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Design Analysis,Fabrication,and Testingof a Nanosatellite
Structure

Craig L. Stewens

(ABSTRACT)

The satellite industry is undergoinga transition toward \smallsat" engineering. Small
satellites are becomingmore attractiv e to customersas a method of decreasingcost. As the
launch costsremain relatively constart, the industry is turning towards nano{technology,
suth as microelectrometanical systems,and distributed satellite systemsto perform the
samemissionsthat oncerequired super-satellites. Nanosatellitesform one group of these
high risk/low cost spacecraft. The Virginia Ted lonospheric Scirtillation Measuremen
Mission, known asHokieSat,is a 40Ib nanosatellitebeingdesignedand built by graduateand
undergraduatestuderts. The satellite is part of the lonosphericObsenation Nanosatellite
Formation (ION{F) which will perform ionosphericmeasuremets and conduct formation
°ying experimerts. This thesis describesthe designof the primary satellite structure, the
analysisusedto arrive at the design,the fabrication of the structure, and the experimenrtation
usedto verify the analysis. We also descrike the internal and external con gurations of the
spacecraftand how we estimate the massproperties of the integrated satellite.

The designof the spacecraftusesa composite laminate isogrid structure as a method
of structural optimization. This optimization method is shavn to increasethe structural
performanceby over 20%. We conduct seweral nite elemen analysesto verify the struc-
tural integrity. We correlate these analyseswith seweral static and modal tests to verify
the models and the model boundary conditions. We perform environmental testing on the
integrated spacecraftat NASA Wallops Flight Facility to investigate the properties of the
structural asserbly. Finally, we create a model of the ION{F stad to verify the integrity
of the structure at the launch loads. We prove that the HokieSat structure will survive all
environmental loadswith no yielding or failures.
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Chapter 1

In tro duction

The Virginia Ted lonosphericScirtillation Measuremen Mission, also known as HokieSat,
is part of a studernt-built nanosatellite formation known as the lonospheric Obsenation
Nanosatellite Formation (ION{F) mission. Constraints that are unique to the university
project and formation °ying missionin°uence the designof the HokieSatstructure. Mission
constrairts typically guide the designof any satellite structure. We begin this chapter by
preseiring an overview of previous spacemissions. We investigate how someof these past
missionsin°uenced the design of the respective satellites. We then descrike the ION-F
missionand its e®ecton the HokieSat structural design. Finally, we concludethis chapter
with an overview of the thesis

1.1 Previous Satellite Missions

Satellites provide numerousservicesfor modern scciety. They perform essetial duties for
military, governmenal, and commercialorganizations. The missionsof these spacecraftin-
clude sciencevertures sud asearth obsenation, interplanetary exploration, astronorny, and
solarphysics. They alsoinclude commercialendeaors sud astelevisionsignaltransmission,
data transmission,and satellite telephonecommnunication. In this section, we examinethe
history of scienceand commercialspacemissions. Howewer, we omit the history of military

missionsdue to the lack of available information.

The majority of the spacesciencemissionsare performed by NASA{built spacecratft.
The designand size of these spacecraftare highly dependert on the missiongoals. These
goals are constartly ewlving due to changesin technology, political agenda,and budget.
As a result, the design and size of satellites re°ect these changes. This phenomenonis
readily proven by examining the massef civilian spacecraftlaunched throughout history.
Figure 1.1 displays the launch massof seweral NASA spacecraftas a function of time. The
plot shows a gradual massincreaseuntil the early 1990sat which point the spacecraftmasses
suddenly begin to decrease.This sharp decreasds primarily due to the changein policies
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at NASA towards the \faster, better, cheaper" program [17] and a decreasean the overall
NASA budget [32]. Thesesmaller spacecraftare inherertly lessexpensiwe to launch due to
costsranging from $5K per kg to $130K per kg [43]. The subsystemscan therefore a®ord
to take a high risk/low cost approad toward the designand o®erlessredundancy This
decreasan redundancyalso decreaseshe overall cost and size of the spacecraft. NASA is
now using constellationsor formations of small-satellite systemsto perform missionsthat
oncerequired large multi-million dollar spacecratft.

s NASA Spacecraft Mass History
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Figure 1.1: Launch MassHistory of NASA Spacecraft

The commercial spacecraftindustry has also ewlved throughout history, as shown in
Figure 1.2. Howewer, the massesave not decreasedssigni cantly dueto se\eral factors. A
major factor for this trend are the high gain antennasand large power requiremers inher-
en to the comnunications satellites placedin geosyntronousorbit. The commnunications
industry has long exploited the phenomenaof \ xed" geosynbronous spacecraftto pro-
vide a stationary signalto it's ground-basedantennas. This current practice appearsto be
changing, howewer, asdistributed spacecraftsystemsbecomemore prevalert (e:g XM radio,
Globalstar, etc.).

