric Neutral Density Explorer) satellite is an 

experiment to measure upper atmospheric conditions. The science done by DANDE 

will improve models of the upper atmosphere and knowledge of how the density of the 

atmosphere varies with solar activity. Since this satellite is a mission of opportunity, it 

will be a secondary payload on a launch vehicle and it will be released into an orbit 

much higher than desired. The DANDE satellite is designed to have a one and a half 

year lifetime. Thus, the goal of the DANDE-drag project is to design and construct a 

system which could provide the drag required to lower the satelliteôs orbit from 

approximately 373 mi to 217 mi (600 km to 350 km) altitude within 300 days.   
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The DANDE satellite is constrained by the Air Force Research Laboratory 

requirements, which discourages the use of pressurized gasses on secondary payloads. 

Therefore, the use of aerodynamic drag is a feasible way to lower the DANDE 

satelliteôs orbit in the allocated time period. Aerobraking has been implemented on 

interplanetary missions such as Magellan and Mars Odyssey, as well as a means to 

quickly de-orbit a satellite. The DANDE satellite is unique in its proposed use of 

aerobraking to modify the orbit of a nano-satellite in Earthôs atmosphere.  

 
Figure 1: Schematic view of the DANDE satellite 

2.2 Goal 

The goal is to design, build, and test a deployable device which will increase 

aerodynamic drag with the intent of changing the orbit of the DANDE satellite from 

373 mi to 217 mi (600 km to 350 km) altitude within 300 days.  

2.3 Requirements  

For this project to be considered successful, it will interface with the DANDE satellite 

and demonstrate through testing the ability to survive launch conditions, environmental 

conditions, and deployment. Testing will include thermal, vibration and mechanical 

operations testing. The DANDE teamôs analytical models will be used to demonstrate 

to the customer the performance of the deployable drag device if it were attached to 

their satellite. 

 

The project level requirements for this project include that APTERA shall adhere to the 

safety standards set forth by the AFRL, it shall be able to receive commands and output 

telemetry, it shall fit within the dimensional, mass, and power constraints proscribed by 

DANDE, it shall operate within the thermal and vibration envelopes expected 

throughout the duration of the DANDE mission, and it shall produce the required 

amount of force to lower the altitude of the DANDE satellite from 373 mi to 217 mi 
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(±11mi)  (600 km to 350 km ±20km) within 300 days as demonstrated by the DANDE 

STK modeling during a period of high solar activity. 

 

These project level requirements flow down into the system level requirements, which 

then flow into the subsystem level requirements for structures, mechanisms, and 

electrical. This flow is illustrated below in tables 1-4. 
Table 1: Project and System Level Requirements Flowdown 

Project System 

Ref #   Ref #   

0.PRJ1 

The device shall adhere to 
safety standards set forth by the 
Air Force's Research Laboratory 
Space Vehicles Directorate 
(Nanosat-5 User's Guide: 
University Nanosat-5 Program).   

  

0.SYS1 
The deliverables shall be in 
English units.  

0.SYS2 

Use of non-metallic materials 
shall have a maximum 
collectable volatile condensable 
material (CVCM) content of 
0.1% and a total mass loss 
(TML) of no more than 1.0%. 

0.SYS3 
The device shall contain no 
pyrotechnics. 

0.PRJ2 

The device shall receive 
commands and output 
telemetry.   

  

0.SYS8 

The device shall be able to 
withstand the launch vehicle 
environment without premature 
deployment or structural failure. 

0.SYS9 

APTERA shall communicate its 
deployment status via an 
electrical interface. 

0.PRJ3 

The developed device shall fit 
within the dimensional, mass, 
and power constraints 
prescribed by the DANDE 
satellite.   

  

0.SYS4 

The device shall have a mass of 
no more than 6.614 lbm (3 kg). 

0.SYS5 

The device shall have stowed 
dimensions not exceeding 23.6" 
by 23.6" by 3.5" in the plane of 
the light ring and accommodate 
the bottom of the spacecraft. 

0.SYS6 

The device shall be able to 
connect to the main power 
supply of the DANDE satellite 
and require no greater than 15 
W of power at 12 V. 
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0.SYS11 

APTERA shall securely attach 
to the DANDE light band. 

0.SYS12 
Drag device shall deploy from a 
stowed configuration. 

0.PRJ4 

The device shall operate within 
the thermal and vibration 
envelopes expected in the 
space environment throughout 
the duration of the DANDE 
mission.   

  0.SYS7 

The drag device shall be 
operable between -40 and 176 
degrees F (-40 and 80 degrees 
C). 

0.PRJ5 

The APTERA device will 
produce the required amount of 
force to lower the DANDE 
satellite altitude from a 373 mi to 
217 mi (+ 11mi) within 300 days 
or less as demonstrated by the 
DANDE STK modeling during a 
period of high solar activity.   

  0.SYS10 

APTERA will be able to lower an 
orbit using atmospheric drag. 
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Table 2: Structures Subsystem Requirements Flowdown 

System Structures 

Ref #   Ref #   

0.SYS4 The device shall have a mass 
of no more than 6.614 lbm (3 
kg).   

  

1.STRUCT5 The structure shall have a mass 
not exceeding 3.62 lbm. 

0.SYS8 The device shall be able to 
withstand the launch vehicle 
environment without premature 
deployment or structural failure.   

  

1.STRUCT1 The stowed structure shall have 
a natural frequency no less than 
100 Hz with the light band fixed. 

1.STRUCT2 The stowed structure shall be 
able to withstand 20g of force in 
three dimensions. 

1.STRUCT3 The device shall be designed 
with a safety factor of 2.0 for 
yield and 2.6 for ultimate. 

0.SYS10 APTERA will be able to lower 
an orbit using atmospheric 
drag.   

  

1.STRUCT4 The deployed device shall have 
a projected surface area of no 
less than 64.6 square feet (6 
square meters).  

1.STRUCT6 The structure shall be self-
supporting under a 1 gee load. 

0.SYS11 APTERA shall securely attach 
to the DANDE light band.   

  

1.STRUCT7 APTERA shall attach to the 
DANDE light band adapter 
bracket using 8-32 bolts with 
0.5ò depth. 

1.STRUCT8 The APTERA to DANDE 
interface plate shall have 
dimensions in the plane of the 
light band adapter bracket of no 
greater than 23.62ò. 
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Table 3: Mechanisms Subsystem Requirements Flowdown 

System Mechanisms 

Ref #   Ref #   

0.SYS4 The device shall have a mass 
of no more than 6.614 lbm (3 
kg).   

