FEASIBILITY STUDY INTO THE USE OF

3D PRINTED MATERIALS IN

CUBESAT FLIGHT MISSIONS

A Thesis
Presented to
The Faculty of

California Polytechnic State University, San Luiki§po

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Aerospace Engineering

By
Daniel Fluitt

May 2012



© 2012
Daniel Fluitt

All Rights Reserved



COMMITTEE MEMBERSHIP

TITLE: Feasibility Study Into the Use of 3D Pridte
Materials in CubeSat Flight Missions
AUTHOR: Daniel Fluitt

DATE SUBMITTED: June 8, 2012

COMMITTEE CHAIR: Dr. Jordi Puig-Suari, Professor
COMMITTEE MEMBER: Dr. Kira Abercromby, Assistant&essor
COMMITTEE MEMBER: Dr. Thomas Mackin, Professor

COMMITTEE MEMBER: Dr. Eric Mehiel, Associate Profes



Abstract

Feasibility Study Into the Use of 3D Printed Maaésiin CubeSat Flight Missions

Daniel Fluitt

The CubeSat Program has provided access to spac@fty universities, private companies, and
government institutions primarily due to the lowstof CubeSat satellite development. While
these costs are orders of magnitude lower tharaigncapable nano-satellite missions, they are
still outside of the budgetary constraints of manyential developers including university and
high school clubs. Using 3D printed plastics in piheduction of CubeSat structures and
mechanisms presents a large cost savings oppgrthaitwill allow these institutions to
participate in the development of these satellé@panding the educational and scientific impact

of the CubeSat Program.

Five rapid prototype plastics manufactured withrfdiiferent 3D printing technologies were
studied to determine their survivability when subgel to the required vibration testing and
thermal bakeout that all CubeSats are must passdhrbefore integration and launch. ASTM
D638 Type V tensile bar samples of each plastievpeocured and subjected to a thermal
bakeout and tensile testing to determine the thleamé outgassing effects on their mechanical
properties. This information was used to desigorecept structure for use in a low budget
CubeSat mission. Finite Element Analysis in Abagas then utilized to test the integrity of this
structure under a worst case load condition derik@d the ELaNa 6 launch vibration profile.
Results from the analysis show that Objet FullCR€e@hotopolymer resin, DSM Somos
Prototherm 12120 photopolymer resin, and Windforincérbon fiber filled nylon all provide
adequate strength to survive the environmentahtgsbnditions required for this system to

proceed through flight integration and launch.
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1 Introduction

1.1 The CubeSat Community and the P-POD

The CubeSat Program started as a collaborationgeet@alifornia Polytechnic State University
and Stanford University with the goal of providiimgxpensive access to space for university
students. The program accomplishes this by holdenglopers to standards that keep design
costs low and by providing frequent launch oppdties for the CubeSats as secondary payloads.
These standards, depicted in the CubeSat Desigrifispgon (CDS) [5], define the satellite

mass and volume, as well as other design requiresmen

VITY

Figure 1-1: Example of a 1U CubeSat: Cal Poly's CP1

The total development cycle for a CubeSat is ndynaabund two years. For university students,
this short time period allows participants to exgece every aspect of the life cycle of the
satellite and gain crucial insight into the reqdidésciplines and operations of the Aerospace

industry before graduation. For government andgpeivevelopers, the rapid development of



CubeSats brings mission data to the ground in enrquicker time period and drastically reduces

mission turnover when compared to commonly usegelesatellites.

Since its creation, the CubeSat Community has gtovan international body of over 100
educational institutions, private companies, angegoment organizations from around the world.
Through mission collaboration and technology shiprié rockets have flown with CubeSat

payloads, putting a total of 52 CubeSats in orbit.

The success of the community and the ability tadauCubeSats with virtually any launch
provider relies on the use of the Poly Picosaellitbital Deployer (P-POD), a Cal Poly built
CubeSat deployer. The P-POD houses up to threaruh€élU) CubeSats, and serves as their
only interface to the launch vehicle. The P-PODission is to protect the primary payload and
launch vehicle from any additional risks preserigdhe CubeSats. The CubeSats are securely
held inside the P-POD during launch until the priyn@ayload is safely away from the launch
vehicle. Through design improvements and flighitage, the P-POD has proven to be a safe and

reliable deployment system for CubeSat payloads.

Figure 1-2: The P-POD Mk. Ill CubeSat Deployer



1.2 CubeSat Testing Requirements

CubeSat developers must meet the design and testinggements presented in the CDS in order
to ensure the success of the P-POD and to mitigedéo the launch vehicle, the primary payload,
and other CubeSats. A flow diagram showing thes tibgit must be performed on the CubeSats

before integration to the P-POD can be seen inrBitn3.

CubeSat
Qualification Unit

Testing Information

Testing Path 1

Integration
to P-POD

—_> o

Integration
to P-POD

o - [

Figure 1-3: CubeSat Test Flow Procedures Necessary for §tit Integration

1.2.1 Dynamic Loading

All CubeSats must pass through a series of vibmatitd shock tests as shown above. Developers
typically test vibration and shock loading with thee of a vibration slip table. Even though
acoustic stimuli will be present during the launitte loads are insignificant when compared to
random vibration and shock and are generally igthofée levels that developers are required use
when performing these tests are typically supgbgdhe launch provider. In cases where a

profile is not available, the NASA Goddard Enviroemtal Verification Standard (GEVS) [5] is

used.



1.2.2 Thermal Bakeout

All CubeSats must pass through a thermal bakecathermal vacuum chamber before
integration to P-POD to ensure the proper outggssitomponents. A CubeSat will be
subjected to a hot soak at 70°C for a period ab@$, or 60°C for a period of 6 hours at a

vacuum level of 18 torr during this thermal bakeout.

1.3 Current Cal Poly CubeSat Design

In late 2011, Cal Poly’s PolySat, in conjunctiorttwTyvak Nanosatellite Systems, finished
development of a new 1U CubeSat design utiliziregnitrepid system board. This new bus
design reduces the size of the avionics packa@@%oof the total CubeSat volume [7], leaving
the rest of the satellite’s capacity free for paglase. This new design has already won Polysat

several high profile contracts and will be usedPmjysat and Tyvak for all future missions.

The structure of this bus, tikyperCubewas developed as a Senior Project for Cal Poly’s
Mechanical Engineering Department [7] and can le@ $& Figurel-4. It utilizes modular
components to allow for easy production and assgoiftthe satellite. The structure consists of 3
parts: the Top Hat (1), the Shoe (1), and the Baleels (4). All parts are constructed from

Aluminum 6061 and fastened together with machimevgs.



Avionics

Payloa

Figure 1-4: The HyperCube Structure of Cal Poly's Current System Bu

This design has several major improvements oversats legcy bus hardware. The reducti
in size of the avionics package allows for all #veonics hardware to be mounted to the Top
where it can be tested and integrito the CubeS separately from the payload hardwe
Further, the use of four identicaide Fanels to build up the main body of the structuleves the
machinist to fabricate HyperCule with three CNC codes, lowering the total machgriost tc
$2000 for a complete structure. This cost is tyidimaa CubeSat structure machined by a pe

machine sho

1.4 Conventional Machining Cost Reduct

The structure and mechanical components of a Culpe&sent one area in the satellit
development that could be improved to lower cokesEpartsare typically machined out «
6061 or 7075 alumirm alloys by student or professional machinists. @uie tight
dimensional requirements presented in the CDShfCubeSat to be able to interface into t-
POD, most of the machining work is generally parfed with CNC mills. Many university ar
private sector CubeSat developers have direct acz€d4E€ mills that can successfully machi
CubeSat components. In these situations, all thehimiag for a CubeSat can be done for little

no cost. However, developers that do not have adceSNC mils are presented with the hi



price of having their parts manufactured at a tpicty machine shop. The high labor rates and
overhead involved in third party machining can tesua production cost of thousands of dollars,

even for geometrically simple components.

Conventional machining alternatives have been @ats$a further lower the cost of

manufacturing thélyperCubestructure. First, attempts at creating a machipiagnership with

Cal Poly’s Mustang 60 machine shop were made. Wak performed by student technicians at
a rate of $15.00 per hour with tooling and raw matgrovided by Polysat. This method reduced
the total cost of machining components by cuttingtbe high labor rates of machine shops, but
had several major flaws. Machining work done bydh&lent technicians did not have a tolerance
guarantee and many of the initial parts produceswausable or had to be heavily modified by

Polysat. This led to the conclusion that flighttparannot be reliably produced by Mustang 60.

Research into purchasing a CNC mill was also peréarto determine the cost effectiveness of
machining components in the Polysat lab. TableGhE mills costing roughly $10,000 were
determined to be the only machines that would ladlesn the current facilities available to
Polysat. While these machines would be able tofpathemselves within the first six production
runs of CubeSat parts, it was found that the tomuiput of the milling motors was insufficient.
In order for these mills to machine an Aluminum 6@ubeSat structure, the depth of cut for
each pass would need to be very small. At this eapgoduction run of a CubeSat would take
weeks to machine and a qualified member of Polysald be required to attend to the mill at all
times and change out machining tools as necesaary result, it was determined that this
process would not be sufficient to meet the rapatipction requirements of future PolySat

missions.



1.5 3D Printing Use in Industry

Recent developments in 3D printing processes hed/¢ol its use in several technological
industries. These manufacturing methods are nomghgsed to create parts for production

fabrication in addition to their traditional useprinting prototype hardware.

3D printing has seen its widest use in the autoredtidustry. Jaguar and Landrover use the
technology to create test models of various compthat see use in many of their production
vehicles, such as the air vent seen in Figube These parts are used to characterize arehsasuc
user interfaces, fatigue failure, and styling. Basrs also see 3D printing as a way to create
personalized cars in the near future [8]. This widag very expensive to achieve with
conventional manufacturing. However, since 3D jmimtechnology is not limited by tooling or
low volume manufacturing cost increases, a pers&mthlehicle could be produced for a

reasonable cost.

Figure 1-5: Printed air vent prototype [15]

Aerospace manufacturers General Electric (GE) hadeuropean Aeronautic Defense and Space
Company (EADS) have adopted 3D printing technolmgmanufacture airplane components that
have significant weight savings. According to EAD&se weight savings could significantly

reduce the operational cost of airplanes, sincekdogram of reduced weight can result in $3000



per year in fuel savings [3]. Figute6 shows a comparison between a door hinge creatad

conventional and 3D printing manufacturing methods.

Casted

Printed

Figure 1-6: Comparison of a casted door hinge and 3D priet door hinge [13]

The biomedical industry has also benefited grefabign 3D printing. The technology’s ability to
create parts with complex contours and forms ofaturre have revolutionized the production of
medical implants [20]. Instead of using a “one ditzeall” production mentality, implant
components can be personalized for a patient f@dudlitional cost. Further, the technology has
been adapted by the medical industry to print fldlyctional organs derived from existing
biological tissue [18]. Scientists see this revioluary step in technology as a future replacement

for organ donors and say that the technology ig ariew years away.

"I':J X '
s N ."

Figure 1-7: Jawbone implant fabricated with 3D Printing [1]



1.6 Purpose of Thesis

Throughout the history of the CubeSat program Jigatdevelopment has been dominated by
well funded universities and research institutipagnered with private companies. While these
developers are on the forefront of the dramaticeiase in the scientific capability of the CubeSat
platform, they have overshadowed many developemsané still in the process of designing their
first satellite. These institutions are buildingh@$ats with budgets that are orders of magnitude
less than those of the more prominent missions. Ald&ducational Launch of Nano-Satellites
initiative has provided free launch and integrasenvices for selected CubeSats, which accounts
for the largest cost in developing a CubeSat. H@ndvardware costs alone are still outside the
budgetary constraints of many institutions and senings gets them one step closer to launching
their satellite. In order to expand the entrepreiaéand educational approach of the CubeSat
program, including opening new doors for STEM ediocan university and non-university
settings, further cost reducing measures mustkesteo meet the needs of the next generation of

low budget CubeSat developers.

The failure of conventional machining methods tovite a low cost production solution for
institutions that do not have direct access to nméety facilities has led to the need for research
into non-conventional manufacturing techniquesufee in CubeSat development to be performed.
Three dimensional printing presents such a teclgydloat has potential cost advantages over
machining. This manufacturing method has been sgedessfully in a wide variety of industries,
and the CubeSat community would serve as an ig¢i@hg for its use in space. While few
institutions have direct access to modern 3D printde cost of having parts printed by third

party manufacturers is much lower than having padshined. Typically, 3D printers are solely
used to produce prototypes of hardware that wiinéwally be machined. However, recent
developments in printing technology have led toahiity to produce functional parts using a

variety of methods and materials. It is the goahdd thesis to study and characterize these



different technologies to find acceptable 3D prigtprocesses and materials for use in flight

missions in order to lower the hardware cost ofilagSat to $5000.

1.7 Candidate Verification Method

Materials used in 3D printing have several disatbkges when compared to aluminum that need
to be addressed before the technology can be ngedhbieSat production. First, the majority of
the materials used in 3D printing are polymers taate much weaker mechanical properties than
aluminum. Further, these properties will changeémduthermal bakeout, causing the materials to
perform differently in any subsequent structuratitey. In order to determine the feasibility of
using rapid prototype materials in CubeSat strestuit must be shown that the materials can
withstand the testing requirements described ini@et.2 and do not pose any additional risk to
the success of the P-POD. A verification methodsiiimg of Research, Testing, and Design

Iteration phases was used to determine if the matétenet these requirements.

Modified

Candidate Mechanical
i Properties
Research Phase Materials Testing Phase P

Design
lteration
Phase

Feasibility Result

Figure 1-8: Verification Method Diagram

In the Research Phase, 3D printing technologiesvaatdrials were examined and candidate
materials were chosen for use in the feasibilitggt In the Testing Phase, the samples of the
candidate materials were subjected to a combinatigne-bakeout and post-bakeout tensile tests

to gain insight to the mechanical property charggesed by the outgassing and thermal

10



treatment. The properties of the post-bakeout sesnpere used in the Design Iteration Phase to
create a new CubeSat concept structure and sampigonents that were optimized for
production with 3D printing. Finite Element AnalggFEA) and hand calculations were then
utilized to test the integrity of these designs whkabjected to an expected worst case load
condition defined in Sectioh.2.5. Results from the FEA were used to iterateufjh the designs

until the feasibility result for using 3D printedns on CubeSats was reached.

11



2 Research Phase

Research into different types of 3D printing tedbgges and materials was performed to find
initial candidates worthy of further study. Chapestescribes and compares these technologies

and materials, resulting in 5 selections for usthis thesis.

2.1 3-D Printing Technologies

There are 7 general types of 3D printing techn@sgiat are currently used in various areas of
industry. Aspects of these technologies were ireduid a trade study to determine which
processes would have a high probability of pro\gdam acceptable product for use in CubeSat

development.

2.1.1 Electron Beam Melting (EBM)

Electron beam melting produces metal parts thagéqual in strength to parts manufactured with
conventional machining. This process successiveljsmpure powder layers of metal alloys in
the shape of the part’s cross section using aigered electron beam inside a vacuum
chamber. When a layer is complete, a powder digpateposits a fresh layer of metal on the
existing part. The vacuum is able to draw out aoigs in the material caused from reaction
gasses, leaving full density parts that are exthesteong. For this reason, EBM is most
commonly used as a manufacturing method to creagiuption parts rather than prototypes.

However, it is the most costly of the methods redead due to the complexity of the process.

12
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Figure 2-1: Electron Beam Melting process diagram [11]

2.1.2 Fused Deposition Modeling (FDM)

Fused Deposition Modeling uses thermoplastics aa@msoluble support material to build up a
part from a solid model. Initially, a tool pathdseated for each cross-sectional layer that the
machine’s printing head will follow. During printif both the plastic and support material are
heated to a molten state and extruded throughrthiéng head in a continuous bead along the
tool path. The material hardens immediately afktirey the printing head and fuses to the
existing layers. When one layer of the model ispleted, the print bed lowers and the next
layer is deposited. The support material is remavien the part is completed with a long soak

in hot soapy water.