As we have shown, the satellite industry has transformed to match the ewver{changing
ervironmert of technology Spacecraftmass,as a result, has also demonstratedthis trend.
We now discusssomeexamplesof key spacecraftthat accurately de ne the history of the
industry.
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Commercial Spacecraft Mass History
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Figure 1.2: Launch MassHistory of Commercial Spacecraft

1.1.1 NASA Missions

Explorer 1, shavn in Figure 1.3, wasthe rst United States(US) satellite. It waslaunched
by the US Army on January 31, 1958 aboard a four{stage version of a Jupiter C rocket.
It was placed into a 224 £ 1575 mi orbit at 65" inclination. The spacecraftmeasured
appraximately 6 ft long (including the rocket casestructure) and weighed311b. The payload
weighed 18 Ib and recordedcosmicrays and micrometeoroids. It also discovered the Van
Allen Belt, an area of intenseradiation beginning 965 km above the surfaceof the earth,
and made cortributions to theoretical spacecraftdynamics. The succesof the Explorer 1
mission provided an impetus to cortinue the Explorer program. The program was turned
over to NASA at the creation of the agencyin October of 1958 and has amassedover 75
launches[44].

The Compton Gamma{Ray Obsenatory (CGRO) was one of the largest NASA astro-
nomical spacecraftever to launch (seeFigure 1.4). It waslaunched on April 5, 1991aboard
the SpaceShuttle into alow{earth{orbit (LEO) approximately 280mi in altitude. The obser-
vatory was safelydeorbited on June 4, 2000after nine yearson orbit. It measured25ft long
by 12.5ft in diameterand weighed34,371lb. The programwasconceiedin 1978with a pay-
load cortaining four instruments: Oriented Scirtillation Spectrometer Experimert (OSSE),
Imaging Compton Telescope (COMPTEL), Energetic Gamma{Ray Experimert Telescope
(EGRET), and Burst and Transiert Source Experimert (BATSE). The instruments were
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Figure 1.3: Sketch of Explorer 1 [24]

designedto gather data on the most energeticform of radiation known. The long sthed-
ule, massiwe size,and sensitive instrumentation all cortributed to the immensedevelopmen
budget of $557million [44].

Figure 1.4: Compton Gamma{Ray Obsenatory [24]

The Solar, Anomalous and Magnetic Particle Explorer (SAMPEX) marked a turning
point in the NASA satellite designprogram towards the \faster, better, cheaper" philoso-
phy [32). The spacecraft,shovn in Figure 1.5, was launched into a 342£ 420 mi altitude,
82 inclination orbit on July 3, 1992aboard a Scout. The satellite weighedapproximately
348 Ib and measured4.9 ft in length and 2.8 ft in diameter. The mission goalsincluded
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observing and measuring galactic charged particles and cosmicrays. The spacecraftwas
part of the Small Explorers (SMEX) program which is designedto provide low cost, rapid
turnaround LEO sciencemissions. It precededse\eral other similar satellitesin the program
sudh as the Sub-mm Wave Astronomy Satellite (SWAS), the Fast Auroral SnapshotEx-
plorer (FAST), the Transition Regionand Coronal Explorer (TRA CE), and the Wide{Field
Infrared Explorer (WIRE) [44].

MAST TELESCOPE

Figure 1.5: SAMPEX External Con guration [24]

The Explorer 1, CGRO, and SAMPEX missionsall incorporated unique satellite struc-
tural designs.Commercialspacecratftinitially usedthe samedesignconceptdueto a lack of
spaceheritage. Howewer, expansionof the satellite communications market required compa-
niesto becomemore productive and excient. As a result, satellite manufacturers beganto
designstructuresthat weremore modular and robust. We next discusssomekey commercial
satellite missionsthat are represetativ e of this trend.

1.1.2 Commercial Missions

Intelsat 1 was the rst commercial comnunications satellite. It was launched to geosyn-
chronous orbit over the Atlantic on April 6, 1965aboard a Delta rocket. The spacecraft
measured? ft in length and 2.3 ft in diameter and weighed85Ib. The satellite allowed more
accessibldransatlantic telephonecommunications and made scheduledtransoceanictelevi-
sionpossible.It wasreactivated in 1984in celebrationof the organization's20th anniversary
This spacecraftwasthe rst of over 23to be put on orbit by the Intelsat organization. Cur-
rently, the organization is a commercial cooperative of over 136 nations and corporations
that provide international and transoceanictelecomnunications support [44].

The Globalstar constellation consistsof 48 spacecraftthat work cooperatively in a dis-
tributed satellite system. The spacecraftwere launched in seweral installments by Boeing
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Satellite Systems. The satellites, shavn in Figure 1.6, weigh 9881b and were designedsuc
that four can be launched simultaneously aboard a Delta classrocket. The constellation is
con gured with six spacecraftin eight orbital planes. The orbits have an altitude of 764nm
and inclination of 52¢, with argumerts of perigeechosenfor optimal ground coverage.