  

1.MECH5 The mechanism shall have a 
mass not exceeding 1.07 lbm 
(400 grams). 

0.SYS7 The drag device shall be 
operable between -40 and 176 
degrees F (-40 and 80 degrees 
C).    

  

1.MECH3 The device shall deploy 
following thermal testing. 

0.SYS8 The device shall be able to 
withstand the launch vehicle 
environment without premature 
deployment or structural failure.   

  

1.MECH2 All mechanisms used in 
APTERA shall have an 
operating torque safety factor of 
1.0 for testing and 2.0 for 
design.  

1.MECH4 The device shall not deploy 
during vibrational testing. 

0.SYS11 APTERA shall securely attach 
to the DANDE light band.   

  

1.MECH1 APTERA shall deploy in a time 
period not exceeding 12 hours. 

0.SYS12 Drag device shall deploy from a 
stowed configuration.   

  

1.MECH6 Device shall deploy to full 
operational state in 1 g 
environment. 
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Table 4: Electrical Subsystem Requirements Flowdown 

System Electrical 

Ref #   Ref #   

0.SYS4 The device shall have a mass of 
no more than 6.614 lbm (3 kg).   

  

1.ELEC4 The electrical subsystem shall 
have a mass not exceeding 0.268 
lbm (100 grams). 

0.SYS6 The device shall be able to 
connect to the main power 
supply of the DANDE satellite 
and require no greater than 15 
W of power at 12 V.   

  

1.ELEC3 The electrical interface shall 
provide power to other 
subsystems. 

0.SYS7 The drag device shall be 
operable between -40 and 176 
degrees F (-40 and 80 degrees 
C).   

  

1.ELEC1 All testing and APTERA 
electronics shall withstand 
thermal cycling. 

0.SYS8 The device shall be able to 
withstand the launch vehicle 
environment without premature 
deployment or structural failure. 

  

  

1.ELEC2 All testing and APTERA 
electronics shall withstand 
vibration testing. 

0.SYS9 APTERA shall communicate its 
deployment status via an 
electrical interface.   

  

1.ELEC5 The electrical subsystem shall 
connect to a TBD interface to the 
DANDE satellite and a testing 
interface. 

3 System Architecture  

Lead Author: Laura Bush 

 

The DANDE (Drag and Atmospheric Neutral Density Explorer) satellite is designed to 

measure scientific parameters in the upper atmosphere of the Earth. It is being created 

within the Air Force Research Laboratoryôs (AFRL) NanoSat competition. The 

atmospheric data collected by DANDE will give a better understanding of the upper 

region of the atmosphere. However, the DANDE satellite is a secondary payload and as 

a result will be launched to a much higher altitude than desired for the data collection. 

The DANDE satellite is being designed to have a year and half life span. The launch to a 

higher altitude and short life span creates a need for a drag system. The drag system 

must be designed to feasibly reduce the altitude of DANDE from the launch altitude of 
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373 mi to 217 mi (±11mi), in a time frame of 300 days. APTERA is a fold out drag 

device that could be integrated with the DANDE satellite in response to this 

requirement. The final system architecture is shown below in Figure 2. APTERA is a 

four beam radial strut fold out design. The following sections will describe how this 

system architecture was chosen.  

  

 
Figure 2: APTERA System Architecture 

 

 

 

3.1 Preliminary Design ï Design Options  

 

There were five main design options considered. Each of these and why there were or 

were not chosen is described in the following paragraphs.  

 

3.1.1 Inflatable Device 

On initial inspection, an inflatable drag device seems like viable design 

architecture. There has been a fair amount of research into inflatable space 

structures in general. Additionally, inflatable devices have been analyzed for 

producing drag, but mostly at altitudes lower than our project would use. In this 

situation, the device is known as a ballute, which is a cross between a balloon and 

a parachute. An inflatable structure would be relatively lightweight and easy to 

deploy. For our system, a torus shaped balloon would likely be deployed around 

the base of the DANDE sphere. Another advantage of a ballute is that because it 

has depth, unlike a very thin sail, it will continue to produce some drag in non 

optimal orientations. These advantages, however, are meaningless without a way 

to inflate the device. Due to the AFRL requirements, pressurized gas cannot be 

used. Airbags, which inflate by mixing dry chemicals, use black powder which 

certainly would fail the AFRL requirements as well.  

 

3.1.2 Thrust 

Thrust was also considered. This included mass ejection, chemical reaction, the 

use of a propeller, or ion thrusters. Mass ejection was eliminated due to the small 
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initial mass allotment from DANDE; 3.2 lbm (1.2 kg) is not enough to produce a 

sufficient momentum change within a reasonable ejection velocity. The use of 

chemicals to create thrust was eliminated due to the AFRL requirements which do 

not allow volatile chemicals to be used in the University NanoSat program. 

Propellers are not feasible as their use at altitudes above 15.5 mi has not been 

studied. Ion thrusters are an excellent option for space propulsion with specific 

impulse, Isp, between 2000 and 5000 seconds. The thrust range of 0.00011 lbf to 

0.0022 lbf could produce the necessary drag to lower DANDEôs orbit. 

Additionally, verification of performance only requires a vacuum chamber. While 

these thrusters can be made as small as 1.57ò (4cm), the lightest mass found of 

5.38 lbm is far beyond the mass budget.  

 

3.1.3 Tether 

A tether design consists of a long wire that extends out behind the spacecraft, 

creating drag. A tether has flight heritage, is available off the shelf, and can be 

easily integrated with the supplied interface; it can be built nearly independently 

of other parts of the system due to its simplicity and ability to use. The design is 

also very lightweight. The primary drawback to this design is that it is nearly 

impossible to test on Earth with the resources available to the DANDE drag team. 

Further, modeling the behavior of a long tether in space is beyond the knowledge 

base of the team. Previous papers suggest that modeling a tethered system is 

surprisingly hard due to the complex atmospheric interactions in the ionosphere.  

 

3.1.4 Kite 

The next design type considered was a kite-like structure. Instead of attaching a 

sail type drag device directly to the DANDE satellite, it would be attached by a 

cable and trail behind the satellite. The possible benefits of this type of device are 

reduced shading of the solar panels and a possible increase in stability of the 

spacecraft. The stability would be increased if the distance between the center of 

mass and center of pressure was increased. This design also increases the effects 

of gravity gradient torque that may have a negative effect on the stability of the 

system. The kite design is a possible option that can meet the safety and design 

requirements; however the design and implementation of this complex system 

would be extremely difficult for a team with low skill levels. The reason for the 

complexity is difficulty in modeling the different vibration modes that would 

occur in the cable(s) attaching the kite to the light ring. 