Support material mamem—\

Build material filament ———m
Extrusion head\
Drive wheels
Ligufiers 2
Extrusion nozzles

\

Part supports

Part
Foam base

Buld patform ~

Support material spool

[\

Build material 5panl\°

Figure 2-2: Fused Deposition Modeling process diagram [9]

Copyright © 2008 CustomPartNet
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Since FDM uses less expensive engineering plasiics as ABS and Polycarbonate, it presents a
low cost option for producing CubeSat parts. CdyRé&so has several Stratasys FDM

prototyping machines on campus in the Mechanicairtgering and Biomedical Engineering
Departments that are available for Polysat to insaddition to allowing students to work directly
with the machines, Polysat would only be chargedtfe material used and a $25.00 flat fee for

each print job.

2.1.3 Laminated Object Manufacturing (LOM)

Laminated Object Manufacturing involves using layef adhesive coated paper, plastic, or metal
sheets to build up the shape of a part. The adbesaterial is initially adhered to the print bed or
existing layers using a heated roller. Then, arlasé&nife is used to cut out the shape of thesros
section of the layer and the unused material i9oxweEd. When a layer is complete, the print
surface is lowered by the layer height and a nexetsbf material is placed on top of the part for
the next layer.

LOM is a relatively low cost process due to theety of raw materials consumed. However, it
does not have the dimensional accuracy of othargsses, which limits its uses in many

industries. As a result, LOM is no longer widelydsand there are very few providers in the US.

Mirrar —i
Maving Oplics Head = ¢ — Lasar
Tie h
Layar Carlou = Haatad Rollar
| F T Shesl Mataria
AT '|... e
o . J

Take-up MIT L Supply Rall

Figure 2-3: Laminated Object Manufacturing process diagram[12]
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2.1.4 Polyjet Printing

Polyjet printing is a relatively new technology @atied by Obijet that is very similar to a
conventional inkjet printing. Polyjet 3D printeraildl up parts by spraying photopolymer model
and support resins onto a print bed in cross saditiayers. Both resins are cured by a high
intensity UV lamp that immediately follows the jati heads. After each pass of the jetting heads,
the print bed lowers for the next pass to be sgtayetop of the existing layers. When the job is

complete, the wax-like support material is remoggder by hand, or with a water jet.

Jetting Head X axis

\ -~

—_—
g

- . /— Yaxis

- UV Light

Fullcure M )
(Model Mateﬁm.r

Fullcure S —/
(Support Material)

/ \
Build Tray - / | Z axis

Figure 2-4: Polyjet process diagram [22]

Cal Poly’s Mechanical Engineering department owm®ajet Eden 250 rapid prototyping
system. This machine is able to print parts wittadety of materials in 16 micron layers
with .1mm lateral tolerances. As with Cal Poly’sMDnachines, Polysat would only be charged

for the material cost and a $25.00 flat fee fothgarint job with this system.

2.1.5 Powder Bed and Inkjet Head Printing

This process builds up the cross-sectional laykeaspart using an inkjet head that dispenses a
binding agent onto a bed of plaster powder. Whgerkaare completed, a dispenser lays a fresh

coat powder onto the surface of the part and tbegss is repeated. Areas of powder that are not

15



coated with the binding agent are removed withuses of compressed air. The low cost of the

raw materials used in this process is reflectdtientotal manufacturing cost of a part.

Powder = Inkjet printhead depositing Loose material powder
sprea:ling\t. 4 binder on top layer of powder supports overhang
roller

Loose Loose

material feed material T/ Desired
powder piston powder Build platform % ~ component

Figure 2-5: Powder Bed process diagram [21]

2.1.6 Selective Laser Sintering (SLS)

The Selective Laser Sintering process is oftenrceghas the future of low volume
manufacturing. It uses a high powered laser to fiastcles of plastic, metal, ceramic, or glass
powders along a cross sectional tool path createa rint bed. When one layer of the model is
finished, the print bed is lowered by the layegheiand additional powder is applied on the top
of the existing layers. The process is then repeatdil the model is completed. Depending on
the power of the laser used to fuse the materizdghanical properties of the finished part can be
comparable to those of a part created with congeatimachining methods. This technology also

allows for the use of mixed material powders tloabf composites when fused by the laser.
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Figure 2-6: SLS process diagram [16]
2.1.7 Stereolithography (SLA)
Stereolithography is the oldest and most widelydusethod for rapid prototyping. SLA prints
solid objects by successively solidifying thin lay@hotopolymer resins. Before printing, a tool
path that is followed by an ultraviolet laser isatied for each cross-sectional layer of the part.
These tool paths are then projected onto a prithtth&t resides in a vat of the photopolymer resin.
During printing, the laser follows the tool pathdatures the cross sectional layers of the parts.
When one layer is completed, the print bed lowerthér into the vat, and the top surface of the

model is covered with a new coating of liquid retgirbe cured.
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Figure 2-7: SLA process diagram [19]
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Outgassing data for several SLA materials has bbtained by NASA Goddard. While this data
does provide useful information into the expectebsioss of SLA resins, it does not include the

post-outgassing mechanical properties.

Table2-1 summarizes the research into the different B8tipg processes. Expected outgassing
information was taken from researching similar matg on outgassing.nasa.gov. Cost
information was derived from quotes of a simple €sét structure. Parameters that disqualified
processes from further study are highlighted in éts trade study showed that FDM, SLA,

Polyjet, and SLS technologies were all eligiblefiather study.

Table 2-1: 3D Printing Technology Trade Study

Parameter| EBM FDM LOM SLA Polyjet Plg‘lzgter SLS
Plastic,
Paper, metal
Material Metals Plastic Foils, Resin Resin Plaster cerami’c
Plastics composite
Published . . . .
Strength Very High Low Very Low Medium Medium Low High
Expected
O(‘quraosglng 0% 0%-5% 0%-5% |  0%-5% 0%-5%
Mass Loss)
At Cal No Yes No No Yes No No
Poly
Rough
Third Party $100-$500 $100-$500 gfggo gfggo gfggo %11%%%
Cost
EsTFi.nl;gad Days Weeks Days Days Days Week

2.2 Researched Materials

Candidate materials of each rapid prototype proaess chosen for further study based on their
published mechanical properties and availabilifgble2-2 contains a summary of the

mechanical properties of these materials.
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2.2.1 ABS Plastic/Cal Poly’s Stratasys Dimension 2000déudeposition

Modeler

ABS has a long history of being used in engineeaipplications. It has an excellent balance of
rigidity and toughness that makes it useful in tnggfunctional parts. The Mechanical
Engineering department has provided access to $tigitasys FDM machine, making the plastic

the least expensive material studied in this thesis

2.2.2 Objet FullCure720 Resin/Cal Poly’s Objet Eden 256{yjet Prototyper

FullCure720 is Objet’'s most popular modeling redire to its excellent strength properties and
low cost. The material has the ability to withstaondbstantial abuse, making it a good candidate
for use in functional parts. The Mechanical Engimegdepartment has also provided access to

their Eden 250 printer, making this the least espenresin material studied.

2.2.3 Prototherm 12120 Modeling Resin/StereolithograpbynfHarvest

Technologies

Prototherm is a resin produced by DSM Somos thawhigh strength and thermal resistant
properties. This material presents the highest sisagth properties out of the pure plastics what
were chosen for this study. Prototherm is one efféh rapid prototyping plastics that has
existing outgassing information available. The as&ing properties of this plastic have been
tested by NASA Goddard, exhibiting Total Mass LEESIL) of 0.92% and Collectable Volatile
Condensable Material (CVCM) of 0.1%. This mateisaiar less common than other SLA

plastics, making it one of the more expensive netechosen for further study.
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2.2.4 Watershed 11122 XC Modeling Resin/Stereolithograpbm ProtoCam

Watershed is a photopolymer resin manufactured By [3omos that exhibits ABS-like
mechanical properties when cured. It is widely usefLA 3D printers and can be purchased
from a large number of vendors. According to tesperformed at NASA Goddard, this material
exhibits 3.25% TML and 0.01% CVCM. This matermlthe least expensive plastic that Cal Poly

does not have the ability to produce on campus.

2.2.5 Windform XT / SLS from CRP Technologies

Windform XT is a carbon filled nylon composite theathibits very high strength and toughness.
This material is currently being used by Plane®&ygtems Corporation for their PrintSat CubeSat.
While this material presents a likely candidatedoceptable strength properties, it is more

expensive than any of the other materials studied.

The published mechanical properties for the sedetaterials can be seen below. Datasheets for

the materials can be found in Appendix D.
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Table 2-2: Published Mechanical Data for the selected metials

Cal Poly ME Department

Outside Sources

Polyjet FDM SLA SLS
Mechanical Dimension Harvest CRP
Eden 250 ProtoCam _
Property 2000 Technologies| Technology
Watershed | ProtoTherm .
FullCure720 ABS Windform XT
11122XC 12120
Tensile Strength
50-65 34.5 47.1-53.6 77.2 77.85
(MPa)
Modulus (MPa) 2000-3000 2482 2650-2880 3247 7320
Tensile
] 15-25 50 3.3-35 4.5 2.6
Elongation (%)
Felxural Strength
80-110 65.5 63.1-74.2 103 131.52
(MPa)
Flexural Modulus
2700-3300 2620 2040-2370 3061 6248.5
(MPa)
1ZOD (J/m) 20-30 - 0.2-0.3 0.016 -
Heat Deflection 45.9-54.5 126.2 175.4
) 45-50 (.45 MPa) -
(°C) (.46 MPa) (.46 MPa) (1.82 MPa)
Water Absorption
15-22 - 0.35 0.24 -
(%)
Tg (°C) 48-50 104 39-46 111 -
Shore Hardness
83-86 R105 - 86.7 -
(D)
Rockwell
73-76 - - - -
Hardness (M)
Polymerized
i 1.18-1.19 1.04 1.12 1.15 1.101
Density (g/cm3)




3 Testing Phase

ASTM D638 Type V tensile bar samples of the mateselected in the Research Phase were
printed in a flat orientation in batches of 40 éize in mechanical property testing. The samples
were divided into three sets: one for testing efridww material, another for testing of the material
after a thermal bakeout, and a third for demonistigiurposes. These samples were tested to
gain raw and outgassed values of their elastic togdand yield stress. The Poisson ratio was not
published for any of the materials and it was rasgible to measure this parameter with the
testing method used for this study. Research wdermeed into the Poisson ratio of similar
plastics, resulting in the decision to apply a ¢ansvalue of 0.35 for this property to both the

raw and outgassed sample sets for all of the nadderi

Figure 3-1: ASTM D638 Typve V Tensile Bar
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3.1 Thermal Bakeout

Samples of each material were subjected to a thdraka&out in accordance with the CDS using
the Cal Poly Aerospace Department’s Space Enviraisrieab Hi-Tech Vacuum Chamber. The
chamber used a Welch Duo Seal 1374 roughing pumg@ogenic cooling to lower the
pressure inside the chamber t6>110rr. An electrical resistance heater, manualiytazled with

a variac voltage regulator, was used to heat thmples to 70°C for a period of three hours.

3.1.1 Thermal Bakeout Test Stand

A custom test stand was constructed from alumindoe&m sections, plexiglass disks, and steel
fasteners for use in the vacuum chamber. The L-Is=amions were fastened together to form the
uprights of the test stand and additional fastemerg secured to the beams to serve as rungs.
Samples were arranged on end around the insidestBamif one of the plexiglass disks and held
into place with kapton tape, as shown in Figg#2 This arrangement allowed for each of the
samples to be heated as evenly as possible. Adeliskhwas secured to the opposite end of the
samples with more kapton tape. This assembly wexs placed in the uprights with the plexiglass
disks hanging from the fastener rungs. The testsias then placed inside the vacuum chamber
and the resistance heater was suspended in théenoidithe sample arrangement as shown in
Figure3-2. Thermocouples were then secured to the resistacater and at two different
locations on the sample arrangement using kaptmn hese thermocouples were used to
measure the temperature of the heater and samyieg dhe thermal bakeout. A copper heat
shield was then placed around the test stand lectehdiation from the heater to the back side of

the sample arrangement.
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Figure 3-2: Samples arranged on the Test Stand

3.1.2 Thermal Bakeout Procedure

An initial mass of the sample sets was taken feringhe TML calculation before arranging the
samples on the test stand. The test stand waséterp in the vacuum chamber as described in
Section3.1.1. The chamber was then sealed and pumped o7 torr. When this pressure
was reached, power to the resistance heater wéiedppd the sample temperature was slowly
raised to 70°C. At this point, a three hour timesvetarted for the thermal bakeout. Oscillations
around the nominal temperature were encounteree ¢ire variac was manually controlled and
required frequent adjusting. Temperature infornmati@s recorded at ten minute intervals for the

entirety of the bakeout and time was added to theu8 nominal amount for periods where these
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oscillations cause the sample temperature to detgmb70°C. The temperature data for the
bakeout of the Prototherm samples is shown in Eigt8, exhibiting the temperature oscillations
encountered in the bakeout process. T8kleshows the temperature data obtained for each
thermal bakeout. The chamber was vented when tkeolidwas complete and the final mass of
the sample set was taken. The samples were theadiately subjected to tensile testing to

prevent regassing of the plastic from effectingriwdified material properties.

68 . . . . .
0 50 100 150 200 250

Time (min.)

Figure 3-3: Temperature data recorded during the Protothem bakeout

Table 3-1: Statistical data for thermal bakeout temperatue

Temperature Data ABS FullCure720| Watershed| Prototherm | WindformXT
Average (°C) 72.71 71.45 72.77 71.07 71.51
Standard Deviation (°C) 3.56 3.22 3.18 1.35 1.94

3.1.3 Thermal Bakeout Results

All of the material sets exhibited a total masslealue of less than 1%. Even though this does
not qualify the materials as low outgassing siteethermal bakeout was not performed to the
ASTM standard of a 24 hour test at 125°C, it shthas these plastics will not outgas
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significantly during the CubeSat thermal bakeouahl€3-2 summarizes the outgassing

information for all of the sample materials. Unadnty in the measurement results from the

resolution of the scales.

Table 3-2: Total Mass Loss Summary

Mass Parameter ABS FullCure720| Watershed Prototherm | Windform XT
29.70 35.29 33.653 35.633 36.107
Initial Mass (g) +.005 +.005 +.0005 +.0005 +.0005
29.65 35.03 33.475 35.579 36.058
Final Mass (g) +.005 +.005 +.0005 +.0005 +.0005
0.17 0.74 0.529 0.152 0.136
Total Mass Loss (%)] +.051 +0.043 + 0.00447 +0.00421 +.00416

The ABS specimens were the only parts that didemtt well to being heated for an extended
period of time. Twelve of the twenty samples warpinhificantly, as shown in Figu@4, and

had to be discarded. This deformation was likelysea by uneven heating between the front and
back sides of the samples. The FDM process reigyitarts that are not fully dense with
significant voids between layers. These likely dae insulation between the front and back of
the samples, reducing the ability for heat to bedoeted through the part. As a result, the front
side experienced a higher temperature and hachahigte of thermal expansion, warping the
part. This effect would be seen in components3Darinted Cubesat during the required
thermal bakeout and is considered a disqualifyaogdr for the FDM produced ABS in this

feasibility study.