[ ' 5-Band Transmit
f i Antenna

! T a— Magnetomeler Boom
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Fl e o
[ Il’ = ':""
e
~Solar A s
_.50*"
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Anti-Earth T ! /
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C-Band Trangmil
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Figure 1.6: Sthematic of Globalstar Satellite Con guration [5]

The ORBCOMM spacecraftconstellationis the world's rst commercialcommunications
constellation. It consistsof 35 spacecraftwith a missiongoal to provide a global two{way
data messagingsystem. The satellites were launched into six distinct orbital planeswith
altitudes ranging from 484 mi to 621 mi between1995and 2000. All satellite designsusethe
Orbital Science<Corporation's Microstar spacecraftplatform. The Microstars are con gured
as circular cylinders measuring40 inchesin diameter and 6 inchesin height and weighing
991b. The compactnes®f the designallows for integration aboard a PegasusXL rocket in an
eight{satellite stad con guration (seeFigure 1.7). The con guration conmbinesthe launch
cost of seweral individual satellites. The ORBCOMM spacecraftconstellation demonstrates
a possiblecommercialmarket for distributed small{satellite systems[27].

1.2 ION-F and HokieSat Mission

HokieSat is part of a three-satellite formation known as the ION{F mission. The ION{F

missionis comprisedof three nanosatellitesdesignedand built by studerts at the University
of Washington (Dawgstar), Utah State University (USUSat), and Virginia Ted (HokieSat).
The program provides technology demonstration for future high risk, low cost nanosatellite
formation missionssud as TechSat21[7]. The mission includes seeral nanof{technology
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Figure 1.7: ORBCOMM Microstars Aboard a PegasusRocket [27]

demonstrations,three-dimensionalmappingsof the ionosphericscirtillation e®ecton global
positioning system (GPS) signals,and ionosphericplasmadensity measuremets. The for-
mation °ying mission requiremerns dictate that the three spacecrafthave nearly identical
initial conditions [7]. Therefore, the formation must be launched aboard the samelaunch
vehicle. The launch vehicle chosenfor this missionis the Shuttle Hitchhiker Experimert
Launch System (SHELS), via the SpaceShuttle (STS). Due to safely issuesand tracking
limitations, NASA prohibits the nanosatellitesfrom deploying separatelyfrom the Shuttle
Orbiter Payload Bay. The solution to the safety issuesis the Multiple Satellite Deployment
System (MSDS) designedby AFRL (seeFigure 1.8). The MSDS is designedas an opera-
tional platform that supports nanosatellitesin a stadk con guration aboard the SHELSI[@.
Use of the MSDS allows ION-F to be deployed from the SHELS in an unpowered state,
which helpsaddressmany of the STS safety requiremerts. The ION-F launch con guration
consistsof the three nanosatellitesmounted to the MSDS in one stadk. The missionpro e
calls for the MSDS to deploy from the SHELS with the stadk mounted to the platform.
While in this mode of operation, the MSDS issuesa signal to releasethe power inhibits on
the nanosatellitesand provide power to the electrical componerts to perform satellite{level
chedk{outs. Oncea speci ed time haselapsedthe stack is ejectedfrom the MSDS and sta-
bilizes itself using permanert magnetsaboard USUSat. The desiredattitude in this mode
is the unstable equilibrium with the stadk minor axis alignedin the ram, or velocity vector,
direction. Finally, after an initial system chedout with the speci ed ground station, the
ION-F nanosatellitesseparatefrom ead other and begin the formation °ying mission[37].

The three satellites, University of Washington's Dawgstar, Utah State's USUSat, and
Virginia Ted's HokieSat, are all hexagonalprisms weighing between 33 and 44 Ibs. The
con guration of ead satellite varies slightly basedon the formation and nanosatellite mis-
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Figure 1.8: The MSDS Con guration [6]

sion requiremerts. The HokieSatcon guration is also strongly in°uenced by the structural
requiremens becauseof its position at the baseof the ION-F stad.

The basic design of the HokieSat structure is a hexagonal prism 18 inchesin major
diameter, and appraximately 12 inchesin height. The structure is designedto support the
componerts that areessetial to performthe mission. Along with the ION-F formation °ying
and sciencegoals, HokieSat will demonstrate seweral low cost/high risk nano{technologies
sudth as micro-pulse plasmathrusters for orbital cortrol, torque coils for attitude cortrol,
GPS crosslink for orbit determination, and digital camerasfor attitude determination. All
of thesemissiongoalsare accomplishedalongwith the main missiongoal of producing a low
cost/high risk nanosatellite with high studert involvemeri.

1.3 Thesis Overview

This thesisdescribesthe design,analysis,fabrication, and testing of the Virginia Ted Hok-
ieSat structure. We examine se\eral previous satellite designsand their in°uence on the
existing HokieSat structural design. The mission of the spacecraftand its e®ectson the
satellite designare also described. We presen the designvariablesthat determine the in-
ternal and external con gurations. We provide a comprehensie description of eah stageof
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the HokieSatdewelopmen.

In Chapter 2 we review the history of spacecraftstructures with a focus on isogrid
applications. In Chapter 3 we descrilte the HokieSat structural design. We include the
designprocessand objective function analysisthat wereusedin the optimization process.In
Chapter 4 we describe the manufacturing techniquesusedto fabricate the primary structure
and the methods usedto protect the satellite in transit and on-orbit. Chapter 5 presens
the analysesand tests that were performedto verify the structural design. We include both
preliminary analysis, and stress, buckling, and modal analysesperformed using I-DEAS
software. We also demonstrate the accuracy of the model using correlation with static,
modal, and vibrational experimerts. Finally, in Chapter 6 we closethis investigation with a
summary of the results and lessondearnedthroughout the quali cation process.