 

3.1.5 Fold Out 

An attached folded drag device describes a device that is in close proximity to the 

spacecraft and deployed by some mechanical means to present an acceptable drag 

area that would complete the mission. This design will use a deployment 

mechanism to expand rigid structural supports that open the material chosen for 

the drag area. This design concept can be relatively complex and problems with 

stowing rigid structures might cause problems with meeting stow size 
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requirements for the drag device along with mass requirements. While in close 

proximity to DANDE it also has the possibility of blocking the solar cells which 

provide the spacecraft with power, the amount of solar cells it is allowed to block 

is yet to be determined. However, the dynamics of rigid structures is known by 

the team and faculty resources in this area of study are available.  

 

3.2 Preliminary Design ï Top level structure trade study  

A trade study was conducted for five different design concepts using the following 

criteria. A scale from 1 to 5 was used to rank the design concept in each area, in which 

a value of 1 is undesirable, and a value of 5 means that the design meets the criteria. 

Each category was also given a multiplier which determined its weight in comparison 

to the other categories. They were ranked from 1 to 3, where 3 is more important and 1 

is less important. 

 

3.2.1 AFRL  

This category ranks the design to how well it complies with Air Force Research 

Laboratory requirements. Anything pressurized, combustive, or dangerous to the 

interfacing vehicles is highly discouraged. Although waivers may be applied for, 

having materials or systems that are highly discouraged would introduce more 

risk. Higher values in this category mean that the system would meet all the 

AFRL nano-satellite requirements. (Weight = 3) 

 

3.2.2 Modeling 

This category ranks how well the effects of drag on this system could be modeled. 

Factors that would increase the rank include if it has been modeled before, if there 

is existing information on the system, and if there is information about the 

atmospheric effects on the system. A lower rank means that the system has not 

been accurately modeled and it would be unreasonably difficult for APTERA to 

complete an accurate model during 2 semesters. (Weight = 2) 

 

3.2.3 Time 

This factor questions if it is feasible to design, build, and test the system during 

the senior projects timeline. A high value in this category means that the concept 

has been used successfully in the past, there are resources to help us, and that we 

are confident in our ability to complete the project within the set timeline. A low 

value means that the concept is still in its preliminary stages, it would be 

challenging to get help or find resources, and that the design would not fit the 

senior projects timeline. (Weight = 2) 

 

3.2.4 Number of Cycles  

This category ranks how well the system can undergo repeated testing without 

decreasing its accuracy or reliability. It is undesirable to have a device which 
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requires a part that must be replaced every 20 cycles, or a device that cannot be 

tested at all. (Weight = 2) 

 

3.2.5 DANDE Risk  

This category ranks how well the device, APTERA, can interface to DANDE 

without endangering DANDE. A high rank in the category means that the system 

meets the mass, size, and power requirements.  

(Weight = 3) 

 

3.2.6 Resiliency 

A low value in this category means that the device has a high risk of being easily 

harmed during building or testing. (Weight = 1) 

 

3.2.7 Large Facilities 

This category questions if the device will require facilities that are not easily 

accessible. A high ranking value in this area means that the APTERA team will 

be able to easily find the testing facilities at a reasonable cost. (Weight = 1) 

 

3.2.8 Trade Study 

 

Table 5: Preliminary trade study of attached design 

 

Based on research, the fold out design was selected. In particular the designs that 

scored well but failed the AFRL requirements or were beyond the modeling 

capability of this team were eliminated. The fold out design meets the AFRL 

requirements if the proper materials are selected which would qualify the system 

to fly with DANDE.  

 

3.3 Detailed Syste m Architecture  

After the fold out configuration was selected, several additional decisions about the system 

architecture had to be made.  

 Trade Criteria  (Weight)  

Design 

Concept 

AFRL 

(3) 
Modeling 
(2) 

Time 

(2) 

# 

Cycles 
(2) 

DANDE 

Risk (3) 
Resiliency 

(1) 

Large 

Facilities 

(1) 
Total 

Rank 

Inflatable 2 3 5 3 4 2 3 45 

Thrust 1 5 5 4 1 5 5 44 

Tether 5 2 2 1 5 3 5 48 

Kites 5 1 1 2 4 4 3 42 

Fold Out 5 3 5 4 4 5 3 59 
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3.3.1 Web Configuration  

First, the system was analyzed to decide on the web configuration. The web could 

either be a single sheet or could consist of several flower petal-like sections. See 

Figure 3 below for representations of these designs. 

 

 
Figure 3: Possible Web Configurations 

These two alternatives are also classified by their strut configurations. The single 

sheet design has radial struts supporting the web and the flower petal design has 

looped struts. The driving factor of these designs was the length of supporting 

strut needed. The design is determined by what system will require the least mass 

in which the struts are assumed to be significantly more massive than the web 

material. Figure 4 shows the needed strut length for both the petal and radial 

designs. In all situations, the radial design required less strut length. Therefore, 

the radial strut design was selected.  

 
Figure 4: Strut Length Required for Petal and Radial Strut Configurations 
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3.3.2 Number of Struts 

Now, the decision was made to the number of struts needed for the radial 

configuration. Again, the strut length was the driving factor of this design. To 

have the least strut length, 3 struts are ideal. The prototype demonstrated that it 

was difficult to construct self supporting beams with the length required of the 3 

strut design. Due to the results of prototyping, it was decided to go with a 4 strut 

design in order to decrease individual strut length.  