Figure 3-4: Warping of the ABS samples
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3.2 Tensile Testing

Destructive tensile testing according to the ASTBBB standard was performed on all samples
using the Cal Poly Aerospace Department’s Instrachine. Test parameters for this standard

are shown in Figurgd-5 and Table-3.
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Figure 3-5: ASTM D638 Type V Tensile Bar dimensions [17]

Table 3-3: ASTM D638 Tensile Bar dimenions
and test parameters [17]

Parameter Value
Width of Narrow Section (W) 0.125 £ 0.02 in.
Length of Narrow Section (L) 0.375+0.02 in.
Width Overall (WO) 0.375 + 0.125 in.
Length Overall (LO) 2.5in.
Gage Length (G) 0.3+0.01in.
Distance Between Grips (D) 1.0+0.2in.
Radius of Fillet (R) 0.5+£0.04 in.
Extension Rate 0.05 in./min.
Load Failure Criterion 40% drop from max
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Figure 3-6: Tensile bar samples for all materials

3.2.1 Tensile Testing Setup and Procedure

As shown in Figur@-7, specimens were loaded into the lower jawsefihstron and gripped

with a pressure of 20 psi. This pressure ensuradhie jaws would not crush the specimens, and
was sufficient to prevent slippage when the speasiveere put under tension. A riser was
fashioned from a strip of aluminum sheet metalwad used to align the edge of the lower grip
with the bottom grip section of the tensile samiblee lower jaws of the Instron were then raised
to align the edge of the upper grip with top gieton of the samples and the upper jaw was
closed. The samples were then put under tensitkrigauntil failure or extension greater than 0.1

inches was reached.
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Upper Instron Jaw Base

Upper Grip

Specimen

Lower Grip

Lower Instron Jaw Base

Figure 3-7: Tensile testing setup diagram

3.2.2 Tensile Testing Results

Table3-4 and Tabl&-5 contain the averaged tensile test resultdiraw and outgassed
materials. The stress-strain plot for the raw Wskited sample set is shown below in Figgh@

The full tensile test results and Instron datagpfot all of the sample sets can be found in
Appendix C. It can be seen that the samples peddroonsistently, with low standard deviations

when compared to the mean values.

Table 3-4: Tensile testing results for the raw samples

Material Statistical Maximum Maximum Tensile| Strain at Maximum Elastic
Parameter Load (Ibf) Stress (ksi) Load (in/in) Modulus (ksi)
Mean 123.05 7.52 0.0340 269.68
ABS
Standard 3.51 0.21 0.0014 10.53
Deviation
Mean 151.98 10.16 0.0409 384.41
Fullcure720
Standard 9.52 0.49 0.0024 15.30
Deviation
Mean 119.31 7.64 0.0337 355.09
Watershed
Standard 2.84 0.18 0.0008 7.72
Deviation
Mean 180.04 11.52 0.0321 537.22
Prototherm
Standard 13.04 0.83 0.0052 18.55
Deviation
Mean 256.19 16.40 0.0293 1131.17
WindformXT
Standard 14.00 0.90 0.0025 64.38
Deviation
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Table 3-5: Tensile testing results for the outgassed sares

Maximum

Material Statistical Maximum Tensile Stress Strain at Maximum Elastic
Parameter Load (Ibf) (ksi) Load (in/in) Modulus (ksi)
Mean 123.35 7.54 0.0344 271.43
ABS
Staf‘d?“d 2.88 0.18 0.0013 11.43
eviation
Mean 164.56 10.53 0.0399 421.80
Fullcure720
Standard 8.50 0.54 0.0013 14.43
Deviation
Mean 123.56 7.91 0.0376 352.92
Watershed
Standard 453 0.29 0.0020 18.02
Deviation
Mean 224.99 14.40 0.0427 519.88
Prototherm
Standard 8.20 0.52 0.0052 12.11
Deviation
Mean 241.78 15.47 0.0298 1120.64
WindformXT
Standard 8.72 0.56 0.0020 54.32
Deviation
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Figure 3-8: Instron data from the raw Watershed sample set
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3.2.3 Yield Stress Calculation

The industry standard for the calculation of thel/istress in linear elastic materials is the 0.2%
strain offset method. This method creates a lirth thie initial slope of the material’'s stress-strai
curve that crosses the strain axis at a valueG8f2in/in. The material yield stress is then
estimated to be where the offset line interse@ssthess-strain curve. However, there is no
industry standard method for determining the ystdss for ductile or partially ductile materials

studied in this thesis.

According to Christensen [4] the yield stress foctile materials can be estimated by examining
the derivatives of the stress-strain plot. He stitiat the strain at which the yield stress occurs
lies at the point where the rate of change of tireature of the plot is at its greatest. This pant
associated with the highest molecular rearrangea@htiamage in the material. Analytically,
this strain value is found by setting the thirdidative of the stress strain curve equal to zero.

d3o
0=Jywhere E=0

In order to calculate this value from the tensig¢adobtained with the Instron machine, a function
was needed to describe the shape of every stmreds-stirve. This function was obtained by
fitting a fourth order polynomial to the data usihg line estimation function in Excel as shown
below. This method produced a polynomial functigthuhe necessary significant figures to

accurately find the third derivative of the strefain curve.
INDEX(LINEST("Y-axis range’,(‘X-axis range’)1, 23,....,n}),1,m)
n = polynomial order

m = desire coefficient

The yield strain was then solved for by settingtthed derivative of this polynomial equal to

zero. This strain was plugged back into the originaction to find the estimated yield stress. An
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example graph with data from a specimen of theassgd Watershed set can be seen in

Figure3-8, showing the raw data, the polynomial approxiom and the calculated yield stress.

8 -
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5 .
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)
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2 3 = |nstron Data
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n == Polynomial Estimation
1
Third Derivative Yield Stress
O T T 1

0 0.01 0.02 0.03 0.04 0.05 0.06
Strain (in/in)

Figure 3-9: Yield Stress Calculation using the Third Deriative Method

This method of calculating the yield stress woritedl for the ABS, Fullcure720, and Watershed
sample sets. However, a fourth order polynomial m@sable to be fitted to the data for the
Prototherm and WindformXT samples sets since tix&jbéed linear elastic and brittle tensile
properties. For these materials, the yield stress egtimated using a standard 0.2% offset line.
An example graph with data from a specimen of thigassed WindformXT set can be in

Figure3-10, showing the raw data and the offset line.
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Figure 3-10: Yield Stress Calculation using the 0.2% Offgd.ine

Table3-6 and Tabl&-7 summarize the yield stress calculations for#dweand outgassed sample
sets. The calculated values of the yield locationhe plot match well with the predicted

locations derived from comparison with publishethdz ductile and brittle materials.

Table 3-6: Yield Stress summary for the raw sample sets

Material Statistical Parameter | Yield Strain (in/in) | Yield Stress (ksi)
Mean 0.0309 6.76
ABS
Standard Deviation 0.0037 0.37
Mean 0.0406 9.59
Fullcure720
Standard Deviation 0.0049 0.45
Mean 0.0289 7.11
Watershed —
Standard Deviation 0.0009 0.15
Mean 0.0237 9.87
Prototherm
Standard Deviation 0.0010 0.54
Mean 0.0150 13.41
WindformXT
Standard Deviation 0.0011 1.05
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Table 3-7: Yield Stress summary for the outgassed sampéets

Material Statistical Parameter | Yield Strain (in/in) | Yield Stress (ksi)
Mean 0.0337 6.84
ABS
Standard Deviation 0.00634 0.22
Mean 0.0312 9.50
Fullcure720
Standard Deviation 0.664 0.66
Mean 0.0249 6.60
Watershed —
Standard Deviation 0.000195 0.24
Mean 0.0561 14.00
Prototherm
Standard Deviation 0.00137 0.073
Mean 0.0144 12.28
WindformXT
Standard Deviation 0.000937 0.97

3.3 Summary of Mechanical Property Changes

The percent differences of the mechanical propeh#&ween the pre and post-bakeout samples

are shown in Tabl8-8. It can be seen that the process did not héanea effect on the

mechanical properties of the majority of the malsriHowever, the Prototherm sample sets

exhibited a drastic increase in the material’s Ibadring capabilities as a result of the bakeout.

Table 3-8: Percent change in material properties betweethe raw and outgassed sample sets

Maximum Maximum Strain at Elastic Yield Yield
Material Load (Ibf) Tensile Stress | Maximum Load | Modulus Strain Stress
(ksi) (infin) (ksi) (ksi) (in/in)
ABS 0.24 0.24 1.09 0.65 9.21 1.11
Fullcure720 8.28 3.64 -2.56 9.73 -23.04 -0.95
Watershed 0.036 0.036 0.12 -0.0061 -13.8p -7.12
Prototherm 24.97 24.97 33.07 -3.23 136.3R2 41.79
WindformXT -5.62 -5.62 1.57 -0.93 -3.93 -8.41
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3.4 Failure Characteristics

The highly anisotropic nature of the ABS samplassed by the FDM process caused a gradual
failure in plastic fibers of the part rather thacl@an break. This signifies that the layers of the
part do not uniformly support loading and will lligecause unpredictable stress concentrations in

any functional parts manufactured with this tecbggl

Figure 3-11: ABS Sample Failure

The raw FullCure720 and Watershed samples setbitadhihe same failure type characterized
by slight necking followed by a clean break. Howetlee thermal bakeout effected these

materials in different magnitudes. The FullCureB28ame more brittle after the bakeout. This
can be seen by a reduction in the yield and ulgéns&ains with an increase in elastic modulus.

The Watershed samples also exhibited this behawibhmn a more mild scale.

Figure 3-12: FullCure720 Sample Failure
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Figure 3-13: Watershed Sample Failure

The thermal bakeout effected the Prototherm sasgilén the opposite manner. In this case, the
raw samples experienced almost purely brittle fajlgshattering at a low strain value. The post
bakeout sample failed in a more linear-elastic reannith a clean break at a higher strain value.
This mode of failure allowed the samples to hotduh larger load before failing, resulting in

the largest increase in yield stress, and ultimtrgsss when compared to the raw samples.

Figure 3-14: Prototherm Sample Failure
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Both sample sets of WindformXT experienced brifdglidures, breaking at low strain values.

Figure 3-15: WindformXT Sample Failure

3.5 Discussion of Testing Results

The tensile testing results from the raw and owgadsamples show that the thermal bakeout had
different effects on each type of 3D printed maietinfortunately, this prevents an overall
statement on the effects of a thermal bakeout fseing made and requires the effects to be

studied for each specific material.

The process had an insignificant effect on the mpidal properties of the ABS samples.
However, the warping of the samples during bakaadtthe stress concentrations between the
printed layers of the parts are a major area ofeon These properties are a result of the FDM
process itself rather than the material propedfale ABS, leading to the conclusion that all
parts produced with this technology will exhibieteame characteristics. These inherent
anisotropic properties of FDM make failure lessdictable than the current aluminum parts. This
in turn adds additional risk to the P-POD, resgltimthe disqualification of the FDM process

from the feasibility study.
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The rest of the samples did not have any adveesgioas to the thermal bakeout that were a
cause concern. The process acted as a post curedadment for the FullCure720 and
Watershed sample sets. The bonds between the puslwtnengthened as gasses were allowed to
escape during the outgassing process. Converkelyhérmal bakeout seems to have removed a
portion of the cure applied to the Prototherm sampluring manufacturing. While this process
would have had a negative effect on the other gdudyoner samples, this greatly increased the
usability of this plastic. The Prototherm failed m@redictably and carried a much larger load
after the bakeout as shown in TaBl8 and Figur&-14. WindformXT was the only material to
exhibit a reduction in strength as a result ofihkeout process. However, this change was small
for all the studied parameters and likely woultha've a large effect on the performance of the
material. The values obtained during the TestingsBlwhat were used in the Design Iteration

Phase are shown in Talde9.

Table 3-9: Materials properties of post-bakeout samplessed in the Design Iteration Phase

Material Yield Stress (MPa) | Elastic Modulus (MPa)
Fullcure720 65.50 2908.21
Watershed 45.50 2433.30
Prototherm 96.53 3584.45

WindformXT 84.67 7726.75
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4 Design Iteration Phase

Two revisions of a concept CubeSat structure andrapanying payload bracket were designed
to be used in a low-budget 3D printed system bhsrd were two criteria placed on the design to
ensure its functionality. First, compatibility wial Poly’s electronics hardware revisions was
required. Second, the payload volume was not atiwealecrease by more than 20% from the
675 cni of volume available in thelyperCubestructure [7]. Finite Element Analysis was
performed in Abaqus/Standard with the material proes found during the Testing Phase,
shown in Table-9. Information from the analysis was used taatteithrough the design until a

feasible concept was reached that had a yieldssiesgin of Safety of 7.

4.1 RapidSatiRevision 1 Concept Structure

The first revision for th&RapidSatstructure was heavily based off of tHgperCube It followed

the same modular format, using four identical $tdeels, a Top Hat, and a Shoe. As a result, it
maintained compatibility with the electronics haede and had no decrease in the available
payload volume. Further, the lower density of tBeF¥inted materials lead to a mass savings of
73 grams when compared to the alumindpperCube Modifications to the structure were made
to lower stress concentrations, since the matesiadl in theRapidSattructure will be more
susceptible to failure in these regions. A revisiommon to all parts was the addition of mating
Extrusions and Slots along part interfaces thatabshear loading over a large surface area
instead of localizing it to the fasteners. Alsd halle diameters were widened for the use of
HeliCoils that would be secured to the plastic gdinctite. Examples of these modifications can
be seen below in Figuke 1. Further modifications made to the individuattp are described in

Sections4.1.1 and4.1.2.
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Holes widened
for Helicoils

Mating Extrusion
and Slot

Figure 4-2: RapidSat Revision 1 structure

4.1.1 RapidSatRevision 1 Top Hat and Shoe

The Top Hat and Shoe were modified to strengthenrtbunting tabs and circuit board mounting
points. The mounting tabs, which are used to setier&op Hat and Shoe to the rest of the

structure, were enlarged, filleted and moved toctiveers of the part. In addition to lowering the

40



stress concentrations at these joints, this prevéettabs from intruding on the internal payload
space of the structure. Large fillets were alsaeddd the corners of the part. Design changes

from theHyperCubeTop Hat can be seen in Figute.
Strengthened board mount
points

Corner fillets

g

&

Mating Extrusions
Enlarged Tabs

Figure 4-3: Design changes to the Top Hat and Shoe

4.1.2 RapidSatRevision 1 Side Panels

The Side Panels used in tRapidSatdesign retained many of the same features as the
HyperCubeSide Panels. There were few modifications aparhfthe general additions made to
all of the parts. Additional payload mounting holesre added by mirroring the existing
mounting holes on thidyperCubeSide Panel. Also, the interfaces for the Top hhat 8hoe were

modified to accommodate the change in mounting ateth

Top Hat & Shoe Mounts Added Mounting Holes

O

O
¢ g ’ O ' Mating
C Extrusion
) Q
C
(@
(9] ® ]
[ S .o LS 'yl

Figure 4-4: Design changes to the Side Panels
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4.2 Finite Element Analysis of thRapidSatRevision 1 Structure

A Finite Element Model of thRapidSaiRevision 1 Structure was constructed with
Abaqus/Standard using the material properties foartlde Testing Phase. A worst case loading
condition derived in Sectiof.2.5 was applied along the X-axis of the structargain insight to
the survivability of the materials during randorbnation. The validity of the FEA results was
determined by comparison to simplified hand caloites shown in Appendix A. They were then
used to make additional modifications to the stitestomponents for the next revision of the

part designs.

4.2.1 Finite Element Model Development

Two planes of symmetry were utilized in this sturetto reduce the complexity and computation
time of the analysis. This required using Solidveotdx cut out sections of the parts that could be
mirrored about a symmetry plane. Solidworks was aked to simplify the geometry of the parts
be removing or altering features that would hadettepoor mesh quality. This included all holes
and non-vital structural fillets. These defeatupads were then saved as .STEP files and
imported into Abaqus as 3D deformable solids. T @assembly imported to Abaqus with the
planes of symmetry is shown in Figuté. In order to accurately model a flight CubeSat,
deformable solids were created to symbolize a &didtircuit Board and Payload. A mass of 121
grams was assigned to the PCB represent an avipagage that had been cut along the same
axes of symmetry as the structure. The mass dPdlypad was assigned such that the total mass

of the CubeSat would equal 1.33 kg, the maximumsmaiewed for a 1U CubeSat [5].
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Figure 4-5: Simplified Revision 1Structure

The complex features that were not removed requiradmany partitions be made in the part
ensure good mesh quality. These partitions wergedeto maximize the regions of const
cross sectional area. Additional partitions weeatedto extend edge intersections through

parts to ensure even element seeding. The pamigatrategy is shown iFigure4-6.