Chapter 2

Literature Review

The purposeof this chapter is to review se\eral basic conceptsfrom the areasof satellite
design. We beginwith a literature review of previoussatellite structural designs.We include
convertional spacecraftdesign methods and materials. We concludethe literature review
chapter with a review of researt on isogrid structures. Although many past satellite struc-
tural designtrends are included in this chapter, we focus primarily on trends most relevant
to this mission.

2.1 Previous Satellite Structures

Aerospacestructures generally require lightweight designs. The goal of these designsis to

optimize the strength per weight, or exciency of the design. Satellite structural designhas
ewlved greatly over the past four decades.Traditionally, etciency has beenaccomplished
using a combination of various structural designsand materials. We begin this section by

discussingbasicprimary structural designsand concludeby preseting traditional materials
usedin spacecratft.

2.1.1 Conventional Structural Designs

Primary structures are designedusing se\eral criteria that depend on the missionrequire-
merts. Convertional spacecrafincorporate 4 basicprimary structural designs:1) skin{frame
structures; 2) truss structures; 3) monocoque cylinders; and 4) skin{stringer structures[31].

The skin{frame structural designusesan interior skeletal network of axial and lateral
framesto mount exterior skin panelsusing fastenersor rivets. The frames support bend-
ing, torsional, and axial forces. The skin reinforcesthe structure by supporting the shear
forcesintroducedby the interior menber connections. The skin is sometimesminimized to
save mass,even though the thin skin leadsto somestructural instabilities. When the skin

10
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buckles due to shear,it transfersall additional shearloading to in{plane tension forcesat
45* which must be supported by the connections. The buckling modes of the skin exhibit
large deformationsthat make it insuzcient for exterior mounted componerts sud as solar
cells. The budkling strength of the assembly is typically increasedby adding intermediate
menbers [31].

Trussstructures usean array of menbersthat canonly support axial loads. Trussmem-
bers are produced independertly and arrangedtypically in arrays of triangles for stability.
The menbers are manufactured using extruded tubesmade of composite, metallic, or sheet
metal materials. A stable truss is statically determinate and has no excessmenbersto in-
troduce alternate load paths. Trussesare generally mass{e+ciert when the members are
con gured into rectangular or triangular cross{sectionalassemblies. Howeer, they become
lessexcient asthe cross-sectionrbecomesmore circular or hexagonal. Also, the design of
the structure createsinherert stressconcetrations at interface mourting points, sud as
separation systems. Componerts may be mounted both internally and externally and the
absenceof shear panelsenableseasyaccessto a payload. Howeer, this absenceof shear
panelsis not helpful to spacecraftrequiring body mounted solar cells[31].

Monocoquecylindersare axisymmetric shellsthat do not cortain any sti®enersor frames.
The shellsare manufactured using metallic or sandwid panelswith curved sectionsformed
by rolling. Typically, two or three curvedsectionsarefabricatedand asserbled into the cylin-
drical con guration. The strength of monocoque cylinders is usually limited by its buckling
strength. The shellsare most excient whenthe loadsare distributed evenly throughout the
structure. Componerts are typically mounted to the walls using fasteners;howewer, care
must be taken not to overlaod the shell and causelocal failures. The monacoque cylinder
designis applicable to spacecraftwith body mourted solar cells and relatively lightweight
componerts [31].

Cylindrical skin{stringer structures are designedusing axial and lateral frame members
attached to an outer skin. Thesedesignsare similar to skin{frame structures; howeer, this
classof structures refersto circular cylinder con gurations. The skin is sometimesmini-
mized to save mass, even though the thin skin leadsto somestructural instabilities. The
post{buckling behavior of the skin transfersthe additionally applied shearloadsto torsion
by the diagonal tension phenomenondescribed above. The skin and menbers must attach
uniformly to enablethe assemly to act asa cortinuousstructure. Typical connectionmeth-
odsinclude fastenersand/or rivets. Interior componerts are usually mounted to the walls at
locations along the stringer asserbly. This method is more excient than monocoque cylin-
der componert mounting at introducing local loads. The skin must be designedsuzciently
sti® to enablesoundmourting of exterior ertities sud asbody mounted solar cells[31].

2.1.2 Materials

Satellite structural designsalso use seeral di®eret materials. Materials are chosenbased
on their properties, cost, and complexity. There are two typical materials usedin spacecraft
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applications: metalsand b er composites.

Metals

Aluminum alloys are the most widely used metallic materials in spacecraft manufactur-
ing [43. The advantagesinclude high strength to weight ratios, high ductility and easeof
madining. The sti®nessto weight ratio is comparableto steel; howeer, the strength to
weight ratio is typically higher. The disadvantagesinclude low hardnessand a high coez-
ciert of thermal expansion(CTE). The alloys are typically temperedto increasethe material
strengths. Two typical alloys usedin manufacturing are 6061-T6and 7075-T7. Aluminum
6061-T6cortains silicon and magnesiumwhich strengthensthe alloy during tempering. This
alloy hasgood madinability and corrosionresistance.Aluminum 7075-T7conains zinc and
trace amourts of magnesium.The alloy exhibits higher strength than 6061-T6,but is more
dizcult to madine [22].