3.4 System Design to Specifications  

The system design-to specifications are shown in Table 6: 

Table 6: System Design to Specifications 

System Requirement Design to Specification  Value 

Shall survive launch loads Stowed natural 

frequency and 

survivable g-loading 

Natural Frequency > 100 Hz 

and survive 20g 

Shall contain no volatile materials Material selections CVCM < 0.1%, TML < 1.0%  

no nonmetallic composites 

Total system shall not exceed 

mass budget 

Total system mass < 8.03lbm 

Shall use drag to lower orbit Projected area 64.6 ft2 

Shall operate in the thermal 
environment in space 

Operating temperature 
range 

-40°C and 176°F 

APTERA shall connect to 

Lightband 

DANDE integration 12 Bolts (8, 32) at 0.5ò depth 

Shall operate within the allotted 

power budget 

Power integration 15W at 12V 

Shall not exceed stow dimensions Stowage dimensions < 23.6ò x 23.6ò x 3.5ò 

4 Orbit Analysis  

Coauthors: Laura Bush and Patty Femmer 

4.1 Average Density Model  

4.1.1 Introduction 

While the DANDE (Drag and Atmospheric Neutral Density Explorer) mission 

will be studying the upper atmosphere, including its density, an average density 

model must first be created during APTERAôs design process. This is especially 

important for APTERA as the density dictates the size of the web which is the 

central aspect of the project. The denser the atmosphere, the more drag is created 

by the web and the faster the satellite descends. Once an average atmospheric 



Fall Final Report- APTERA                                                                          AES 4018, Senior Projects 1, Fall 2007   

            20 

density model has been determined, this model will be used as part of an iterative 

MATLAB code (developed by Laura Bush) to determine the minimum area 

needed in order to achieve APTERAôs goal of reducing DANDEôs altitude from 

373 mi to 217 mi (±11mi)  (600 km to 350 km ±20km) within 300 days. One of 

APTERAôs orbital requirements is to model the mission within 1 year (before or 

after) of solar maximum. 
 

The average density model was determined using the MSIS-E-90 (Mass-

Spectrometer-Incoherent-Scatter) Atmosphere Model. This model incorporates 

data from various rockets, satellites, and incoherent scatter radars. The model is 

online and its data can be output for various dates, times, altitudes, and 

geographic location. 
 

For this project, the MSIS model was run in two stages: preliminary and final. 

The preliminary data was used to show the variability based on solar activity and 

time of day while the final data was used to create the average density model used 

in the MATLAB code. 

4.1.2  Preliminary Stage Data 

The preliminary data was taken at three different time periods, at two different 

times of day, at 10km steps between 600 and 350km. The three time periods were 

during the year of solar maximum (July 1, 2000- June 30, 2001), the year of solar 

minimum (July 1, 2006-June 30, 2007), and for two years in between (July 1, 

2002- June 30, 2004). The two times of day were 1.5 Universal Time (UT) and 

13.5 UT, corresponding to day and night, respectively. 

 

Figure 5 shows the variation of atmospheric density over a period of one year 

(July 1, 2006-June 30, 200) for each altitude step. While the actual values for each 

step differ by more than a factor of 10, the overall trend for each altitude is the 

same: highly variable. The higher altitude densities show a greater fluctuation in 

value than the lower atmosphere densities. The general fluctuations experienced 

are similar during periods of solar maximum and moderate solar activity as well 

as at varying times of day.  
 

Figure 6 shows the maximum, minimum, and average atmospheric density values 

for each altitude at night during the year of solar maximum. This indicates the 

general trend of increasing density values as altitude decreases. This trend is also 

seen at different levels of solar activity and at different times of the day. 
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Atmospheric Density at Various Altitudes over 1 Year (Solar Minimum) (13.5 UT) (Log Plot)
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Figure 5: Variation of Density by Date 
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Figure 6: Variation of Density by Altitude  

 

Figure 7, below, shows the maximum, minimum, and average values at each 

altitude for each run of the data set. It is interesting to note that the maximum 

values during the day for both solar maximum and solar minimum are the same 

(the top lines in the plot below). The lowest line on the plot represents the night 

time values for solar minimum. This shows the general trend for atmospheric 

density, regardless of date or time of day. 
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Atmospheric Density Profile for 

Day (13.5 UT) and Night (1.5 UT) Values
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Figure 7: Density Values, Day vs. Night 

 
 

4.1.3  Second Stage Data 

The second data set was collected for two time periods: one year before and one 

year after solar maximum, or June 1-15, 1999, and August 17-31, 2001. The data 

was collected for every hour (1-24UT) in 10km steps between 600 and 350km.  

 

The following plot (Figure 8) show the variation of atmospheric density with time 

of day. The largest density values occur during the dayï 8-10UT. The lowest 

density values occur at nightï 1, 23, 24UT.  

 

Figure 9 shows the variation of atmospheric density with date for a given time 

(1UT) at each altitude step. The density fluctuates daily, same as in the 

preliminary data. 
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Average Density for Different Times of Day over a 30 

Day Period (June, 1999 & August, 2001) at Various 

Altitudes
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Figure 8: Average Density Values for Each Hour of the Day 

 

Density Variation by Day at each Altitude for 1 UT, June 1999
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Figure 9: Density Variation with Date 
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4.1.4  Average Atmospheric Density Model 

Figure 10, below, shows the average atmospheric density profiles for June of 

1999 and August of 2001, as well as the net average for the two years. The 

August, 2001, values are slightly greater than those from June, 1999. The net 

average values used in the MATLAB code are listed in below in Table 7. 
 

Average Variation with Altitude
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Figure 10: Average Density Profiles 
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Table 7: Net Atmospheric Density Values 

Altitude (km) Density (g/cm^3) 

600 3.09E-16 

590 3.52E-16 

580 4.01E-16 

570 4.57E-16 

560 5.23E-16 

550 5.98E-16 

540 6.84E-16 

530 7.84E-16 

520 8.99E-16 

510 1.03E-15 

500 1.19E-15 

490 1.37E-15 

480 1.58E-15 

470 1.82E-15 

460 2.11E-15 

450 2.44E-15 

440 2.83E-15 

430 3.29E-15 

420 3.82E-15 

410 4.48E-15 

400 5.25E-15 

390 6.10E-15 

380 7.25E-15 

370 8.55E-15 

360 1.01E-14 

350 1.20E-14 

4.1.5 Standard Deviation from Average Atmosphere Model 

In order to produce a safety factor for the averaged model, a standard deviation 

was generated from the averaged data.  
 

4.2 Orbit Modeling  

The equation used to model the DANDE satelliteôs orbit is shown below.  

22 a
m

A
Ca D rp-=D  

Equation 1 

 

This equation calculates the change in the semimajor axis per orbit. Using this equation 

iteratively with the detailed empirical density model of the atmosphere, the amount of 

orbits to change the altitude can be calculated. The model makes the following 

assumptions. First, the model uses CD= 2.35, which models the satellite and sail as a flat 

plane. Second, the model assumes that the orbit is circular. Third, the area of the 

projected area of the sail is calculated assuming that the satellite is pointing 30 degrees 

away from the velocity vector at all times.  
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Figure 11: Average Density Profiles 

 

Figure 11 shows the results calculated from the model and from the 1 sigma model. The 

green box on the Figure shows the sail surface area necessary to change DANDEôs orbit 

in 300 days. The area required in the averaged model is 44.8 ft
2
 (4.16 m

2
) and the area 

required in the 1 sigma model is 69.9 ft
2
 (6.49 m

2
). The selected area for the design is 

64.6 ft
2
 (6 m

2
), which does not quite meet the 300 day requirement in the 1 sigma model, 

but completes the descent in 208 days in the averaged model.  