— —
S N e e R

Figure 4-6: Comparison betweenunpartitioned, constant cross ection partitioned, and even seedin
partitioned sectionsshowing element distortion caused by urven seedin:
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4.2.2 Mesh Development

There are two general element types that are dlaiia Abaqus to build the mesh of a part:

linear, and quadratic. Linear elements have sttadbes and nodes at each vertex. The nodes are
able to translate under load, but the edges wilags remain straight. The inability of the edges

to bend causes artificial stiffness in the elenk@aiwn as shear locking. In order to accurately
portray curvature in a part, the size of lineanaats needs to be very small. Quadratic elements
contain nodes at each vertex as well as nodes #heirgedges. When these elements deform, the
presence of the additional nodes along the ed¢mssaturvature. The differences between linear
and quadratic element deformation can be seergiuwr&4-7. All of the components of the

RapidSat structure will deform with some level afvature during random vibration. This

dictated the decision to use quadratic elementsarpart meshes.

Linear v ([ Dv w ([T Dv  Quadratic

Figure 4-7: Comparison between Linear Elements and Quadrat Elements [6]

Abaqus contains three types of element shapesstoinu3D stress analyses: Hexahedral, Wedge,
and Tetrahedral. Discussion with Dr. Peter Schusten the Cal Poly Mechanical Engineering
Department during his undergraduate course in gpdfinite Element Analysis led to the
conclusion that the use of tetrahedral elements adttcurate stiffness to parts when used in this

type of application. Because of this, a combinatibrlexahedral and Wedge elements were used
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to construct the mesh of tRapidSat Partitioned regions that exhibited a constartangular
cross section were mesl using structured hexahedral elements. Filletecoregiveremeshe
using swept wedges since the taperege of the element is well suited for modeling thdsof
the fillets. The meshes produced with this develepinmethod were very high in qua as
showr in Table4-2. The circuit board and payload mass parts had vetgle geometry
warranting the use of quadratic hexahedral, redutedration elements. These types of elem
are much less complex than the full integraelements since there are | points where
computation takes pla. Figure4-8 shows the layout of the elements ty anddetails of the fina

mesh ar discussed in Sectic4.2.6.

Wedge Eleme!
Region:
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Figure 4-8: Mesh of the Side Panel showing use of Hex and Wedeglement:

4.2.3 Assembly Constrain

Fastener interfaces between the parts in the ateuatere modeled with surface to surface
constraints. In these types of constraints, thesad a slave surface  forced to have the san
displacement as the nodes on a master surfacee Wiksl constraining method will physica
join the parts at the fastener location, it is tnoly representative of how the real joints v
behave. The tie constraints will Idize all of the shear stress in the joint to thdeste elements

while thestress in thiphysical joint stress will be more evenly distribdit As a result, analysis
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the joints with hand calculations performed in Apgi A will be used to determinhe

structural haracteristics at these poi

The remaining adjoining surfaces between the pagte constrained using surface to suri
contacts with frictionless, hard property definitso Theseonstraintsprevented parts froi
penetrating each ot when the load was applied. The contact constraihied no-linearity to
the analysis, which greatly increased the compttting necessary to solve the moHowever,

this accurately approximat the interaction betweethe real behavior of the pal

In order for th constraints to be accurately enforced, the meshdfithe slave surfaswas
required to be finer than the master surs. This prevented multiple master nodes from b
assigned to the same slave node. After experiemtiffigulties with enforcing the ties ar
contacts, it was discovered that nodes shared bata@nstraintalong their edgecaused
inaccuracies in their applications. Additional fiaohs were added to the parts to prov
separation between the constraint borcThis separation can be sein Figure4-9 and the

complete FEA assembly can be seeFigure4-10.

Contact Constraint

Tie Constrair Contact Constraint

Figure 4-9: Tie and Contact constraintapplication
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Figure 4-10: Canplete FEA Assembly forRapidSat Revision 1
4.2.4 Boundary Conditior
The CubeSat will be constrainat the cornerby the rails of the -POD during the vibratio
tests and rocket launch. This was approximatetdarFE model by applying a pinned bound
condtion on the -X face of the CubeSat rail. This type of conditiorefi the translational degre
of freedom ofthe selected nodes, but still allows them to rotayenmetric boundary conditiol
were also applied along the symmetry planes destiiilb Sectin 4.2.1 All of the boundan
conditions were applied in the initial step of HralysisFigure4-10shows the application of tt

boundary conditions as well as the loading disal#s¢heSection4.2.5.

4.2.5 Load Conditiol

The ELaNa 6 mission had tharshest vibration conditions t developers have been requirec
test their CubeSats. The random vibration profiteviled by United Launch Alliance exhibitec
peak of 23 (.. A static load approximation of this vibration peak waed in the analysis of tl
RapidSastructure. This approximation was calculated uireg‘three sigma” load of the Mile
Equation 10]. This conservative estimate of the peak loadingply involves miltiplying the

peak RMS acceleration by
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3 X Grms peak = Gstatic
3 X 23Gypms = 69G

This static approximation was applied to the whotalel in the form of a gravity load along 1
+X-axis of the assemk, compressing the satellite against the boundangdition applied ir
Sectior 4.2.4 Convergence issues were encountered in the @aalhen this load was applie
all at once in a sing step. This was a result of the inability of theveolto prevent penetratic
between surfaces in the contact consts with the sudden application of such a large .|Gdu
69 G load was split up into two analysis stepsgnadiually applied to the model to solve t
issue. The first step applied a 5 G load to thecstire, allowingthe solver to set the conte
surfeces under a low loading condition. Once this wasmete, the remaining 64 G load w

applied in the second st

Z axis Symmetry Conditn

Figure 4-11 Boundary and Loading conditions for the Revisionl structure

4.2.6 Mesh Convergence Stu

A convergence study was performed on the assembdn o determine the required element
needed to accurately solve the mode global seedize of 3mm was applied to ' SidePanes

that were cut along two planes of symm in the first step of this stu. Since these par
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contained the slave surfaces for all the conssamslightly larger seed size was required for the
other parts in the assembly for accurate enforcénfehe assembly constraints as described in
Sectiornd.2.3. Thus, global seed sizes of 3.25mm and 3.%rara assigned to the other Side
Panels and Shoe respectively. As the study progplefise seed size for each part was reduced in
0.5mm increments. The Mises stress and displacemagnitude of a test point on each part in
the assembly were studied. These test points weatdd away from any stress concentrations to
prevent irregularities in the results. A perceffitedence of less than 5% in the test parameters for
two consecutive reductions in seed size was us#teagiterion for convergence. The test points
studied are shown on the converged mesh modeburé&4-13. Plots showing the number of
elements in each step against the normalized sirebdisplacement values are shown in
Figure4-12 and a summary of the results is shown in TéleThe final mesh exhibited a very
low amount of element warnings caused by elemeatib an aspect ratio greater than 10.

These elements were located at the ends of tkésfdind did not impact the accuracy of analysis

results.
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Figure 4-12: Convergence Plots for all test points of thRevision 1 Structure
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Table 4-1: Convergence Study results for the Revision ltrf8cture

Number of Shoe Side Panel 1
Elements Mises Mises % | Displacement| Disp. % Mises Mises % | Displacement| Disp. %
Stress (Pa)| Difference (m) Diff Stress (Pa)| Difference (m) Diff
36231 325781 1.21 1.46E-05 0.8 80630.3 1.06 1065E- 0.61
17864 321834 3.31 1.45E-05 2.03 81483 3.52 1.14E-06 1.58
11286 311193 1.51 1.42E-05 0.0% 78613.9 24.58 10RE 0.08
8019 306495 1.18 1.42E-05 0.24 97937.8 0.17 1L.®E-Q) 1.06
6261 310103 - 1.41E-05 - 97774 - 1.14E-04 -
Number of Side Panel 2 Side Panel 3
Elements Mises Mises % | Displacement| Disp. % Mises Mises % | Displacement| Disp. %
Stress (Pa)| Difference (m) Diff Stress (Pa)| Difference (m) Diff
36231 299870 2.95 8.05E-06 1.66 169823 0.19 8.®E-0 1.36
17864 291020 3.30 7.92E-06 1.99 169493 1.64 8.8DE-0 1.47
11286 281411 0.51 7.76E-06 0.04 166713 0.42 8.6¥E- 0.04
8019 279968 1.01 7.76E-06 0.39 166001 0.25 8.67E-06 0.38
6261 282804 - 7.73E-06 - 165596 - 8.63E-0¢ -
Table 4-2: Details for the finalized mesh for the Revisio 1 structure
Hex Wedge
e Number of |\ B0 Rato, | Numberof |y o | Ratio,
(1 nominal) (1 nominal) (1 nominal) (1 nominal)
Side Panel 1 3928 1.18 1.67 424 3.35 11.21
Side Panel 2 4644 1.36 2 456 3.7 13.46
Side Panel 3 4786 1.4 2.14 480 3.57 8.52
Shoe 3371 1.66 2.67 232 2.79 5.27
PCB ?gtze ggzi‘écn‘id 1.01 1.01 - - -
Payload 17”?@25;‘;(;?38‘1 1.04 1.04 - - -
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Side Panel 2 &: 8 Test Nod
Test Node

Shoe Test Noc

Figure 4-13: Converged mesh with tesnodes used in convergence stuc

4.2.7 Finite ElementAnalysis

Once all part meshes were converged, analysespeeimed using each of the mate
properties obtained in the Testing PhiThesewere usedo gain insight to how a structu
composed of each material would react to the appdiading. Results from these analyses ca

seen in Sectio4.2.8.

Several warnings were encountered during the aisalyshis moel. The majority of these we
standard warnings printed when using the tie cairgtand were ignored. The other warnil
were cause btheintersection of the pinned and symmetric boundanstraints which can b
seen irFigure4-11.Shared nodes along this intersection experiencedanstrained degrees
freedon, causing Abaqus to report the warni. However, the displacement of the nodes a
this edge still behaved as expected, leading tadhelusion that these isstdid not affect the

accuracy of the mod

There were several factors that gave credenceeteatlidity of the FEA. First, the behavior of t
assembl was what one would expect ¢ no areas in the model that had unusual displacex

Also, stresses andsplacements cstudiec points in the model compared favorably to val
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obtained from simple hand calculations in Appenlixastly, the largest force residual present
at the end of the analyses was of the order df IOThis shows that the solver was able to

accurately solve the force-stiffness-displacemelationship of the model.

4.2.8 Results

The following section details the results of thaite Element Analyses performed on the
RapidSatRevision 1 structure using the properties of exgtprinted material. The displacement
behavior of the structure was similar for each maltetherefore, all the images shown are taken
from the FullCure720 analysis. The highest stressaich of the parts in the assembly was located
and used as the point of study for the comparigdheodifferent material behaviors. It was found
that the peak stress in several parts occurredenthertie constraints between the parts were put
in shear. It was known that these constraints dichncurately model shear at the part joint, so
stress at these points were ignored in favor ohthe highest stress location. Instead, hand
calculations shown in Appendix A were used to esatérthe joint shear stress. The stress values
of the study points along with plots showing thaeyal behavior of the loaded structure are
shown below in Figurd-14, Figured-15, and Tabld-3. Detailed pictures of the locations of the
study points are located in Appendix B. Assembljponents were mirrored along the

symmetry planes to provide a view of the full CuéeSructure.
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U, Magnitude
+2.034e-05
+1.565e-05
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+5.086e-06
+3.391e-06
+1.695e-0&
+0,000e+00

Step: Step-2
[ncrement 1: Step Time = 1.000

Primary War: U, Magnitude

Ceformed ar: U Deformation Scale Factor: +4.933e+02

Figure 4-14: Displacement plot forRapidSat Revision 1

5, Mises

(Avg: 75%)
+1.330e+07
+1.220e+07
+1.10%e+07
+9.978e+06
+8.869e+06
+7.761le+06
+65.652e+06
+5.543e+06
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+3.326e+06
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+2.542e+02

Step: Step-2
Increment 1. Step Time = 1.000

Primary Wwar: 5. Mises

Deformed war: U Deformation Scale Factor: +4.933e+02

Figure 4-15: Stress plot forRapidSat Revision 1
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Table 4-3: FEA results for RapidSat Revision 1

Material Stress Type Study Points Margin Max Assembly
Analysis Shoe Side Panel 1| Side Panel 2| Side Panel 3 of Safety |  Displacement (m)
Mises (Pa) | 3.77E+0§ 1.07E+07 1.73E+06
FullCure720 — 2.03E-05
Max (';r;’;c'pa' 1.16E+06| 4.92E+06|  2.73E+06
Mises (Pa) 3.75E+04 1.06E+07 1.75E+06
Watershed e 2.35E-05
Max Principal | 4 11¢,06|  4.49E4+06 2.76E+06
(Pa)
Mises (Pa) 3.77E+0q 1.08E+07 1.76E+06
Prototherm e 1.64E-05
Max (Fl;r;r)‘c'pa' 1.25E+06| 4.91E+06 2.77E+06
Mises (Pa) | 3.79E+0§ 1.13E+07 1.96E+06
WindformXT o 8.11E-06
Max (';r;’;c'pa' 1.71E+06| 5.17E+06|  3.10E+06

4.2.9 RapidSatRevision 1 Discussion

Analysis results for thRapidSaRevision 1 structure showed that additional stiieeging would

be required for the margin of safety criterion &dzhieved for the majority of the materials. Also,
the contact areas between the CubeSat rails ariRHB@D were raised as an area of concern
when reviewing the design with members of Polysatthe CubeSat community during the 2012
CubeSat Workshop. It was determined that the costegss between the 3D printed structure,
the P-POD, and the other CubeSats would likely ealsasion on the surface of the plastics.
This would leave deposits of the material on this &t the P-POD and cause irregularities in the
deployment characteristics of the CubeSats dudngdh. These factors led to the decision to

develop a second revision of the design.

4.3 RapidSaiRevision 2 Concept Structure

A second revision of the RapidSat structure waslged to address the design concerns
mentioned in SectioA.2.9. Aluminum rails were created to replace tbep@nted rails in the
Revision 1 design. The introduction of these nadtpuired several design changes to be made to

the other parts in the assembly. These changesuireed in Sectiond.3.1 -4.3.3. The method
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for joining the parts together was also revisethia design. It was determined that the integrity
of the joints of the Revision 1 design would heavély on the strength of the Loctite used to
secure the HeliColls rather than the HeliCoils theives. Pockets were added to the Side Panels
of the Revision 2 structure to accommodate theofisex nuts to remove the need for HeliColls.
These pockets are described further in Seci8r8. Lastly, the thickness of the printed parts

was increased to lower the overall stress seenttliRevision 1 Structure. This resulted in a
13% loss in payload volume and a mass increas8 gféins when compared to the aluminum

HyperCubestructure.

Figure 4-16: RapidSat Revision 2 Concept Structure

4.3.1 RapidSaRRevision 2 Rails

The Rails of the second revision structure werégdesl to provide an aluminum contact for the
P-POD and other CubeSats at all four corners alom@ntire length of the CubeSat. The only

relatively complex features the Rails possesstarertating Extrusion and Slot features of the
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first revision parts, shown in Figudel?. As a result, these parts could easily be madhby

student technicians on a CNC or hand mill.

Figure 4-17: RapidSat Revision 2 Rails

4.3.2 RapidSatRRevision 2 Top Hat and Shoe
The Top Hat and Shoe required maodification for tHéraround the new Rails. This involved
eliminating the mounting tabs. In this revisiortloé structure, the Top Hat and Shoe mount to

the Side Panels along their bottom face with ar@vgs, seen in Figuré-18.

Mount Points

Figure 4-18: RapidSat Revision 2 Shoe
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4.3.3 RapidSatRevision 2 Side Panels

Major modifications to Side Panels include the &ddiof diagonal braces and the pockets for
hex nuts initially described in Sectidi3 and shown in Figure-19. The braces will prevent the
side panels from flexing significantly during viltiem and add additional support for sensitive
payloads. The pockets are contoured to the shaibe dfex nuts, allowing them to fit snugly in
the structure. This places the joint loads on &steners and structure rather than Loctite used in

the previous revision.