Beryllium is usedfor very high-sti®nesserospacepplications. It hasa speci ¢ modulus
6.2 times the speci ¢ modulus of aluminum [8]. The material is non-isotropic due to its
grain alignmert and therefore exhibits low ductility and fracture toughnessin its short{
grain direction. It is commonly usedin lightweight optics and mirrors becauset performs
well at cryogenictemperatures (i.e. low CTE and high thermal conductivity). However,
beryllium is expensiw, dizcult to macine, and sparsely available in the US. Beryllium
must be madined in a cortrolled environment becauseits powder is a known carcinogen
wheninhaled. The parts may be safely handled oncemadined [31].

Steelis mainly usedin aerospaceapplications where low{v olume strength and sti®ness
areimportant. Steelprovideshigh wearresistancehoweer it is generallydizcult to madine
and is not excient for structural stability. Steelsare combined with many trace elemens to
addressa wide range of needs. Austertic stainlesssteelis by far the most abundart steel
alloy usedin spacecraft. It cortains 12% chromium which results in a tough chromium{
oxide coating that protects parts from corrosion. Stainlesssteelis non-magneticand certain
low{carbon alloys can be welded without sensitization. Stainlesssteelsare generally used
for fastenersand medanismswhereasmany heat{resistart alloys are usedfor heat shields,
rocket nozzles,and other high{temperature applications [31].

Titanium and titanium alloys are used for applications requiring very high strength
materials. The materials exhibit high strength to weight ratios, low coezcients of thermal
expansion,and excellert corrosionresistance[43]. Howewer, they are dixcult to madine
and somealloys exhibit poor fracture toughness. Ti-6Al-4V, which cortains 6% aluminum
and 4% vanadium, is the most popular titanium alloy usedin aerospaceapplications. The
alloy hasheritagein wings and missilebodies. Perhapsits most famousapplications are the
castingsusedto connectthe external fuel tank to the SpaceShuttle and its boosters[22].
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Fib er Comp osite Structures

Composite structures consist of a matrix and a reinforcemen. The matrix (metal, epoxy)
binds the reinforcing b ers (carbon, graphite) together into a cortinuous system. The ex-
ciency of composite structures is due its high speci ¢ modulus and unique load path. The
°exural shearloadsaretransferredfrom the matrix to axial loadson the high{strength b ers,
creating a structure 3 to 5 times as sti® as aluminum at 60% of the mass[31]. These b ers
may be both discortinuous or cortinuous ertities. Discortin uous{reinforcedcompositesare
comprisedof ceramicor b er particlesthat arerandomly distributed throughout the matrix.
Aluminum reinforced with silicon carbide particles is the most widely used discortinuous
composite. The majority of cortinuous{ b er compositesare generally called laminate com-
posites. Laminate composites are manufactured from se\eral layers of woven b ers called
laminae. The laminae are composedof se\eral parallel b ersarrangedin sheets.The sheets
themseles are anisotropic and have few structural applications. Howewer, staking sev-
eral of the laminae with b ers aligned at di®eren angles,called lamina angles, createsa
more stable laminate composite structure. The laminate may be customizedfor individual
applications by varying the b er type and the layup. For example, somegraphite/epoxy
laminates are tailored to have a nearly zero CTE and others may be laid up to exhibit ex-
traordinary speci ¢ sti®nessproperties. Polymer{matrix composites (PMCs) are the most
widely used cortinuous{ b er composites used for spacecraft. The matrices consist of two
polymers: thermoplastics, and thermosets. Thermoplasticsmay be remelted and solidi ed
multiple times whereasthermosetsare not reusableafter curing. These properties enable
a multitude of bonding techniquesand layup procedures,many of which are currently pro-
prietary. The downsideto b er composite structures is the large developmern costrequired
for reliable manufacturing. The large costis due to the sensitivity of adhesive bonding to
processvariables. This sensitivity makes eat part a unique ertity which must be tested
to verify strength. NASA and other programsrequire extensiwe testing of b er composite
°ight hardware to verify its structural integrity. The requiremers typically createthe need
to fabricate a proto°ight structure dedicatedto quali cation testing followed by acceptance
testing of the °ight article. This quali cation procedurepresetly prohibits the useof b er
composite structures on small{budget programs[31].

2.2 Structural Optimization Metho ds

Seweral methods are available to optimize the structural properties of spacecraft. The opti-
mum method may vary depending on the designtask. We presert three of the most widely
usedmethods: sandwid structures, multifunctional structures, and isogrid. We examineall
of the technologiesand their bene ts for satellite structural designs. We concludewith a
description of isogrid and a literature review of past researt conductedin this “eld.
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2.2.1 Sandwic h Structures

Sandwid structures are often usedin skin-frame designs.A sandwid structure consistsof
two thin face sheetsattached to both sidesof a lightweight core. The designof sandwidt
structures allows the outer face sheetsto carry the axial loads, bending momerts, and in-
plane shearswhile the core carries the normal °exural shears[31]. Sandwid structures
are susceptibleto failures due to large normal local stressconceitrations becauseof the
heterogeneousature of the core/facesheetassembly. Componert mounting must therefore
usepotted insertsto distribute the point loadsfrom connections.Sandwid panelfacesheets
are commonly fabricated using aluminum or graphite/epoxy composite panels. The coreis
typically fabricated using a honeyconto or aluminum foam construction.