5 Structures Development and Assessment of Design Alte rnatives  and 

Design -to Specifications  

Lead Author: Melina Tremblay 

Coauthors: Jim Dotterweich, Zach Greenwood  

5.1 Purpose  

The purpose of the structures subsystem is to design the static structural 

components for the APTERA device. The subsystem is responsible for ensuring 

that the web will maintain the required area, supporting the web material during 

the systemôs deployed state, for the interfaces between the web and the support 

struts, and for the interface between the APTERA device and the DANDE 

satellite. 

5.2 Applicable Requirements  

5.2.1 Deployed area 

As determined from the orbit modeling an area of 6m
2
 had to be obtained in order 

to lower the DANDE spacecraft to its science altitude with in the 300 days. The 

requirement of providing a 6m
2
 area then flowed into a structures requirement 

which states that the deployed device shall have a projected surface area of no less 

than 6m
2
. This drives the structural design to provide a particular type of web 

material and the development of a support structure to project this area.  
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5.2.2 Mass 

The total system mass was budgeted to give bounds to individual subsystem mass 

based on preliminary calculations before PDR. The mass of the structures 

subsystem components was initially estimated to be no greater than 1.87 lbm (700 

grams), but since the total system mass had changed to no greater then 3kg, the 

subsystem was reallocated mass and could be no greater than 6.16 lbm (2.3kg), 

mostly due to the estimates of the stowage plate mass.  

5.2.3 Stowed volume 

The stowage volume requirement is the result of the DANDE spacecraft not being 

larger than a particular dimension in order to fit their allowable launch volume as 

dictated from the Air Force Research Lab requirements. As a result the customer 

had budget an allowable amount of space in which the Aerobraking system (ABS) 

could fit. This then drove the requirement to the structures team that limits the 

dimensions of the design in a stowed state not being greater than 23.6ò x 23.6ò x 

3.5ò.  

5.2.4 Thermal environment 

In classifying the space environment the ABS system is to operate in the customer 

of the project determined the range at which the ABS system must survive and 

still function successfully. This range was given as -40
o
C to 176

o
F. This system 

level requirement flows down to the structures subsystem in that the material 

choices and necessary structural design must be able to survive this environment  

without failure or adverse effects such as large stress due to thermal expansion in 

the system.  

5.2.5 Natural frequency 

As derived from the system level requirement that the system shall survive the 

predicted launch environment without failure, the Air Force gives particular 

natural frequency levels which all primary systems must be above. This is 

requirement is that the stowed structure shall have a natural frequency no less 

than 100 Hz. The 100 Hz is the level the Air Force wants structural elements to 

obtain since the predicted launch environment has many vibrations below this 

limit, and any resonance frequencies below this level could be harmful. 

5.2.6 Launch loads 

As derived from the system level requirement that the system shall survive the 

predicted launch environment without failure, the Air Force specifies that the g-

loading experienced on launch to be at a 20g level in the initial seconds. It is a 

dictated from their requirements of main system and subsystem structural 

components that they can survive these loads. This flows to the structures design 

to specs for this reason. 

5.2.7 DANDE attachment 

In order to attach the ABS system to the DANDE spacecraft there are necessary 

bolt locations on a light band adapter bracket in which the ABS system is allowed 
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to connect. This requirement is as such APTERA shall attach the DANDE 

Lightband adapter bracket using 8, 32 bolts that are 0.5ò in depth. This flows to 

the structures system to provide this in the design.  

5.3  Web Element  

In order to meet the required area, it is necessary to have a material to cover the 

six square meters. Research was conducted to learn more about materials with 

space heritage that meet the out-gassing constraints. The main design-to 

specifications for the web are summarized in 8. The TML and CVCM values are 

the low out-gassing requirements set by NASA. Other properties that are 

important for the web material are the density, modulus of elasticity, and the 

coefficient of thermal expansion. In order to meet the low allotted mass 

specification, a material with low density is necessary. The material must also be 

flexible in order to be folded while in the stowed configuration, and then easily 

move to its deployed, unfolded state. The higher flexibility correlates to a lower 

modulus of elasticity. Also, in order to survive the thermal environment and 

reduce the thermal strain on the web, a low coefficient of thermal expansion is 

also necessary. 

Table 8: Web Design ï to Specifications 

Design ï to ï Specification Value 

Area 64.6 ft
2 

Total Mass Loss (TML) < 1% 

Collected Volatile Condensable Mass (CVCM) < 0.1% 

Allocated Mass < 100g 

 

The materials used in multi-layer insulation, solar sails, and space suits were 

considered, as well as other space rated fabrics. The following table shows the 

final materials that were considered for the web material. At the time of the 

preliminary design review, the Polyimide film was chosen because it had the 

lowest modulus of elasticity and coefficient of thermal expansion. However, the 

polyester (Mylar) film was the second choice because it has the same density as 

the polyimide film, and the second lowest modulus of elasticity. 

Table 9: Web Material Trade Study 

 
Polyester 
Film (Mylar) 

Polyimide 
Film (Kapton) 

Ceramic 
Fabric 

Silica Fiber 
Cloth 

Density (lb/in
3

) 0.05 0.05 0.11 Not available 

Modulus (ksi) 500 363 27600 Not available 

CTE (µin/in°F) 13.3 11.1 2.94 Not available 

TML (%) 0.5 0.69 0.01 0.03 

CVCM (%) 0.02 0 0.01 0 
 

After further research into the availability of the Mylar and Kapton films, it was 

found that the Mylar film is preferred due to cost and availability. Mylar film may 
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be purchased locally or online nationally, while the thin Kapton film used for 

solar sails could only be found at high prices, and from an international vender. 

5.4 Support Structure  

The main purpose of the support structure is to support the web material while the 

system is in its deployed state. The main design ï to ï specifications for the 

support structure are related to the mass and deflection, and are listed in Table 10. 

The deflection specification is a result of the required web area. The value of 

6.36ò corresponds to a loss of projected area of 1%. If more than 1% of the 

projected web area is lost, then the estimated descent time is adversely affected. 