Hex Nut Pockets (

Figure 4-19: RapidSat Revision 2 Side Panel

4.4 Finite Element Analysis of theapidSaRevision 2 Structure

Two Finite Element Models of thRapidSaRevision 2 Structure were constructed with
Abaqus/Standard using the same methods descrilf&eciiond.3 to study vibration loading
along the X and Z axes. Results from the Finiterielet Analysis were again compared to

simplified hand calculations shown in Appendix Adietermine their validity.
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4.4.1 Finite Element Model Development

Two planes of symmetry were utilized for each madeakduce the complexity and computation
time of the analyses. Parts were simplified usirggame methods described in Secfichland
imported as 3D deformable solids, with Payload BRG®8 mass representations being created in
Abaqus. The part assemblies for the Revision Zstra with the utilized planes of symmetry are
shown in Figurel-20. The partitioning strategy used in the Revisicstructure was also used in

these models.

o YZ Symmetry

XY Symmetry

XZ Symmetry

XZ Symmetry
Figure 4-20: Simplified models of the Revision 2 Structurehowing planes of symmetry

4.4.2 Mesh Development

Straight sections of constant rectangular crossoseim the models were represented by
guadratic hex elements and curved sections ofttbetgres were represented by quadratic wedge
elements. Justification for these decisions areenim@&ectiord.2.2. The final assembly mesh can

be seen in Figuré-23.
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4.4.3 Assembly Constrain

There were no changes in the types of constraggd in the Revision structur. A detailed

description of these constraints can be found oii@t 4.2.3

4.4.4 Boundary Conditior

The pinnedboundary condition on theX face ofthe CubeSat rail along w Y and Z symmetn
conditions prese in the Revision 1 model we applied to th X-axis loade Revision : mode.
A pinned bounary condition on the top of t Rail was applied to the- axis loadecRevision 2
model in addiion to X and Y symmetnFigure4-21shows the application of the bound:

conditions as well as the loading discusseSectin 4.4.5.

4.45 Load Conditiol

A 69 G Gravity load was applied in theX direction for the first Revision 2 model. The sa
load was applied in theZ direction for the second model. The load was sglitnto two analysi
steps and gradlly applied to the model to prevent convergencéfams from occurring. Th

derivation of this load and its application mettwash be found in Sectic4.2.5
Loading

Pinned
Z Symmetn

Loadinc
Y Symmetn

Pinne(

Y Symmeth
X Symmetn

Figure 4-21: Boundary and Loading conditions for the Revisior2 FEA
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4.4.6 Mesh Convergence Study

A convergence study was performed on the assemébn rior the X-axis loaded model using the
same methods describe in Sectop.6. Similarities between the parts in each matlelved for
the use of a single study to justify mesh convetgdor both assemblies. The test points studied
are shown in Figuré-23. Plots showing the results normalized agdivestonverged stress and

displacement values are shown in Figdt22 and a summary of the results is shown in Tédle

1.12 4

o 1207 Shoe ® Side Panel 1
3 T:; 1.10 A
g 1.00- g )
9] 5 1.08 ==p== Mises Stress
kot | kil
g 0.80 I 1.06 -
o o
& 060 _ g 1044
- e \ises Stress ° e=fi==Node
g 8 102 ;
N 0.40- X Displacement
] ! ]
€ === Node E  1.00
S 0.201 Displacement 2 0.98 |
0.00 . : . : . . 0.96 i i X
0 10000 20000 30000 40000 50000 6000 0 20000 20000 60000
Number of Elements Number of Elements
1.01 1.02
E g
$ 1.00- T 1.00-
Q —
2 0.99 1 £ 0.98-
g 0.98 - e \ises Stress g 0.96 e \ises Stress
o < . 1
- 0.974 %
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z z
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Figure 4-22: Convergence Plots for th&apidSat Revision 2 Structure
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Table 4-4: Convergence study results for the Revision 2racture

Number of Side Panel 1 Side Panel 2
Elements Mises Mises % | Displacement| Disp. % Mises Mises % | Displacement| Disp. %
Stress (Pa)| Difference (m) Diff Stress (Pa)| Difference (m) Diff
48961 449941 1.17 7.78E-06 0.39 279239 0.10 2.®E- 1.40
19598 444721 0.34 7.75E-06 4.79 278956 0.70 1.9BE-0 0.99
10315 446256 33.52 7.39E-06 11.7p 28091bH 6.13] 1086E 2.46
7095 334219 0.94 8.37E-06 1.42 29928 2.58 2.01E-06 1.32
6018 331106 - 8.26E-06 - 307224 - 1.98E-0¢6 -
Number of Shoe Rail
Elements Mises Mises % | Displacement| Disp. % Mises Mises % Displacement| Disp. %
Stress (Pa)| Difference (m) Diff Stress (Pa)| Difference (m) Diff
48961 139630 1.66 6.89E-06 2.48 135070 4.42 9.BE-0 3.12
19598 137347 0.74 6.72E-06 0.79 129356 3.07 8. ®E-0) 0.98
10315 136337 1.14 6.67E-06 1.14 125507 2.71 8.6BE- 1.20
7095 134794 0.19 6.59E-06 1.14 122194 2.78 8.57E-06 1.08
6018 134539 - 6.52E-06 - 118892 - 8.48E-06 -
Table 4-5: Mesh details of the X-loaded Revision 2 struate
Hex Wedge
ren umberof | L8R | Ratio | Numberof | o | Ratio
(1 nominal) (1 nominal) (1 nominal) (1 nominal)
Rail 991 1.25 15 - - -
Side Panel 1 5840 1.37 2.06 588 2 7.91
Side Panel 2 13540 1.36 2 1216 1227 13.82
Shoe 2356 1.15 1.55 - - -
PCB ool ggfi‘éfgd 1.02 1.02 . . -
Payload l?r}ti%r(;‘;g‘;‘;e‘j 1.06 1.21 - - -
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Table 4-6. Mesh deatils of theZ-loaded Revision 2 structure

Hex Wedge
Part Average Worst Aspect Average Worst Aspec
Né;?ﬂ?:;g Aspect Ratio Ratio hllzl;;nng)g;g Aspect Rati Ratio
(1 nominal) (1 nominal) (1 nomind) (1 nominal
Rail 1932 1.25 1.42 - - -
Side Panel 9660 1.54 2 1032 2.37 7.86
Shoe 1333 1.29 15 - - -
PCB 440 (reduced 1.01 1.01 - - -
integration)
Payload | 14960 (reduce 1.01 1.01 - - ,
integration)

4.4.7 Finite ElementAnalysis

Shoe Test Noc

Figure 4-23 Converged mesh showing the test points used indltonvergence stuc

The same types of warnings described in Se 4.2.7 were encountered when running t

model ancit was determined that they did not impacted theletie accuracy. These modalso

exhibited the same types of validity propertiescdégc in Sectiond.2.7as well
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4.4.8 Results

The following section details the results of thaiteé Element Analyses performed on the
RapidSatRevision 2 structure under both loading conditiosing the properties of each 3D
printed material. As was found with the first reeis the displacement behavior of the structure
was similar for each material and all the imagesshare taken from the FullCure720 analysis.
Study points were chosen at the values of highestssin each part, continuing to ignore joint
shear stress. The stress values of the study @dorig with figures showing the general behavior
of the loaded structure are shown in Figdw24, Figure4-25, Figure4-26, Figure4-27. Tabled-7,
and Tablet-8 . Detailed pictures of the locations of thedgtpoints are located in Appendix B.
Assembly components were mirrored along the symnméanes to provide a view of the full

CubeSat structure.

I, Magnitude
+2.355e-05
+2.159e-05
+1.962e-05
+1.766e-05
+1.570e-05
+1.374e-05
+1.177e-05
+9.812e-06
+7.850e-06
+5.887e-06
+3.925e-06
+1.962e-06
+0,000e4+00

Step: Step-2
Increment 1: Step Time = 1.000
Primary “Jar: U, Magnitude

Deformed “ar: U Deformation Scale Factor: +4.247e+4+02

Figure 4-24: Displacement plot of the X-axis loade®apidSat Revision 2 structure
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Figure 4-25: Stress plot of the X-axis loade&apidSat Revision 2 structure

=, Mises
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1. Step Time = 1.000
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Table 4-7: FEA results of the X-axis loadedrapidSat Revision 2

Material Stress Study Points M"ergm D:!;?I);(r?el::::nt
AIEVEE 122 Shoe P?ndeel 1 Side Panel 2| Side Panel 3| Raill Rail 2 Safety (m)
Mises | 4.28 | 2.03 7.45 4.48 9.34 1.21
(MPa) | E+06 | E+06 E+06 E+06 E+06 E+07
FullCure720 Pr'i‘f]"é‘ix a | 278 1.47 521 3.49 1.11 6.19 [ 2.36E-05
Pal | E+06 | E+06 E+06 E+06 E+06 E+06
(MPa)
Mises | 4.24 | 2.02 7.43 4.66 9.97 1.24
(MPa) E+06 E+06 E+06 E+06 E+05 E+07
Watershed Pr'i‘f]"é‘ix o | 274 | 146 4.99 3.32 1.19 6.20 2.71E-05
Pal | E+06 | E+06 E+06 E+06 E+06 E+06
(MPa)
Mises | 4.18 | 2.01 7.45 4.67 8.46 1.24
(MPa) E+06 E+06 E+06 E+06 E+05 E+07
Prototherm Pr'i‘:']f:‘ix o | 283 | 144 6.50 3.22 9.97 6.15 Y 1.87E-05
P E+06 E+06 E+06 E+06 E+05 E+06
(MPa)
Mises | 4.05 | 2.05 7.33 4.60 8.19 1.19
(MPa) | E+06 | E+06 E+06 E+06 E+05 E+07
WindformXT Pr'i‘:']f:‘ix o | 299 | 138 5.23 3.29 9.69 5.87 0D L.01E-05
(MP(E) E+06 E+06 E+06 E+06 E+05 E+06
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U, Magnitude
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Figure 4-26: Displacement plot for the Z-axis loade®RapidSat Revision 2 structure
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Figure 4-27: Stress plot for the Z-axis loadedRapidSat Revision 2 structure
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Table 4-8: FEA results for the Z-loadedRapidSat Revision 2 structure

Material Study Points Margin Maximum
- Stress Type Displacement
(IEVED Top Hat Shoe Side Panel 1 Rail i i (m)
Mises (MPa) 4.49E+06| 4.51E+06 3.95E+06 5.34E+06
FullCure720 — 13.53 1.17E-05
Max Principal 3.08E+06 | 5.99E+06 1.31E+06 2.64E+0
(MPa)
Mises (MPa) 4.48E+06| 4.53E+06 3.92E+06 5.28E+06
Watershed — 9.044 1.29E-05
Max Principal 3.08E+06 | 6.00E+06 1.30E+06 2.63E+0
(MPa)
Mises (MPa) 451E+06 | 4.49E+06 3.94E+06 5.36E+0
Prototherm — 20.4 1.05E-05
Max Principal 3.09E+06 | 5.98E+06 1.32E+06 2.64E+0
(MPa)
Mises (MPa) 451E+06 | 4.30E+06 3.89E+06 5.58E+0
WindformXT - 17.7 7.77E-06
Ma)é,\;’gg)c'pa' 3.11E+06 | 5.82E+06 1.36E+06 2.50E+0

4.4.9 RapidSatRevision 2 Discussion

The FullCure720, Prototherm, and WindformXT Rewisbstructures all met the success
criterion set for this analysis. All realistic stsevalues found in the FEA meet a margin of safety
of at least 7 and the payload volume only decrebgelB%. It is also important to note that the
margin of safety criterion would have been met gisire yield properties of the raw samples as
well. This shows that the materials would be ablsurvive the conditions presented in either of

the acceptable CubeSat test flows shown in FigitBe

The analysis performed with the material propemiethe Watershed sample set failed to meet
the yield stress success criterion and could natskee in this structure. This was expected due to
its low performance level during the Testing Phakmwvever, its elastic properties could provide

useful damping in some non-load bearing application

While this structure has not been optimized fooraspecific mission use, the results from this set
of analyses show that a generic CubeSat conceptste manufactured from 3D printing

material is capable of surviving a launch environtme
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4.5 RapidSatConcept Payload Bracket

The Payload Bracket from thtyperCubestructure was slightly modified for use in the 3D
printed concept. The only changes in this part wieeevidening of all the threaded holes to

accommodate the use of HeliCoils. The Payload Batacé&n be seen in Figude28.

Figure 4-28: Payload Bracket

4.6 Finite Element Analysis of the Payload Bracket

Finite Element Analysis of the Payload Bracket wadormed to study vibration loading along
the Z-axis using the material properties founchim Testing Phase. Results from the Finite
Element Analysis were again compared to simplifiadd calculations shown in Appendix A to

determine their validity.

4.6.1 Model Development

There were no planes of symmetry that could b&etllin the analysis of this part. The only
simplification made was the removal of all holed #illets. Partitions were added to the corners
of the Bracket to aide in meshing the part. A PCissrepresentation was also created in Abaqus

with a 3D deformable shell for use in this assembly
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4.6.2 Mesh Development

The Bracket did not have any complex features auttceasily be meshed using quadratic hex
elements. Quadratic shell, reduced integration etegwere used to mesh the PCB. Justifications

for these decisions can be seen in Sedti@rP.

4.6.3 Assembly Constraints

The PCB was fixed to the bracket along its edge@gus single tie constraint. The PCB was
designated as the master surface in this conssiice the Bracket contained more nodes along

this interface.

4.6.4 Boundary Conditions

The Payload Bracket will be fixed to the CubeSatdtire using fasteners at each corner. This
justified the use of Encastre boundary conditidoagthe mounting faces. An Encastre

condition completely fixes the motion of constralrsurface and can be seen in Figih29.

4.6.5 Load Condition

A 69 G Gravity load was applied +Z direction foistinodel. The load was split up into two
analysis steps and gradually applied to the madptévent convergence problems from

occurring. The derivation of this load and its épgion method can be found in Sectb2.5.
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Figure 4-29 Payload Bracket boundary and loading condition

4.6.6 Mesh Convergence Stu

A convergence study was performed on the assemibhusing he same methods describe

Sectiond.2.6.The test points studied are showrFigure4-31. Plots showing tt number ol

elements against the normalizstress and displament values are shown Figure4-30and a

summary of the results is showr Table4-9.
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Figure 4-30 Mesh convergence plots for the payload brack

Table 4-9: Convergence study results for the Payload Brack

Number of Test Point 1 Test Point

Elements Mls(:ﬂspit)res: % Diff Dlspl(i::)emen % Diff Mls(;spit)ress % Diff Dlspl(?;:)emen % Diff
260 1301371 - 2.31E05 - 745154 - 1.12E-04 -
336 1333791 2.4¢ 2.32E05 0.16 737054 1.09 1.13E-04 0.3C
885 817250 38.7: 2.50E05 8.00 771067 4.61 1.17E-04 3.47
1944 821143 0.4¢ 2.54E05 1.41 795986 3.23 1.19E-04 1.7¢
9856 824684 0.4: 2.58E05 1.82 770684 3.18 1.20E-04 1.0¢
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4.6.7 FE Analysis

There were no warnings or errors encountered whéionning this analysis. Displacement
results from the analysis were significantly lovlesn the results obtained with hand calculations
in Appendix A. However, the assumptions made inh#ued calculation would result in a higher

displacement value, and the discrepancy was natisecof concern.

4.6.8 Results

The highest stress occurred in areas where fliletsbeen removed, and was ignored since these
fillets will be present in the flight part. Studgpipts were chosen at values of high stress and
deflection that would realistically be presenthie physical part. The stress values of the study
points along with figures showing the general béraof the loaded assembly are in Figdr81,

Figure4-32 and Tabld-10.