Honeyconb sandwidt panelling is the lightest option for compressie or bendingloading
speci ¢ applications [3]]. Honeyconb sandwid coresare manufactured using thin strips
formed into honeyconb cells. The honeyconib geometryis non{isotropic with greater sti®-
nessin the longitudinal direction [43]. Howeer, the coreactsnearlyisotropically for in{plane
loadswhen asserbled in a sandwid con guration. The disadwantagesof using honeycont
coresare the potted insertsrequired for mounting and the thermal inexciencies. Theseinef-
“cienciesstemfrom the low thermal conductivity of the adhesiw layersusedin construction
and make honeycont prohibitiv e in optical and mirror aerospacepplications.

Aluminum foam sandwid panelsusea porousaluminum foam material for the core. The
°exural shearsti®nessdominatesthe overall panel sti®nessfor relatively small panels(i.e.
lessthan 50 inches)[8]. Therefore,the coredesignis an integral part of the sandwid panel
designfor small spacecraft. The shearsti®nesf foam core sandwid panelsis generallyless
than that of honeycont coresandwid panelsof equal mass. Howeer, radial ribs and shear
rings may be embeddedin the core to overcomethe low shearsti®ness. A major bene't
of aluminum foam construction is an increasein thermal exciency becausethe core may
be brazedto aluminum facesheetgather than epoxied [8]. Brazing provides a corinuous
thermal path through the material which bene ts applications suc ascryogenicmirrors and
solar arrays.

2.2.2 Multifunctional Structures

Multifunctional structure (MFS) technology incorporatesseeral functions into the primary
structure of a spacecraft. The main goal of these menbersis to minimize parasitic mass
by incorporating chassis,cables,connectorsand thermal control componerts into the satel-
lite primary structural walls (seeFigure 2.1). The walls are typically constructed out of
b er composites or sandwid panels, and the electrical componerts are embedded during
manufacturing. The traditional ground plane/printed circuit board designis performed by
copper/p olymide (CU/PI) patches, multi-chip modules (MCMs), and the current cabling
functions are performed using CU/PIl °exible jumpers. The design allows for an easily-
accessibleremovable, and modular electrical system[13]. The bene ts of this technology
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Figure 2.1: Schematic of MFS Con guration [13]

include a 70% reduction in electronic enclosuresand harnessesa 50% reduction in space-
craft volume required for these convertional componerts, a reduction in labor required for
spacecraftasserbly, and an extremely robust systemwith wide applicability to seweral mis-
sions[3]. LockheedMartin hasrecerily proventhe technology asan experimert aboard the
Deep Spacel mission[13].

2.2.3 Isogrid Structures

Isogrid usesan array of equilateral triangle cutouts to increasethe sti®nessper weight of
a structure. The pattern may be manufactured by madining a metallic panel, or it may
be constructed using b er composite materials. The conceptbeganin the early 1960sus-
ing metal structures and dewelopmer corntinuestoday with researt focusing primarily on
composite applications.

The Isogrid DesignHandbook [23] is consideredthe foremostguide to isogrid structural
design. The handbook cortains the results of a study conducted by Dr. Robert Meyer
beginningin 1964. The investigationexaminedoptimum sti®eningpatterns for compressiely
loadeddomestructures. The study determinedthat isogridis an excient sti®eningtechnique
for dome structures and the work was later extendedto include plates and cylinders. This
work led to application of the technique to Delta vehicle tanks, interstages,shrouds, and
Orbital Workshopinteriors.

The handbook preserts the advantagesof the isogrid designand the typical designsit-
uations when application of the technique is bene cial. It alsode nes the isogrid notation
usedin nearly all of the modern literature. The theory for the sizing and analysisof isogrid
is presened and the manufacturing techniques are discussed. Correlation of the analysis
results and the structural testing results obtained for the Delta launch vehicleare discussed
to further verify the isogrid structural concept. This literature focusesprimarily on the use
of isotropic materials, sud as metals; howewer, the basic geometricaltheory can be applied
similarly to composite materials.
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Paul Slyshauthored se\eral papersand articles concerninganalysisand manufacturing of
isogrid structuresin the 1970sand 1980s.Slysh conductedresearti on CNC manufacturing
of aluminum circular cylinders [34], and budkling analysisand testing correlation [35]. He
alsodemonstratedse\eral usesof isogrid for structural applications.