    Table 10: Support Structure Design - to Specifications 

Design ï to ï Specification Value 

Deflection <6.36ò 

Allocated Mass < 1.2 lbm 

 

The first choice to be made was the overall deployed configuration, which would 

drive the support design. Figure 12 shows several concepts for the deployed 

configuration. The image on the left shows a radial strut design, which could have 

a minimum of three struts resulting in a triangular web shape, or an increasing 

number of struts, which would result in a more circular web shape. Another idea 

was to have a fully circular web, which would have resulted in a retractable hoop 

structure. The retractable hoop idea was practical due to the maximized area, but 

further analysis into the deployment of a retractable hoop showed that there was 

not enough potential energy in the configuration to deploy the required area. The 

center image in Figure 12 shows the octagonal configuration, which would have 

two struts at each corner. The image on the right is the petal idea, which is similar 

to the octagonal, except that the web material in the corners has been removed. 

An alternative to the petal idea would be to have circular shaped petals that would 

deploy similar to a car window shade. However, the containment and deployment 

of the car window shade concept did not prove to be practical. The remaining 

three concepts were therefore the same three as shown in the Figure below. 

 

Figure 12: Deployed Configuration Ideas 

 

In order to choose the optimal configuration, it was decided that the mass 

requirement was the driving requirement for the system. Therefore, since all of 

these ideas include struts as the main support structure, it was necessary to 

minimize the total strut length in order to minimize the total mass. Table 11 
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shows the results of comparing the strut lengths required to meet the target web 

area. It shows that the radial configured struts have a lower total mass then the 

octagon or petal configurations. It also shows that although three struts would 

individually be longer than increasing the number of struts, three struts has the 

least total strut length that would meet the required area. Therefore, three struts in 

a radial configuration have the least mass. The model and the equations to find 

this length can be seen in Equation 2 and Figure 13.  

Table 11: Deployed Configuration Comparison 

Beams and total lengths for Target Area (64.6 ft2) (6 m2) 

Number of struts Total Length (in) Strut lengths (in) 

3 218.4 72.8 

4 225.5 56.38 

5 253.6 50.73 

6 288.11 48.01 

7 325.4 46.48 

Octagon (8) 379.36 47.42 

Petal (8) 759.36 94.92 

 

 

 
Equation 2   Figure 13: Determining Area of One Section 

 

 
Figure 14: Beam Length Model 

 

Another aspect of the configuration that was considered was sweeping the web 

back, resulting in a three-dimensional shape instead of a flat area. Sweeping the 

web away from DANDE would move the center of pressure location away from 
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the center of gravity location, which could result in greater stability for the 

satellite with APTERA attached. Also, if the web is not perpendicular to the 

velocity vector, the sweep would still provide a drag area, decreasing the risk of 

descending in more than 300 days. However, introducing sweep to the device 

would also increase the mass, as shown in Figure 15. This showed that the 

relationship between the mass of the web increased exponentially when increasing 

the sweep of the structure. The resulting increase in strut mass is also expected to 

increase exponentially with sweep angle. After an analysis on the stability gain 

due to increasing the distance between the center of pressure and the center of 

mass, and conversations with the DANDE team, it was decided that sweep was 

not necessary for the APTERA design. The DANDE ADCS (attitude 

determination and control systems) team felt that it was possible to design the 

ADCS to maintain stability of DANDE during aero-braking. 
 

 

Figure 15: Sweep Effects on Mass 

 

Since there would be no sweep in the design it was then important to find the 

amount of projected area that could be lost due to beam deflection. This was done 

in comparison with the number of beams used to better understand the effect of 

the change in area. The simple linearized model assumed that there were radial 

struts positioned around the outer diameter of a circular disk with radius of 23.6 

inches, and that all of the beams bent at the same time. The results of this study 

can be seen below: 
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Figure 16: Linearized Beam Deflection Model with Respect to Projected Area 

 

The line that represents three beams is the blue line farthest to the right; it shows 

that it can deflect more than the other configurations before crossing the line 

which represents a 1% decrease in area due to deflection. Therefore the limit of a 

3 beam configuration was to be designed such that it does not deflect past this 

distance which is approximately 7.85ò. In order to design such a beam the 

material and the cross sectional area had to be considered. The constraint in 

selecting the beam geometry and the material was based on the total beam mass 

not being more then 1.2 lbm. This mass amount was driven by having limited 

system mass and assigning approximate percentages to components which would 

tend to be more massive. A beam bending model was developed which was 

derived from the forces that were predicted to influence the beam while on orbit. 

Mainly the forces due to drag would dominate, and it was assumed that the main 

load bearing sections of the structure would be the beams, which would distribute 

the force evenly. For testing purposes however, the environment in which these 

beams were to be used was in a 1g environment and it was necessary to account 

for this in the design of the struts. While this is technically an over design of the 

system it was felt that the struts would break or be unusable during testing phase 

and as such were designed to accommodate a 1 g load. The beam bending model 

was developed using the additive beam deflection effects or superposition and is 

shown below. 
 

 
Figure 17: Beam Bending Model 



APTERA-Fall Final Report AES-SRP-020 
Aerospace Senior Projects ASEN 4018& 4028 

33 

 

 
 

 
 

 

 

 

Equation 3 

 

For the static strut elements, several different cross-sections were considered for 

the strut geometry. These included a solid rectangle, a circular tube, a rectangular 

tube, and an elliptical tube. The elliptical tube was analyzed to represent the 

properties of a continuous measuring tape strut. Given the same loads as predicted 

from the beam bending model and assuming that the beams were uniform, these 

different shapes had some of their parameters varied in order to test the effects 

upon the material parameters. A table of these shapes can be seen below: 

Table 12: Static Beam Geometries 

 
 

The modulus of elasticity was one of the material parameters studied, as a result 

of the beam not being allowed to deflect past a certain distance. The flexural 

strength was a design parameter in order to design a beam that does not yield 

under load. Also, the density was a material parameter such that the material 

meets the mass allocated to the beams. Trend lines were then developed to find 

the range of the modulus, flexural strength, and the density in order to determine 

which materials could be used for each geometry. An example of these trend lines 

can be seen below for the rectangular tube section.  
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Figure 18: Representative Trends for Beam Properties 

 

In order for the material to meet the parameters developed for a given strut length 

and inner wall thickness for the rectangular tube, the material would have to be at 

or above the trend lines for modulus and flexural strength. The material would 

also have to be at or below the density trend lines. The geometry that gave the 

best ranges to meet these parameters was found to be the circular cross-section 

(see Table 12). While it was found that the circular tube was the best and a 

material selection could be made from only the static assumptions this would not 

have been correct. The mechanical interfaces and capabilities of the beam had to 

be considered and the thermal expansion effects had to be included in order to 

make a decision. The design iteration for the static consideration of the struts 

performance was capable of being built on and used in the more advanced 

calculations of the beams. 
   