U, Magnitude

+1.427e-04
+1,30Ge-04
+1.16%e-04
+1.070e-04
+3.511e-05
+5.322e-05
+7.133e-0%
+5.944e-05
+4.755e-05
+3.567e-05
+2.378e-05
+1.18%e-05
+0,000e+00

Study Point 2

Study Point 1

Step: Step-1
Increment 1: Step Time = 1.000

Frimary War: U, Magnitude

Deformed war: U Deformation Scale Factor: +2.26%e+01

Figure 4-31: Displacment plot of the Payload Bracket
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S, Mises

(Avg: 75%)
+3.971e+06
+2.144e+06
+8.216e+08
+7.488e+06
+6.661e+06
+5.833e+06
+5.005e+08
+4.178e+06
+3.350e+06
+2.522e+06
+1.685e+06
+8.672e+05
+3.962e+04

Step: Step-1
Increment 1 Step Time = 1.000

Frimary ar: S, Mises

Deformed var: U Deformation Scale Factor: +2.28%e+01

Figure 4-32: Stress plot for the Payload Bracket

Table 4-10: FEA result for the Payload Bracket showing Magin of Safety

Material Analysis Stress Type Stress Value

Mises 4.26E+06

FullCure Max Principal 4.25E+06
Margin of Safety 14.38

Mises 4.44E+06

Watershed Max Principal 4.36E+06
Margin of Safety 9.25

Mises 4.78E+06

Prototherm Max Principal 4. 71E+06
Margin of Safety 19.19

Mises 5.43E+06

WindformXT Max Principal 5.37E+06
Margin of Safety 14.60




4.6.9 Payload Bracket Discussion

All of the materials met the success criterionfgethis analysis. It is possible for these matsria
to see a wide range of use for this type of apfitinaAs the types of science instruments flown
on CubeSat missions become more complex, it canfé&eed that complicated bracketry with
non-machinable features may be required to sebera to the main structure of the CubeSat.
Further, the ductility of these materials may pdavdamping characteristics that could protect
sensitive instruments form shock and vibration stinThis analysis shows that these materials

can be used successfully house these types ofgus/bnd survive the launch environment.

4.7 Cost Sumamry

Quotes for th&rapidSatRevision 2 structure were obtained and comparddet@ost of the
HyperCube The FullCure720 presented a price that was omfarsagnitude less expensive than
theHyperCube since Polysat has the ability print parts usheyMechanical Engineering
Department’s Objet printer. Further, purchasing@dherm Structure would be almost 4x less
expensive than machining an aluminum structureudte for WindformXT was not able to be
obtained. As a result, similar materials producét 8L S technology were quoted and their

average cost is presented. The costs can be sdabled-11.

Table 4-11: Cost Comparison of manufacturing methods

# of FullCure720 | FullCure720
Aluminum from from 3¢ Watershed| Prototherm| SLS Material
Structures
Cal Poly party
1 Unit $1960 $60 $432 $323 $584 $740
3 Units $5100 $180 $906 $972 $1476.30 $1689.10
5 Units $7850 $300 $1531 $1252 $2073 $2468.80
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5 Conclusion

5.1 Feasibility of the Use of 3D Printed Parts in CulieS

Structural Applications

This study has found that a CubeSat can be dewkopguccessfully incorporate the use of 3D
printing manufacturing techniques into its desighis technology provides a potential cost
savings of thousands of dollars, even for struesttinat would be simple to machine. Additional
cost savings would be seen for very complex strastthat would require advanced machining
technology such as Electrical Discharge Machinmgroduce with aluminum. Using a Tyvak
Nanosatellite Systematrepid system board at a cost of $3195 [24] for the Keelvionics, it is
conceivable that all the flight hardware for a Caaewith a 3D printed structure could be

procured for less than $5000.

Not only do these materials provide the necessaength to survive the rigorous testing and
launch environments at a lower cost than machihadiaum, but they allow developers to be
more creative with their satellites. Without anyitiations from machinability, parts can be
produced as they are imagined and new levels ah@attion and functionality can be achieved.
Further, extremely complex shapes, and even wonkiaghanisms can be produced with 3D
printing processes that cannot be manufacturedagittventional machining. This allows
designers create parts that require no post psogesr assembly, streamlining the entire

production process.

The CubeSat community’s ability to use various tetbgies in innovative applications is key to
its success. It has allowed these satellites ttvevfoom simple university projects to multi-

national collaborations with significant worth teetscience community. The results of this thesis
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show that 3D printing is an ideal technology fag tbubeSat community to adopt, as all of its
advantages are perfectly suited for CubeSat dexedap It could be the next technology to

revolutionize the community, much like it has witther technological industries.

5.2 Future Work

There are hundreds of different 3D printing materihat could be viable candidates for use in
CubeSat production. Since only a small number densds were tested in this thesis and a
general statement towards the mechanical propkagges due to the thermal bakeout could not
be made, additional research must be performeddfvaloper desires to use a different material
than what was studied here. Further, there are ipasytreatments that can be performed on
these materials that will change their behaviossséen with the Prototherm samples, heat
treatments can drastically change the load beaapgbilities of 3D printed plastics.
Characterization of this will aid developers in thaterial selection process. Also, metal coatings
can be applied to the materials that could prewatgassing and high contact stress from limiting
their use. Further, the orientation in which pares printed may have an effect on the materials’
load bearing capabilities due to the anisotropapprties between the printed layers of the parts.
This effect should be studied by doing comparagivength testing between identical parts

printed in different orientations.

Also, a full ASTM compliant outgassing study of timaterials needs to be performed on these
materials to find if any of them meet NASA's lowtgassing standards. This information is
necessary for a CubeSat to be considered for tladElmissions and is another key aspect of
these materials that will determine their feadipilFurther, outgassing would need to be
considered when integrating the CubeSats into {R©B. If a CubeSat has sensitive instruments
that could be contaminated by the outgassing oP8bted components, measures must be taken

to provide separation.
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While the results of this thesis show that 3D Ryintnaterials could theoretically withstand the
loading applied during a rocket launch, functiotesting is the only way to show their true
performance. Random vibration and shock testinglshioe performed on any 3D printed
CubeSat components both before and after thernkaloo. Also, the fear of material abrasion
against the P-POD rails described in Sectigh9 should be fully characterized to determirie if

would truly hinder the CubeSat’s deployment from ERPOD.

Lastly, theRapidSatstructure was designed as a generic concept anahtilysis performed in
this thesis does not provide a full characterizatbits behavior under mission specific
conditions. Payload hardware would need to be nealdeithin the structure to gain insight to its

performance if it is to be used for a flight missio
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Appendix A: Hand Calculations

A series of hand calculations were performed amdpaored to the FEA results to determine their
validity. Hand calculations were performed using thaterial properties of the WindformXT

sample set. All equations were taken from Shigl¢3is

RapidSatRevision 1 Calculation

The deflection of the cross beam of the side pamslanalyzed with this calculation. It was
treated independently from the rest of the modéh wie simplified boundary conditions shown

in Figure A-1.

Loading

Beam Bending

Figure A-1: Beam simplification for Revision 1 calalation
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Beam Bending — Deflection

Assumptions:

Pinned boundary conditions at ends of member
* Uniform loading

* Uniform cross section

* No interactions with other parts

e Constant cross section of 3mm x 7mm

Y%>mg
Beam Approximation Shear Diagram

ESETRANTEN

_1/2 mg

amg x %2 |
Bending Diagram———————

Constants:
| =.086 m | = 1/12x bh® = 8.575*10"' m*
Moag = .0025 kg E = 7725 MPa

Jioad = 69x 9.8 m/$ = 676.2 m/s

Deflection Calculation

S — Srnlootdgloadl4
max 384FEI

5 %.0025kg * 676.2m/s * (0.086m)*

— — -6
Omax = 35427725 » 10°Pa = 8.575E — 11md ~ 1018 *107m
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Comparison to FEA Results

The FEA results show a displacement of 5.15E-6 theatenter of this beam. The assumptions
made in the hand calculation account for the dEamey between the two analysis methods. The
pinned condition is not truly representative of bm@indary condition as the part is able to
translate as well as bend at these points as thegfarms. When this translational component is
removed by subtracting the displacement valueeaetid of the beam from the total, the resulting
bending component of the FEA is 2.54E-6 m. Thisigalompares much more favorably with the
hand calculation result, with only 28% differentbe low percent difference between the two

analysis results indicate that the FEA is an ad¢euapproximation of the structure’s behavior.
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RapidSatRevision 2 Calculation

The deflection of the cross beam formed by the pateel and shoe was analyzed with this
calculation. It was treated independently fromrémst of the model with the simplified boundary

conditions shown in Figure A-2.

Beam Bending

Figure A-2: Beam simplification for Revision 2 calalation

Beam Bending — Deflection

Assumptions:

» Pinned boundary conditions at ends of member
* Uniform loading

» Uniform cross section

* No interactions with other parts

* Constant cross section of 10.5mm x 7.5mm
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%> mg
Beam Approximation Shear Diagram

bbbty

Z -¥2mg

amg x 2 |
Bending Diagrarra/\I

Constants:
| =.083m | = 1/12x bh® = 3.69*10'%m*
Maod = .0075kg E = 7725 MPa

Jioad = 69% 9.8 m/$ = 676.2m/$

Deflection Calculation

S — 5mlootdgloadl4
max 384FEI

5 = 5%.0075kg * 676.2m/s * (0.083m)*
Max¥ " 384 x 7725 x 106Pa * 3.69E — 10m*

= 1.099 * 10~ %m

Comparison to FEA Results

The FEA results show a displacement of 1.41E-6 theatenter of this beam using the same
method as the calculation for the Revision 1 stmectThis value differs from the hand

calculation by 22%. The low percent difference faleg confidence in the results of the FEA.
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Payload Bracket Calculation

Figure A-3: Beam simplification for the Payload Bracket

Beam Bending — Deflection

Results from these calculations will be comparethéodeflection of the model.
Assumptions:

* Pinned boundary conditions at ends of member
* Uniform loading

* Uniform cross section

* No interactions with other parts

e Constant cross section of 5mm x 5mm

¥2mg
Beam Approximation Shear Diagram

Lbibdbbalbitd

-¥2mg

amg x %2 |
Bending Diagram—"———
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Constants:
| =.0865m | = 1/12x bh® = 5.208*10"'m*
Maod = .050kg E=7725 MPa

Jioad = 69% 9.8 m/$ = 676.2m/8

Deflection Calculation

5 — 57nloadgloadl4
max 384FEI1

5 5 x.0075kg * 676.2m/s * (0.083m)* 6126 « 10-5
= = 6. *
max = 38477725 * 106Pa * 3.69E — 10m* m

Comparison to FEA Results

The FEA results show a displacement of 1.256E-% theacenter of this beam using the same
method as the calculation for the revision 1 stiieetThis value differs from the hand calculation
by 79.49%. This percent difference may be the teduhe assumption of treating this member as
a single beam. The actual model is a frame couplda plate, which would lead to a higher
stiffness structure that would deform less. Bosults show deflections of less than a tenth of a

millimeter and are not a cause for concern.
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RapidSatRevision 2 Joint Shear Calculations

A probable mode of failure in a 3D printed struetlies in the bolted joints. These joints will be
put into a large amount of shear as they supperptyload mass, which could cause the 3D
printed material to fail from rupture, crush, oeah It will be assumed that the 4 fasteners
securing the Side Panel to the Rail in the loadibgalirection will each support an equal portion
of the payload. This is a conservative assumpsimte the Extrusions and Slots added to the
structure and the payload mounting points in tieoSide Panels will support this load as well.

Figure A-4 shows the shear loading at this joint.

Bolt Hole Shear

Extrusion/Slot Shear
(ignored)

Bolt Hole Shear

Figure A-4: Shear loading in Side Panel - Rail join
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Shear Loading — Failure from rupture

2.5mm Load Supporting Cross Section

N

Loading \\@

4.5mm thick

Assumptions: It will be assumed that the load Wéisupported by cross section that is 2.5mm in
width along the edge of the bolt. Again, this isoaservative assumption as the load will be

supported by the length of the member.

Constants:
Moad = .225 kg t=.0045m
Jioad = 69% 9.8 m/$ = 676.2m/8 w = .0025m

A=2xt*w = 2%.0025m *.0045m = 2.25F — 5m?
Calculation:

_ m* Gioad
Omax = A

.225kg * 676.2 m/s?

Omax = 2 95E — 5m? = 4.06 MPa

This calculated value for the maximum stress akhegcross section that would rupture is an
order of magnitude lower than the yield stresdlierweakest material studied. This gives

confidence that these joints will not fail in tlmeanner.
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Shear Loading — Failure from crushing

2.184mm hole
/

Loading
Crush Area

4.5mm thick

Assumptions: It will be assumed that the entirallogl be supported by the crush area

Constants:
Moad = .225 kg d=.002184m
Jioad = 69x 9.8 m/3 = 676.2m/$ t =.0045m

A=t=+d = .002184 *.0045 = 9.828F — 6m
Calculation:

_ MyoadYload
Omax = A

.225kg * 676.2m/s?

- — 15.48MP
Omax 9.828E — 6m a

This value does not meet the goal of exhibitingaaigim of safety of 7 for any of the materials.
However, the assumptions made in this calculatiakenit very conservative. As a result, it will
not be considered a disqualifying factor in thesiiegity study, but will be noted as an area of

concern that should be closely watched during fanet testing.
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Shear loading — Failure from shear

Loading ___|

4 .5mm thick

Assumptions: It will be assumed that the entirallodl be supported along the shear lines.

Constants:
Moad = .225 kg a=.00375m
Jioad = 69x 9.8 m/3 = 676.2m/$ t =.0045m

A=2xax*xd = 2%.00375%.0045 = 3.375E — 5m
Calculation :

_ Mioad * Yioad

Tmax A

_ .225kg * 676.2m/s* AEMP
Tmax = T3 R75 —5m o

This calculated value for the maximum shear stadmsg the shear lines that would cause shear
in the joint is an order of magnitude lower thae yteld stress for the weakest material studied.

This gives confidence that these joints will nat ilathis manner.
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Appendix B: Finite Element Analysis Plots

The following plots detail the behavior of all et components from both revisions of the

RapidSastructure. Study points used to determine the MarfjSafety are labeled along with

the loading direction.