The Isogrid MicrospacecraftStructures Final Report [36] presens the design,analysis,
and fabrication guidelinesdewelopedin the manufacturing of an aluminum isogrid spacecratft.
The preliminary designand analysis were performed using the Isogrid Design Handbook.
Modi cations were madeto the isogrid array and it was showvn that the modi cations had a
negligiblee®ecton the overall structural exciency. The e®ectienesfisogrid fabrication for
small organizationswas demonstratedusing Computer Numerical Controlled (CNC) milling.
Static testing data was correlated with the nite elemen model to investigate methods of
masssavings.

Lauer et al [21] authored a technical paper describingthe design,analysis, fabrication,
and testing of an aluminum isogrid instrument mounting platform. The mounting platform
was deweloped to support a meteorologicaloptical instrument and sensorwith stringert
pointing requiremens. The paper includes a trade study of an isogrid design versus a
honeyconb sandwid design. The results indicate that aluminum isogrid outperforms hon-
eyconb sandwid panelsfor this application becausethe sandwit panels exhibits a lack
of peelstrength, high stressconcenrations from mounting points, poor thermal conduction
without the useof thick facesheets,and poor thermal “eld{of{view to the instrument base
plate. Seweral instruments mounted to the isogrid platform usingthe node attachmernt points
and interface brackets. The paper presents the static and dynamic analysesperformedand
correlatedwith vibrational testing to verify the integrity of the panel.

Se\eral technical papers and journal articles have been written regarding the design,
analysis,and manufacturing of b er composite isogrid structures. The Air Force Researb
Laboratory has researbed b er composite isogrid developmert sincethe early 1990s[20].
Thomas Kim hasextendedAFRL's researt on analysisand fabrication techniquesof com-
positeisogrid panels[10] and cylinders[18]. Kim and AFRL deweloped b er compositeisogrid
solar panel substratesfor use on the Clemertine spacecraft[19]. Parametric studies were
undertaken to demonstratethe feasibility of the isogrid panelsfor solar array applications.
As a result of these studies, b er composite isogrid structures were shavn to outperform
honeyconb sandwid structuresin sti®nessmass,cost, and thermal properties.

Dorseyet al [9] conducteda trade study of two conceptsfor an aerobrale hexagonalheat
shield design. One conceptis a sandwid panel construction with an aluminum honeyconb
coreand graphite/epoxy facesheetsand the other conceptis a graphite/epoxy skinnedisogrid
construction. The panelswere comparedusing linear static, linear buckling, and nonlinear
static analyses. Detailed presetnation of the analysis was presened and the honeyconb
sandwid panelwasfound to be superior for this application. We usethis paper asa primary
resourcefor nite elemen modeling of the isogrid structure.

NASA Langley Researb Center, TRW, and Composite Optics, Inc. conducteda re-
sear® and dewelopmen program to ewaluate the bene ts to using b er composite isogrid
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for spacecraftcomponerts [33. The study demonstratedthat there are bene ts to using
composite isogrid for seweral applications sud as solar array substrates,equipmern avionics
panels,and high frequencyRF re°ectors. The results further reinforcethe results from the
AFRL study by test/analysis correlation.

Se\eral other resourcesare available to investigate the structural analysisof composite
isogrid cylinders and panels. Researb has been conductedin the elds of linear bifurca-
tion and nonlinear buckling of these structures; for example Wang et al [41] conducted
post{buckling and linear bifurcation analysisin parallel with experimerts and Zhang [46]
deweloped geometricand material nonlinear post{buckling equationsfor composite isogrid
cylinders. Huybredts and Tsai [16] investigatedthe e®ectof nodal o®setand grid structure
weaknessesud as missingribs. LockheedMartin, AFRL, and NASA have also conducted
researtr on composite isogrid cylinders for future SpaceShuttle fuel tank applications[2§].
Estimations of the compactionforcesnecessaryto maintain structural integrity of the cylin-
ders were found using material nonlinear nite elemen analysis. Compaction forces are
applied to the composite during lay{up and are ditcult to exactin practice. Theseforces
are related directly to the structural integrity of composite isogrid cylinders.

2.3 Summary

In this chapter we preserted a literature reviewinvestigating past satellite structural designs.
We descrited basic primary structural designsand the materials widely usedin spacecraft
structural design. We examinedthe advantagesand disadwantagesof ead designand mate-
rial. We also presetted literature describingstructural optimization methods. We included
a review of modern optimization methods, suc as multifunctional structures, and conven-
tional optimization methods, sud as sandwid and isogrid panels. Finally, we presened
a detailed review of past researt conductedin the eld of isogrid structures. In the next
chapter we usethis information to designthe structure of HokieSat.



Chapter 3

Structural Design

The dewelopmen of any structure begins by establishing a design. In this chapter, we
descrike the processusedto create the structural designof HokieSat. We begin with a
description of the major designconstraints that guided the medanical design. We presen
the preliminary objective function analysisand results usedto create a preliminary design.
We also presen the iterativ e designprocedureusedto createthe current design. We then
describe the con guration and the composite isogrid structure design.