Table 13: Static Strut Geometry 

Geometry 
Lowest Modulus 
(psi) 

Lowest Flexural 
Strength (psi) 

Solid rectangle 7.20E+05 2568 

Circular tube 1.30E+05 944 

Rectangular tube 4.50E+05 1286 

Elliptical tube 9.01E+05 3214 

5.5 Mechanical Interfaces  

There are two components that are important for the structural mechanical 

interfaces. These include the interface between the strut and the web, as well as 

Modulus Flexural Strength 

Density 
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the interface between APTERA and DANDE. For the strut to web interface, the 

design-to specifications are listed in 14. This component must be able to 

withstand the thermal environment without introducing strain that could harm the 

web material, or introduce unnecessary strain on the struts. Also, all components 

must have low out-gassing properties, and it is desired to have low mass and high 

strength for the structural components.  

Table 14: Strut to Web Interface Design - to Specifications 

Design ï to ï Specification Value 

Thermal Environment Survival -40°C to +176°F
 

Total Mass Loss (TML) < 1% 

Collected Volatile Condensable Mass (CVCM) < 0.1% 

 

Several initial ideas for the strut to web interface include a stitched sleeve, 

fasteners, slide rings, and adhesives. In current satellite applications Mylar and 

Kapton are used for passive thermal protection of satellite components and are 

wrapped around the satellite bus in order to provide such protection. The most 

commonly used method of attachment is by the use of ñhook and pileò fastening, 

(i.e.) Velcro. This is placed on the satellite components and Mylar cover with the 

proper space rated adhesives that can survive the thermal extremes of the satellites 

mission. In the APTERA application the Velcro would be added to the struts in 

discrete locations and matched with relatively the same locations along the web 

material. Another method used in the attachment of thermal protection blankets is 

the used of grommets and small cord tied around parts. The cord is typically 

Teflon coated in order to protect it in the thermal extremes and must be tied 

correctly in order hold the blanket material in the right place. In this design 

grommets would be placed along the sail material above the strut with cord 

passing around the strut to hold it the web material in place. The ends portions 

would be attached such that that material would not be allowed to slide off, the 

strut. The design would involve using specialized tape to connect the web 

material to the struts at discreet locations such as in the Velcro method. The tape 

would connect to one side of the web material wrap around the strut on the 

bottom and then adhere to the web material on the other side.  

 

The next mechanical interface to consider was the APTERA to DANDE interface. 

The main concept behind this component was to have a set of interface plates 

which would act as a spool during the storage and deployment of the system. 

Therefore the plates could be useful to store the entire device, could protect 

DANDE from APTERA during deployment, and could serve as a stiff mounting 

point for other components. The main design-to specifications for the interface 

plates are listed in Table 15. Since the other system components are to be 

mounted to the interface plates, it is important that the plates provide the required 

stiffness and that the assembly can survive launch loads up to 20g. Also, the 

interface plate assembly must not introduce strain on the other components due to 

the thermal environment. 
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Table 15: APTERA to DANDE Interface Design - to Specifications 

Design ï to ï Specification Value 

Thermal Environment Survival -40°C to +176°F
 

Natural Frequency > 100 Hz 

Launch Load Survival > 20g 

 

6 Mechanisms Development a nd Assessment of Subsystem Design 

Alternatives, Subsystem Design -to Specifications  

Lead Author: Jay Trojan 

6.1 Requirements  

6.1.1 Strap Mass Requirement (1.MECH.1) 

1) Statement: The strap and Frangibolt assembly shall have a mass no greater 
than 0.322 lbm. 

2) Explanation: Budgeted mass to the Strap assembly. 

3) Parent: 0.SYS.4 

4) Verification method: Inspection. 

6.1.2 Spring Mass Requirement (1.MECH.2) 

1) Statement: The strut to base plate interface shall have a mass no greater than 
0.322 lbm. 

2) Explanation: Budgeted mass to the interface assembly. 

3) Parent: 0.SYS.4 

4) Verification method: Inspection. 

6.1.3 Strap Dimension Requirement (1.MECH.3) 

1) Statement: The strap shall encircle the 20ò by 20ò square interface plates. 

2) Explanation: The purpose of the strap is to hold in the struts; therefore the 
strap must be long enough to fit around the interface plates. 

3) Parent: 0.SYS.5 

4) Verification method: Inspection. 

6.1.4 Strut Base Plate Connection Dimension Requirement (1.MECH.4) 

1) Statement: The strut to base plate interface shall attach to a TBD diameter 
post. 

2) Explanation: It is necessary for the strut-base interface to attach to the base 
plate. 

3) Parent: 1.STRUCT.1 

4) Verification method: Inspection. 
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6.1.5 Strap Containment Force Requirement (1.MECH.5) 

1) Statement: The strap shall be able to withstand a 2 lbf outward force. 

2) Explanation: The strap must be able to withstand the outward force produced 
by the contained strut. 

3) Parent: 1.STRUCT.1 

4) Verification method: Assembly and test; after assembling the stowed system, 

make certain that the struts are held in place. 

6.1.6 Strut Base Outward Force Requirement (1.MECH.6) 

1) Statement: The base of the strut shall produce no less than a 1.47 ft-lb (2 Nm) 
outward torque. 

2) Explanation: The spring assembly at the base of the strut must be able to fully 

deploy the struts. 

3) Parent: 1.STRUCT.1 

4) Verification method: Deployment testing. Torque testing through use of a 
force gauge or scale. 

6.1.7 Temperature Requirement (1.MECH.7) 

1) Statement: All mechanisms team parts shall be able to produce required forces 
at temperatures between -40 and 176°F.  

2) Explanation: The mechanisms subsystem must still function within the 
temperature ranges of the DANDE satellite. 

3) Parent: 0.SYS.7 

4) Verification method: Thermal testing, both hot and cold. Individual thermal 
tests on specific parts. 

6.1.8 Power Requirement (1.MECH.8) 

1) Statement: The device shall be able to connect to the main power supply of 
the DANDE spacecraft and require no greater than 15 W of power at 12 V.  

2) Explanation: The deployment mechanism needs to receive power from the 

satellite and has access to the entirety of the power budget because of its limited 

activation time. 