Plots for theRapidSaRevision 1 structure

Loading

Figure B-1: Displacement plot for the Revision 1 sucture
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Loading

S~

Deformnad Yar: U Deformation Scaie Facton «4, 93 3e-#032

Figure B-2: Stress plot for the Revision 1 structue
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Figure B-3: Side Panel 1 of the Revision 1 structer
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Study Point

Loading

T~

Deformed War Ceformatidn Scale Fadtor

A O30

Figure B-4: Side Panel 3 of the Revision 1 structar (joint shear elements hidden)
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Figure B-5: Stress plot of the Revision 1 structureiewed from the -X side
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Figure B-6: Shoe of the Revision 1 structure
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Figure B-7: Side Panel 2 of the Revision 1 structer
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Plots for theRapidSatRevision 2 structure, X-axis loaded
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Figure B-8: Displacement plot of the X-loaded Revisen 2 structure
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Figure B-9: Stress plot of the X-loaded Revision &tructure
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Figure B-10: Side Panel 1 of the X-loaded Revisidhstructure
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Figure B-11: Side Panel 3 of the X-loaded Revisidhstructure (joint shear elements hidden)
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Study Point
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Figure B-12: Highest stress point Side Panel 3 ofi¢ X-loaded Revision 2 structure
(joint shear elements hidden)
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Figure B-13: Stress plot of the X-loaded Revision &ructure viewed from the -X side
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Figure B-14: Side Panel 2 of the X-loaded Revisidhstructure (joint shear elements hidden)
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Figure B-15: Highest stress point on Side Panel Z the X-loaded Revision 2 structure

(joint shear elements hidden)
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Study Point
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Figure B-16: Shoe of the X-loaded Revision 2 struate

S, Mises

[Augr 7590
+9,335e+05
+58.557e+03
+7.780e+05
+7.002e+05
+E,225e+03
+5.447e+05
+4,670e+05
+32.892e+03
+3.114e+05
+2.337e+05
+1,559e+03
+7.818+04
+d,212e+02

Loading

T~

Study Point

Deformed War U Deformation Scale Factor +1,000e+00

Figure B-17: Rail of the Revision 2 structure
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Plots for theRapidSatRevision 2 structure, Z-axis loaded
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Figure B-18: Stress plot for the Z-loaded Revisio2 structure
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Figure B-19: Shoe of the Z-loaded Revision 2 struate
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Figure B-20: Side Panel of the Z-loaded Revisiongructure
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Figure B-21: Highest stress point on the Side Panef the Z-loaded Revision 2 structure
(joint shear elements hidden)
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Appendix C: Instron Data
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Figure C-1: Stress-Strain plots for the raw ABS saple set
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Table C-1: Instron data for the raw ABS sample set

Maximum Maximum Strain at Maximum Modulus (Automatic
Specimen Load Tensile stress Load Young's)
(Ibf) (ksi) (infin) (ksi)
1 124.09421 7.58568 0.03172 279.82761
2 126.32392 7.72198 0.03534 270.49438
3 125.31358 7.66022 0.03436 284.64156
4 125.4449 7.66825 0.0338 267.4147
5 127.84344 7.81487 0.03622 271.46039
6 128.51342 7.85582 0.03626 271.62176
7 124.62752 7.61828 0.03322 270.43474
8 122.86949 7.51082 0.03384 265.30401
9 123.88786 7.57307 0.03474 266.98755
10 117.71062 7.19547 0.03381 251.75605
11 119.98856 7.33471 0.03569 253.76727
12 120.89438 7.39008 0.0323 277.32274
13 118.46368 7.2415 0.03346 261.93289
14 117.56858 7.18678 0.03195 261.80384
15 122.24774 7.47281 0.03393 290.46222
Mean 123.05279 7.52202 0.03404 269.68211
Standard Deviation 3.51496 0.21486 0.00143 10.53353
Coefficient of 2.85647 2.85647 4.2025 3.9059
Variation
Mean + 1 SD 126.56775 7.73689 0.03547 280.21564
Mean - 1 SD 119.53783 7.30716 0.03261 259.14859
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Figure C-2: Stress-Strain plot for the outgassed AB sample set
Table C-2: Instron data for the outgassed ABS samplset
Maximum Maximum Strain at Maximum | Modulus (Automatic
Specimen Load Tensile stress Load Young's)
(Ibf) (ksi) (infin) (ksi)
1 129.05477 7.88892 0.03353 292.85962
2 122.91236 7.51344 0.03451 265.6571
3 124.36757 7.60239 0.03345 273.77592
4 120.077 7.34012 0.03379 256.10886
5 124.79368 7.62844 0.03539 264.3909
6 120.61834 7.37321 0.03352 268.69558
7 123.64667 7.55833 0.03714 267.94122
8 121.32585 7.41646 0.03394 282.03938
Mean 123.34953 7.54016 0.03441 271.43357
Standard Deviation 2.88383 0.17628 0.00128 11.43024
Coefficient of Variation 2.33793 2.33793 3.72597 214.06
Mean + 1 SD 126.23336 7.71645 0.03569 282.86381
Mean - 1 SD 120.4657 7.36388 0.03313 260.00334
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Figure C-3: Stress-Strain plots for the first halfof the raw FullCure720 sample set
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Figure C-4: Stress-Strain plots for the second halbf the raw FullCure720 sample set
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Table C-3: Instron data for the raw Fullcure 720 sanple set

(Ibf) (ksi) (in/in) (ksi)

1 139.17151 9.5056 0.04315 356.19051

2 145.98657 9.97108 0.04087 378.94414

3 138.90887 9.48766 0.04122 377.92099

4 157.50492 10.7578 0.04031 395.82851

5 139.82541 9.55026 0.04184 362.97782

6 142.02831 9.70072 0.04296 361.25631

7 139.91385 9.5563 0.04126 360.01208

8 149.85907 10.23558 0.04371 393.51138

9 141.01262 9.63135 0.04196 371.13927

10 152.54704 10.41917 0.04264 393.54692

11 160.91915 10.55069 0.04214 388.08577

12 163.44096 10.71604 0.04215 398.98842

13 159.97849 10.48902 0.04074 383.05294

14 149.47316 9.80023 0.03318 395.15249

15 166.60596 10.92355 0.04115 408.2736

16 163.01754 10.68827 0.04134 399.64151

17 152.99459 10.03112 0.03611 397.14501

18 159.19595 10.43771 0.04129 398.25996

19 153.94865 10.09367 0.04045 381.36287

20 163.31233 10.7076 0.03979 386.9337
Mean 151.9822475 10.162671 0.040913 384.41121

Standard Deviation 9.51864617 0.48840794 0.002MD96 15.29746503
Coefficient of Variation 4.52261 4.52261 2.61823 0489

Mean + 1 SD 151.21894 10.32846 0.04309 390.30279
Mean - 1 SD 138.13269 9.43465 0.04089 359.96279
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Table C-4: Instron data for the outgassed FullCure20 sample set

Maximum Maximum Strain at Modulus (Automatic
Specimen Load Tensile stress | Maximum Load Young's)
(Ibf) (ksi) (infin) (ksi)

1 150.31734 9.62031 0.04052 420.05679

2 161.13622 10.31272 0.04236 411.17272

4 177.32301 11.34867 0.04032 420.24921

5 148.98274 9.53489 0.03951 389.26772

6 157.42988 10.07551 0.03915 414.45057

7 151.26336 9.68085 0.0409 421.98495

8 163.54816 10.46708 0.04032 413.91319

9 164.92029 10.5549 0.04006 421.77733

10 155.46817 9.94996 0.03935 397.68022

11 156.46778 10.01394 0.03913 409.57123

12 169.58337 10.85334 0.03981 429.01635

13 162.49495 10.39968 0.03798 413.6964

14 171.45396 10.97305 0.04033 422.2487

15 175.65073 11.24165 0.03882 441.73372

16 171.3146 10.96413 0.03963 440.49142

17 168.42028 10.7789 0.0401 439.70595

18 171.56652 10.98026 0.04067 426.05895

19 171.13237 10.95247 0.03633 451.0274

20 171.70587 10.98918 0.04035 430.73117

21 171.10021 10.95041 0.0417 421.21819
Mean 164.5639905 10.532095 0.039867 421.802609

Standard Deviation 8.717013772 0.557889835 0.003284 14.80054016
Coefficient of Variation| 5.29703597[L 5.297045225 223590706 3.508878287
Mean + 1 SD 173.2810043 11.08998484 0.041151352 .6@36492

Mean - 1 SD 155.846976| 9.61116 0.03917 401.12756
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Table C-5: Instron data for the raw Watershed samp set

Maximum Maximum Strain at Modulus (Automatic
Specimen Load Tensile stress| Maximum Load Young's)
(Ibf) (ksi) (infin) (ksi)
1 112.58391 7.20537 0.03423 340.93276
2 121.12485 7.75199 0.03358 354.67675
3 119.95372 7.67704 0.03552 352.84569
4 120.53527 7.71426 0.03301 347.52747
5 121.95027 7.80482 0.03372 364.07841
6 122.27186 7.8254 0.03368 367.21916
7 117.40511 7.51393 0.03342 356.03604
8 118.52264 7.58545 0.03339 355.07777
9 118.40472 7.5779 0.03267 360.85716
10 120.36107 7.70311 0.03387 351.68484
Mean 119.31134 7.63593 0.03371 355.0936
Standard Deviation 2.83561 orag 0.00077 7.72072
Coefficient of Variation 2.37665 2.37665 2.28397 17428
Mean + 1 SD 122.14695 7.8174 0.03448 362.81432
Mean - 1 SD 116.47573 7.45445 0.03294 347.37289
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Table C-6: Instron data for the outgassed Watershedample set

Maximum Maximum Strain at Modulus (Automatic
Specimen Load Tensile stress | Maximum Load Young's)
(Ibf) (ksi) (in/in) (ksi)

1 115.98742 7.4232 0.04258 318.23404

2 121.14897 7.75353 0.04104 358.79705

3 119.75273 7.66417 0.03737 345.3943

4 116.54485 7.45887 0.03857 321.62816

5 115.91238 7.41839 0.03784 326.72444

6 123.40815 7.89812 0.03831 341.16986

7 124.94911 7.99674 0.03876 362.65925

8 120.58082 7.71717 0.03679 342.81443

9 124.39705 7.96141 0.03859 356.78419

10 126.8465 8.11818 0.03784 360.86406

11 124.43993 7.96416 0.03418 355.53619

12 127.77376 8.17752 0.03813 368.47289

13 120.92654 7.7393 0.03564 337.5868

14 120.87026 7.7357 0.03767 352.78119

15 132.44756 8.47664 0.03657 394.72942

16 125.89513 8.05729 0.03725 359.15452

17 125.66197 8.04237 0.03806 357.58285

18 128.23739 8.20719 0.03602 366.26814

19 126.10684 8.07084 0.03756 365.07658

20 129.24236 8.27151 0.03384 366.22714
Mean 123.55649 7.90762 0.03763 352.92428
Standard Deviation 4.52998 0.28992 0.00199 18.01797

Coefficient of Variation 3.66632 3.66632 5.28117 134

Mean + 1 SD 128.08647 8.19753 0.03962 370.94225
Mean - 1 SD 119.02651 7.6177 0.03564 334.9063
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Figure C-9: Stress-Strain plots for the raw Prototlerm sample set
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Table C-7: Instron data for the raw Prototherm data set

Maximum Maximum Strain at Modulus (Automatic
Specimen Load Tensile stress| Maximum Load Young's)
(Ibf) (ksi) (in/in) (ksi)
1 193.65451 12.39389 0.03307 555.125
2 180.50945 11.5526 0.03001 521.05135
3 159.45591 10.20518 0.02336 556.74352
4 190.2912 12.17864 0.03528 540.56604
5 184.79734 11.82703 0.03537 527.38025
6 182.78471 11.69822 0.03524 534.28966
7 183.854 11.76666 0.03604 506.81919
8 188.00521 12.03233 0.03517 535.64161
9 153.64046 9.83299 0.02242 568.36034
10 183.45469 11.7411 0.03511 526.17747
Mean 180.04475 11.52286 0.03211 537.21544
Standard Deviation 13.04318 0.83476 0.00516 186536
Coefficient of Variation 7.24441 7.24441 16.087 5387
Mean + 1 SD 193.08792 12.35763 0.03727 555.7691
Mean - 1 SD 167.00157 10.6881 0.02694 518.66178
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Figure C-10: Stress-Strain plots for the outgasseHrototherm sample set
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Table C-8: Instron data from the outgassed Protothen sample set

Maximum Maximum Strain at Maximum| Modulus (Automatic
Specimen Load Tensile stress Load Young's)
(Ibf) (ksi) (in/in) (ksi)
1 230.73136 14.76681 0.04233 540.04039
2 236.41549 15.13059 0.04143 532.35422
3 203.5247 13.02558 0.03051 518.51538
4 231.3665 14.80746 0.04825 511.7569
5 231.24054 14.7994 0.04256 529.29604
6 232.17048 14.85891 0.0472 519.72523
7 216.68316 13.86772 0.03622 510.50889
8 228.34622 14.61416 0.04631 522.63747
9 233.61764 14.95153 0.04388 527.32735
10 228.62225 14.63182 0.0471 507.22585
11 221.99478 14.20767 0.04666 505.56924
12 217.1977 13.90065 0.03619 520.51608
13 222.62189 14.2478 0.0446 500.42766
14 228.32746 14.61296 0.04904 514.91787
15 228.22562 14.60644 0.0475 503.82012
16 224.53536 14.37026 0.0469 511.09914
17 226.14064 14.473 0.03833 537.4919
18 211.30454 13.52349 0.03421 516.26664
19 229.043 14.65875 0.04446 527.3959
20 217.78193 13.93804 0.0409 540.68667
Mean 224.99456 14.39965 0.04273 519.87895
Standard Deviation 8.20001 0.5248 0.00522 12.10801
Coefficient of Variation 3.64454 3.64454 12.20846 .32801
Mean + 1 SD 233.19457 14.92445 0.04795 531.98696
Mean - 1 SD 216.79456 13.87485 0.03751 507.77093
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Figure C-11: Stress-Strain plots for the raw WindfeamXT sample set
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Table C-9: Instron data for the raw WindformXT sample set

Maximum Maximum Strain at Modulus (Automatic
Specimen Load Tensile stress| Maximum Load Young's)
(Ibf) (ksi) (in/in) (ksi)

1 239.52421 15.32955 0.02762 1089.9891

2 289.99804 18.55987 0.03531 1043.01365

3 262.11603 16.77543 0.0286 1195.02796

4 255.58772 16.35761 0.03036 1142.99968

5 24437221 15.63982 0.03023 1064.39883

6 250.21982 16.01407 0.02871 1067.30592

7 245.46026 15.70946 0.02747 1109.10169

8 256.22286 16.39826 0.02852 1187.36818

9 259.12255 16.58384 0.02603 1215.09191

10 259.24047 16.59139 0.0302 1197.41316

Mean 256.18642 16.39593 0.02931 1131.17101

Standard Deviation 14.00218 0.89614 0.00252 648760
Coefficient of Variation 5.46562 5.46562 8.61003 69A.1

Mean + 1 SD 270.18859 17.29207 0.03183 1195.54706
Mean - 1 SD 242.18424 15.49979 0.02678 1066.79495

120



Specimen 1 to 8

18

16

14

12

Specimen #
10

Tensile stress (ksi)

PNOUDAWN

-0.01 0.00 0.01 0.02 0.03 0.04
Tensile strain (in/in)

Specimen 9 to 16

18
167
141

127

Specimen #

107

Tensile stress (ksi)
@
-
w

-0.01 0.00 0.01 0.02 0.03 0.04
Tensile strain (in/in)

Specimen 17 to 20

Specimen #

Tensile stress (ksi)

-0.01 0.00 0.01 0.02 0.03 0.04
Tensile strain (in/in)

Figure C-12: Stress-Strain plots for the outgasse@indformXT sample set
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Table C-10: Instron data for the outgassed WindfornXT sample set

Maximum Maximum Strain at Maximum| Modulus (Automatic
Specimen Load Tensile stress Load Young's)
(Ibf) (ksi) (in/in) (ksi)

1 252.98819 16.19124 0.02937 1171.60912

2 234.85577 15.03077 0.03356 1007.90677

3 245.19495 15.69248 0.02875 1173.90539

4 229.87646 14.71209 0.02849 1034.64141

5 239.1919 15.30828 0.0315 1073.62218

6 249.44264 15.96433 0.02813 1167.05501

7 242.13982 15.49695 0.03027 1108.8304

8 253.49469 16.22366 0.02927 1170.64531

9 248.75121 15.92008 0.02971 1144.80079

10 256.55517 16.41953 0.02955 1181.16279

11 240.99013 15.42337 0.02942 1127.54211

12 235.35692 15.06284 0.03269 1058.89003

13 243.65399 15.59385 0.02758 1172.67595

14 219.0415 14.01866 0.0258 1070.24236

15 241.95223 15.48494 0.02781 1135.97098

16 239.73861 15.34327 0.0329 1050.93957

17 246.60727 15.78287 0.02932 1143.25035

18 241.62528 15.46402 0.03153 1187.29975

19 239.86724 15.3515 0.03157 1121.79717

20 234.3573 14.99887 0.02809 1110.0604
Mean 241.78406 15.47418 0.02977 1120.64239

Standard Deviation 8.72177 0.55819 0.002 54.3192
Coefficient of Variation 3.60725 3.60726 6.70323 84415

Mean + 1 SD 250.50583 16.03237 0.03176 1174.96159
Mean - 1 SD 233.0623 14.91599 0.02777 1066.32319
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Appendix D: Material Data Sheets

Reference M5

FDM System | FDM Tip Inner Diameter :
eters [|——1600.1650 2000 HMTEQ_
P 0012" | 0025 | 0.010° | 0012 | 0016
Spead inches/sac
(maximum) 0.800 0.800 1.000 1.000 1.500
{recommended) 0.800 0.500 1.000 1000 | 1.000-1,5000
Road Height
(maximum}) 0.016" 0.020" 0.010" 0.012" 0.014"
(rminimum) 0.004" 0.010" 0007 0.007" o.0n0”
(recommended) 0.010" o.0nz" 0.00™ 0.00™ b1zt
Road Width
(maxdimum} 0.040% 0.060" 0.030" 0.040" 0040
{rminimumj ooz 0.030" 0.010" Q012" D.016"
_LiquuﬂurTmp *C
(maximum} 270 270 290 270 270
{minimum) 270 270 290 270 270
(recommendead) | SeeSpeol| SeeSpool| SeeSpocl | SeeSpool| SeeSpool
Envelope Temp“C o
(maximum) 70 70 70 70 70
{minimum) 70 70 50 70 70
(recommended) 70 70 60 70 70
| Room Temp °F
(maximum) 82 82 82 82 82
== [tis recommended to use the parameter values indicated
\ ;@ in bold for perimeter roads. The values in this table
_ W may also be applied to fill and support roads if desired.
Material Specifications*
Tensile Strength (psi): 5,000 Unnotched Impact (ft*Ib/in): —
Flexural Strength (psl): 9,500 Elongation (%): 50.00
Tensile Modulus (psi): 360,000 Hardnass (Shore D): R105
Flexural Modulus (psi): 380,000 Softening Point (R&B) (F): 220
Motched Impact (ft“lbiny: 200 | Specific Gravity (GMS/CM?): 1.05
* Mlatorial spocifientions srs hased on ASTM st
@Slmﬁ&“ 1ocTe? Appendix M1
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EEE——— i

Tanadle rengh 043003 |mPo 5540 o S000.6700 [ pu

Elongafion of break D436.05  |mPo 2540 pai 2540 al brsak D53805 % 1015 3 015

[T e — 043804 |MPa TA003000 |pm 75, D00435,000 | Modulus of alssticity D4IB04 MPa wwon_ﬁuﬁ = »_.._,m_So_.w_PSo

[— 079003 |mMPa 8575 pal 0.500.11 000 FE' ﬁ Eo 30 .r.alwrm-hprllmuamq

[ D7O004 | MPe 17002200 |psi 245 D00320,000 ﬂ_ F._..n,_ tR___r.o T P.n EE. - s .__EEEO = - 58&3 :

HILX 90 250 il 1l I b ] 1o 154 HOT, *C @ 0.45MPe her frorma] | D44E06 [T 7580 ¥ 167175

HOT, "C @ 0.45MPa oher thermal | DB4B08 '€ 5200 F TB0.194 posi Srokment procedure

posi iolmont procedure A HOTC @ | 82w D&4ED7 T 5557 L3 T31.135

ﬁﬂ GO Lkl ahiloimel | DAGE T e85 i3 1RE20 Fznd Noiched mpoct D25404 i 1414 Bib/inck | 02620300
L Worer Absorphion, & 57008 3dke | T2l [y 1314

HDT, =C @& 1.52WPg D448 |°C 5155 b 124137 Ta D B C 5285 * TaA 0

Lzad Notched bnpoct 025606 |i/m §550 i b/inch [1.321.50 Fa— S D [ %0 |55

Ta OwA, B [*C 4743 o 171z Vockeeell Hardness Tooke M0 Toa= M| 7583 Tae M | 7003

Shors Hardnaeza [} Soois D Scais D B5E7 Scole D | 8507 Polymerized denity ASTM D792 [p/cmd |0 W70 90

Hockwell Hordoess Scde M [ Scale M &7 49 Scole | &4 Ash conlent UsPZE] 3 0.380 £ % 038047

Tansde grmng= DAIB03 b= 5045 ™ 72508450 Tanzis smength 043803 ik Q48 pri 72500450
Florgabion of break | DAIB05 % 1525 3 1535 Flongation af braak D&ILIS % 025 % 1025

Ml of ety | DEIEDA MPs 20003000 | pu 790 000435 000 Meduhn of slesticiy | DA3E04 Ml | 20003000 | pu 790,000.435,000
-fl!u_mlu..i. DTR0O3 4P BOLI1D ps 12000146000 Femcoral Sireng® D03 WP 75110 pui 1100014000
Tlemarc] Mo 079004 MPs D00 | 390,000480.000 [ 079004 Mia | 22003200 |pu 120,000445 000
HOT, °C @ 0.45MPa_ | D406 T 2580 ¥ nn HOT, °C @ 0.45MPs___ | D&4i08 W 4550 ¥ [LEXEF]

HOL °C @ 1.E2MPa | D&4B07 s 4550 F 113122 HOT, *C @ 1 E2MPa D807 x 4550 i 113.122

fzod Notched Impoct | [L25606 I/m 2030 Bh/ech 03750562 Izod Nokched Inpact | D-254.06 Ve 2090 B lb/inch 0.3750562
Wiser Abuoiphion | 57098 e % 1522 X 1523 Woter Absargsion D57008 24k |X T3 % 1115

Tg DA Es "« 850 F 118182 Tg OmaA, Es * 5254 * 126129

Shoes Hordness (01| Scalei D ScoeD |BAE6 SaD B384 Shor= Hordress O] Scae D Scake D | 0184 ) Bi85

Rockwell Hardesis | Scols; M Scde M _|737% S |7376 eckwell Hardosis Scae M Scale M| 7376 Scals W 7374

Pobymerized density | ASTHA D792 g/omd | L1119 Pelymerized cemtity ASTM 0792 glomd [ 1.047.05

Ash costent [TEr ] T 001002 = 001002 Ask content Uz % 002004 % 002004
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WatarCShad®?¥YC 111929
VVALTIVIICTU AV 11 144

Transparent, durable, strong, water-resistant resin for stereolithography
For Solid State (355 nm) Laser Systems

Description

VaterShed XC is a low viscosity liquid photopolymer
that produces strong. tough, water-resistant, ABS-like
parts. Most importantly parts created with VWaterShed
11122 are nearly coloriess. and look more like true. clear
engineered plastic.

In addition VaterShed XC has been formulated with
the D5M Somos Oxetane Advantage™— an advanced
chemistry platform that produces parts with outstanding
water resistance and high dimensional stability.

Application
Watershed XC 11122 offers many properties that mimic
traditional engineering plastics including ABS and PBT.
This makes the material ideal for many applications in the
automotive, medical and consumer electronics markets
and include:

- Lenses

- Packaging

-Water flow analysis

- RTV patterns

- Durable concept models
-W¥ind tunnel testing

- Quickcast patterns

OFS S T
1122 Se. Charies Streee
Td,?ﬁ;::?{m, Physical Properties - Liquid
Tk 847 6970000 (surside LISA) Appearance Optically clear
e Viscosity ~260 cps at 30°C
DM Desmtnch by Density ~1.12 glen?’ at 25°C
3150 AS Hoel van Heolland
T::M r?u:;:;t Optical Properties at 355 nm
Foc: #31 174315530 E, ;.Irimmf
~ ma WitlerShed XC'
D, &L?'mm qu.g.‘ﬁqm) tersiien N
Photo courtesy of Dynacept
E 54 mjfcm®

B ges (1254 mn |L000 incry irimess)
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Mechanical Properties (Metric)

ASTM Description WaterShed ABS’ Polybutylene
Method 11122 (transparent) Terephthalate”
D638M Tensile Strength 47.1 - 53.6 MPa 45.7 MPa 55 MPa
Elongation at Break 11-20% 416 % 20 %
Elongation at Yield 33-35% N/A 35-9%
Modulus of Elasticity 2,650 - 2,880 2,000 MPa 2,700 MPa
D790M Flexural Strength 63.1 - 742 MPa 73.5 MPa 80 MPa
Flexural Modulus 2,040 - 2,370 MPa 2,300 MPa 2,500 MPa
D256A lzod Impact-Notched 0.2-0.3 Jfem 1.6 Jem 1.2 Jfem
D542 Index of Refraction 1.512 - 1.515 1.52 /A
D2240 Hardness (Shore D) N/A NIA 98 - 120 (Rockwell R)
D 1004 Graves Tear 150,288 N/m N/A N/A
D570-98 Water Absorption 0.35 % 020-045% 0.16 %

* o M it s

Thermal & Electrical Pro

A bt Asmirtie

perties (Metric

Description ABS’ Polybutylene
(transparent) Terephthalate"
EB31-00 C.T.E, 40°C -0°C 66 - 67 um/m-"C
T.E. 0°C - o op - 9
A o 60— 130 um/m-*C 50 - 145 um/m-°C
C.T.E. 50°C — 100°C 170 - 189 umim-"C e dre L i ot Lo
C.T.E. 100°C = 150°C 185 - 189 pm/m-"C
D150-98 Dielectric Constant 60Hz 39-4. 7
Dielectric Constant |KHz 3.7-39 . 2.9 - 4.0
Dielectric Constant |MHz 34-135 3.7
D149-97a Dielectric Strength 154 - 163 kVimm  13.8=19.7 kW/mm  14.7 - 30 kV/mm
E1545-00 Tg 39 - 46 °C 4] °C
D648-98c HDT @ 0.46 MPa 459 - 545 °C 94 - 207 °C 150 *C
HDT @ 1.81 MPa 49.0 -49.7 *C B6.4—194°C 61.3°C
DT T ————— B ot sy
The ProfoFuncional” Materials Company 10/07
DSM Somos’ DSM (&
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ProtoTherm 12120

Strong, high-temperature, water-resistant resin for stereolithography
For Solid State (355 nm) Laser Systems

Cesanption

DSM Somes’™ 12120 is a liquid photopolymer that
produces strong, high temperature tolerant, water-
resistant parts. Parts created with Somos® 12120 have
a cherry-red appearance which turns to an orange-red
color after thermal treatment.

Application

Somos” 12120 differentiates itself from other high =m-
perature stereclithography materials by increasing in ten-
sile strength and maintaining decent elongation at break
afterthermal treatment. This makes the material ideal for
many applications in the automotive and aerospace mar-
kets where strong parts that can resist high temperatures
are needed.

. _as__ gr__=8
TOPETLES — LiGuio

Physicat P
Viscosity ~550 cps st 30°C
Density ~1.15 gfom"at 25°C

Optical Properties 2t 355 nm
E, }]—5 mJicmy’

r o 6,00 mils
e ClRITCI. CTHT H o, B .
Emaik i
S b reserren el m!f:m‘
[ A—a T E, E‘l,mmp—nmm:m—.h-h—l

g, i

11405
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Description 109 Glass Flle Thenmal
UV Postoure Polycarbonate® Postoe
De3sM Tensile Strength 702 MPz 55-85 MPa 77.0 MPa
Elongation at Break 400 % 2-14% 4.50%
Elongation at Yield N/A 4% N/&
Modulus of Elasticity 3,520 MPa 3,102 -5.302 MPa 3,250 MPa
D7o0M Flexural Strength 109 MPa 93 - 124 MPa 103 MPa
Flexural Modulus 3,320 MPa 2,300-5,300 MPa 3,060 MPa
D256A lzod Impact-Notched 0115 em 05-30 Vom 0.168 Vom
D2240 Hardness (Shore ) B5.30 N/A B&6.70
D570-98 Water Absorption 0.37 % 0.1-03% 0.24%

* hip e mstwoboom

MrA: ot Avaiishlc

Thermal & Electrical Properties (Metric)

12120 10% Glass Filled e
UV Postoure Polycarbonate® Postcure
EB31-00 CT.E -40°C-0°C 58.1 um/m-"C N/A 56.7 umim-"C
CTE 0°C-50°C 80.7 um/m-"C N/A 66.3 um/m-"C
CTE 50°C-100°C 111.4 umim-°C N/A 92.7 um/m->C
C.T.E 100°C - 150°C 1361 um/m-°C N/A 1587 pumim-°C
D150-58 Dielectric Constant 60Hz 4.14 N/A 3.89
Dielectric Constant 1KHz 404 N/A B4
Dielectnc Constant 1MHz 381 N/A 353
D149-97a Dielectric Strength 15.5 kKV/mm 18.0 kV/mm 164K/ mm
E1545-00 Tg 74°C 150 °C 1M1
De48-98c HOT @ 0.46 MPa 56.5°C 128 - 146 °C 126.2°C
HDT & 1.81 MPa 51.9°C 110-143°C 1107 °C
* hitps wewrecrmatwab.com NS ot Avaiihis
The ProtoFunclionsl” Meleras Coimpsay 11405
DSM Somos’ DSM (S
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INDFCRM )Y

CLass oF maTerRiaL: Polyamide based meteria|

TecHMOLOGY: Selectve Lezer Simtering

Windform® ¥T iz a composite polyamide bezed, carbon fibre filled material.

itz & rapid prototyping composite meterial of new generstion, whoze advenced mechanical properties meke thiz metenal the
excellent partner in Rapid Manwfacturing or Direct Digitsl Manufacturing.

In the world of fa=t production, today, you will not find any other materisls comparable to thiz one.

Appesrence: opague black coloured compound polyemide end carbon besad meterial with briliant reflexes, Windform® XT =
charecterized by stiffness end extremely high UTS, excelient surfece finizh, resistance to extreme wear and optima! reproduction of
detail. Windiorm™® XT offerz an alluring, black, =parkiing look, appreciable in many design epplicationz. Windform® XT iz perticularly
Suited to appficationz which require zuperior mechenicel properties, extremely high performance, in repid timing.

APPUCATIONS:

Aerodynamic spplications in wind tunnel, on rece track
and on road, functional prototypes for recing and

on roed epplicetions.

The product's verzsatility end the technology

uzed sllow countiess possibilites of utizstion.

VWHERE To FInD WinoFoRm™ PRODUCTS

CAP Technology produces \Windform® AT
parts and it siso =hips the material throughaut
Europe, the USA, and Jspan.

CHP Technology and itz partners can offer
customized zDervice ez regerdzs tme aend
delivery conditionz, accending to customer's
reguests anywhere in the world.

How To ceT WinoFoRn™ PRODUCTS

For any further information, gquotstionz, and
delivery timen, pleass vizit the officie! website
wranw windformit or =zend an nformation

request to infoBorpeu.
CRP wili contact you to snawer sll your guestiona.
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DFCRM )

- Tachnolagy s.ri

Wie Cazare Delds Chissa 217
47700 Mookns W0 - ALY
Tal +35 002 B21133

Fex 133035 822071
ww Crtschnciogy.com

W wind*orm it

B Test Method Sl Unity Vindform® XT
VWinoroam® XT

Geoncral ProrcaTics

Densty (207 G} gifem* 1101
Cglour =2
TreRmAL ProPERTIES

Making Point AZTH O 3412 "C 1733
HOT, 1.82 Mp= AETM O B30 "C TS
Vicet TOM " 7E
MecHarical PRoOFERTES

Tenzha Etrangth LIM1 B 150 SEFA{E7] LMEEN 50 5270157 Wipa TEES
Tenzha Moduis LISIENHE0 SE7-11SF] MNLEN 120 E27. 3157 Mpa 73208
Elongation &t oreek LM BN (90 EE7-1{57] LINLEN 190 S27.5157) = =n
Fixcure! Grongen UMEEN B 141252000 Moa 13732
Fiaxure! Mok LMEEN BED 14155 2000 Mpa A2aED
¥mpect Smngrh - Charpy Lnnoiched [E27T) ASTM O ESE - UNIEN B0 175:1530 Edfm® 224
¥ngect Smng: - Charpy Howned (235 A5TM [ ESE - LNIEN B0 1751230 Wl a7a
¥mpect Smngrh - Charpy Hocned -30°0 ASTM O ESE - UNIEN B0 1751530 LA 400
Surracs Fraime

Aftar GLE Procass Ragrr BE
Aftar-finshing Fa La
Prorermsn per Deresry Unrr

UTE per dansky unk Tipa g/em® o7
Tensie modilss par tensky ok Mpag/om® o843z

Mot These ere ol Indicetie volues, dets wers generated from the testing of parts progiocsd with thea Windfon™ XT metsriaks cnder cptimal
proceczing condiions.
o

For partsupio O

- D012 Inch [0,2 mm|

For parts mees than 87 [ 130 mm| the stenderd tolsrenca & + /- 0002 Inch par incn (000 men: par 25 men)
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