3) Parent: 0.SYS.6 

4) Verification method: Electrical testing and demonstration. 
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6.2 Subsystem Alternatives  

6.2.1 Stowed Shape Alternatives 

    

Figure 19: Rolled Configuration     Figure 20: Wrapped Configuration 

It is necessary to store the drag system such that the entirety of the drag device fits 

within the launch constraints during launch. In order to achieve this it is necessary 

to determine a configuration that minimizes the storage area as well as minimizes 

the complexity of the wrapping scheme. 

The first decision made by the mechanisms subsystem was the fashion in which 

the arms should be stowed around the base plate. Different wrapping schemes 

were attempted with project prototypes in order to obtain an idea of how they 

might be implemented. Folding or rolling the struts inward similarly to Figure 19 

was attempted first. The problem with this design is that it is trickier to stay 

within the dimensional constraints of the system; this configuration is also 

particularly hard if the beam is not fully flexible. Rolling the struts and Mylar 

material together also caused continuity problems in that it was found to be hard 

to wrap the Mylar in a consistent fashion because of the way in which the Mylar 

interfered with wrapping. A wrapped configuration was found to be ideal for the 

system that was being designed, because of the spool-like configuration of the 

base plates, it was found very convenient to use a wrapped configuration as a 

method to stow the drag device. The containment plates look similar to a spool; 

the wrapped configuration is more likely to fit within the plates and within the 

volume budgeted. A problem that could arise as a result of the wrapped 

configuration is the way in which the Mylar will wrap with the system. This 

method saves a great deal of space with the struts, but may cause problems with 

the Mylar being rolled because of how it is wrapped radially about the inner 

portion of the containment plates. In other words this method will cause unknown 

and hard to model torques on the Mylar sheets. Because a rolled configuration 

limited the type of beams that could be used in the system and has very 

inconsistent wrapping configurations while the wrapped configuration appears to 

be a great space saver, the wrapped configuration was chosen for the stowage 

method. 
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A quick chart showing a comparison of the stowed thicknesses is shown below as 

Figure 21. This chart assumes the beams are made of purely tape measuring 

material and uses the equations from Equation 4 below. 

Spiral = number of wraps x (strut x web x number of folds) 

Rolled = number of wraps x (2 x strut + 2 x web) 
Equation 4 

 
Figure 21: Stowage thickness 

 

6.2.2 Plate to Strut Interface Alternatives 

 
Figure 22: Spring Attachment System 

 

It was found during the design of the struts that it will be necessary for the root to 

impart a torque on the base of the strut in order for the struts to fully deploy. It is 

also important that the root does not interfere with strut deployment. It must also 

be possible for the root to be connected easily to the base plate and post such that 

it provides a stable base for the struts.  

Few alternatives that met the requirements for this part made themselves evident 

when designing the plate to strut interface. The fact that the root is required to 

produce a deployment torque limits the design to being some kind of mechanism 
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that will produce a deployment force. Therefore, some kind of flexible metal will 

have to be used at the base plate of the system. A spring or some kind of flexible 

metal device was considered for this interface. A relatively large amount of 

torque, about 2 Nm, was found to be necessary to deploy the strut fully in a 1G 

environment. The problem of attaching the root mechanism to the structure was 

what drove the eventual spring decision.  

 It is necessary to produce a torque perpendicular to the stowage plate plane and 

the mechanism in question must be able to attach to the stowage plate in some 

fashion. The spring design takes advantage of the posts used to hold the top and 

bottom plate together and therefore appears ideal for this purpose. Because a 

torsional spring must be circular in order to produce a torque, it is ideal for 

wrapping around the posts and producing a solid base for the struts. Any kind of 

flexible metal that produced a similar torque would have to be welded or 

somehow fastened to the posts or the base plate while a torsional spring can be 

attached via staples or another simple method. Because the springs are wrapped 

around the posts, they are constrained from moving in the plane of the stowage 

plates and are thusly held securely in place. 

6.2.3 Containment Alternatives 

                        

Figure 23: Pinned Detached Chord     Figure 24: Pinned Attached Chord     Figure 25: Pinned Struts 

 

In order for a containment method to be successful, it is necessary that the method 

use no more deployment devices than the project can afford (likely 1), that it not 

get in the way of deployment, and that it not deploy early. Several methods of 

accomplishing this were considered, and their basic concepts are illustrated in 

Figures 23-25 above.  

The pros of the pinned detached chord are that the chord is most likely to get out 

of the way after deployment, it can be designed without any interfaces to the 

struts, and that it is most likely to be able to uniformly hold back the struts. The 

problem with this method is that it will detach, resulting in space debris which the 

Air Force is likely to frown upon. 

The pros of the pinned attached chord are that it will not produce space debris and 

how it will release is more predictable. The problem with this design is that an 

interface with one of the struts must be designed, one of the struts may need to be 
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designed differently from the others, and the attached chord may cause damage to 

DANDE if it is not cleared out of the way quickly enough by the struts. 

The pros of pinned strut design are that the system is most likely to act in a 

predictable way and that each end connection may not need to be as strong. The 

cons of this design are the possible necessity for multiple actuators and the 

increased likelihood of deployment devices getting in the way of strut 

deployment. 

Because the pinned detached chord seems least likely to get in the way of strut 

deployment, it is the design that appears to be best suited for this project. 

However, due to problems in wiring the system as well as a possible customer 

limitation on space debris, it may be necessary to revert to the pinned attached 

design. 

6.2.4 Containment Material Selection Alternatives 

It is necessary to choose a material that meets the temperature requirements of the 

entire system and is able to hold back the strut system from early deployment. 

The force required to hold back the strut system is about 2 lbf total which equates 

to about 5MPa; therefore the material requirement is not very high. While the 

temperature requirement is important is does not drive the design as much, thus 

the containment material can be designed primarily from the least dense material 

such that the mass of the containment strap is minimized. 

Two primary materials were considered: Polyamide 6 (Nylon) and Polyester. 

They both meet requirements, thusly Polyamide 6 was chosen because of its 

lower density. 
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Table 16: Quick Materials Comparison 

 Polyamide 

6 

Polyester 

Fabric 

Density (lb/ft3) 71.2 84.3 

Yield Strength 

(ksi) 

11 13 

Max Temp (°F) 428 428 

Min Temp (°C) -112 -112 

 

6.2.5 Deployment Device Alternatives 

 

 

Figure 26: Pin Pusher Actuator 