3.1 Design Pro cedure

The current designprocedurebeganwhenthe lonosphericObsenation Nanosatellite Forma-
tion wasestablished.The rst stepin the designprocedurewasto sizethe generalspacecraft
con guration due to the large number of organizationsinvolved in the mission. The ION-F

nanosatelliteswere con gured ashexagonalcylinderswith dimensionsresenling the gures

stated in Chapter 1 to minimize the inherert complications of integration. The hexagonal
con guration allowed selectionof a uniform separationsystembetweenthe spacecraft.

The next step required a selectionof the basic primary structural design. We rated the
four basicdesignsstudied in the literature review and decidedto usea modi ed monocoque
cylinder structure. We chosethis design becausethe monocoque design had heritage in
nanosatellite structures and was readily applied to our program [31, 36, 11, 45]. The design
enabled a body{mounted solar cell con guration and allowed mourting of the relatively
lightweight componerts to its side panels.

The next step in the designprocesswasto selectthe optimum material for the primary
structure. We presened the large number of panel materials with spaceheritage available
for satellite structural designin the literature review. To reducethis number, we performed
a parametric study and reducedthe number of primary structural materials to three: 1)
solid metallic panel, 2) honeyconb sandwid panel, and 3) b er composite panel. We then
evaluated eat of thesematerials in more detail basedon se\eral designcriteria. We chose

18
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thesestandardsby applying a list of designparametersdescribed by Grooms, Debarro, and
Paydarfar [12] to the unique programmatic and structural issuesof the project. The design
criteria selectedfor the mission are shavn in Table 3.1. The list was modi ed to include
studert involvemert in the spacecraftdevelopmern, which is an integral goal of the HokieSat
mission.

We subsequetly constructedan objective function to evaluate the performanceof eah
remaining material simultaneously Eadh material was given a score, S;, for ead of the
criteria ranging from 0.0to 10.0basedon results of the literature review and commerts from
various specialists [14, 42]. The total scoreof the material designis thus calculated using

equations3.1 and 3.2:
®1

Stotal = (Wj Sj ) (3-1)
j=1
The weighting factors, W;, were chosenusing the following constrairt to ensurean objective
and excient analysis:
1
* W, = 1.00 (3.2)
j=1

A sensitivity analysiswas conductedon the objective function using three weighting con-
ditions. The rst condition was that of a generalstructural engineer. Here we distributed
most of the weights equally with an emphasisplaced on the medanical properties of the
structure. The secondcondition was basedon the viewpoint of the chief engineer. This
viewpoint alsodistributed the weighting factors relatively evenly; however an emphasiswas
placedon low massand project scheduling. The nal condition placedan emphasison rating
the amourt of studert involvemert resulting from application of the speci ed material. The
three conditional weighting factors are presened in Table 3.2 and the preliminary design
results are displayed in Table 3.3. The objective function clearly demonstratesthat metallic
panelsare the most e®ectie structural designfor our project. There werese\eral reasondor
this decision. Fiber composite structures are expensive to manufacture and require costly
structural testing. The honeyconb sandwid panelsrequire potted insertsto attach fasteners
which createsafely concernsand parasitic mass. The metallic panelsare relatively simpleto
manufacture and minimize the safey and testing requiremens. Metallic panelsalso allow
greater student manufacturing and handling.

The next step in the designprocesswas to dewelop an optimum metallic plate design.
Seweral metals are usedin satellite fabrication, sud asaluminum, titanium, beryllium, and
stainlesssteel, which were discussedin detail in Chapter 2. These materials vary in cost,
manufacturing time, mass,strength, durability, and required craftsmanship. Aluminum 6061
T{651 was selectedas the primary material in the spacecraftstructure for se\eral reasons.
The material is relatively abundart and economicallyfeasiblefor a low budget program. It
hasa density of approximately 0.1 Ib/in 3 which is roughly onethird the density of steeland
other metals usedin manufacturing. Finally, aluminum is simple to manufacture and has
relatively good workability [22]. Good workability is an important advantage to considerfor
a small budget program, which must minimize cost by using university machine shops,and
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Table 3.1: DesignCriteria Scoresfor Materials

j  Criteria Metallic Honeyconb Sandwid Fiber Composite
1 Mass 9.0 9.5 10.0
2 Design/dewelopmert/test cost 9.0 9.0 7.0
3 Studert involvemert 9.0 8.5 8.0
4 Easeof fabrication/assenbly 8.5 9.0 8.5
5 Easeof subsystem/inegration 8.0 9.0 8.5
6 Easeof inspection/repair 10.0 8.5 8.0
7 Availability of material 10.0 9.0 8.0
8 Thermal performance 9.5 8.5 9.0
9 Testrequiremerts 9.5 8.0 6.0
10 Analysis techniquesavailable 9.0 8.5 8.0
11 Operations schedule 9.0 9.0 8.5

Table 3.2: Distribution of Weighting Factors for Each Condition of Sensitivity Analysis

j  Criteria Condition 1 Condition 2 Condition 3
1 Mass 0.15 0.20 0.05
2 Design/dewelopmern/test cost 0.10 0.20 0.10
3 Student involvemen 0.10 0.05 0.20
4 Easeof fabrication/assenbly 0.10 0.10 0.20
5 Easeof subsystem/integration 0.10 0.05 0.10
6 Easeof inspection/repair 0.05 0.05 0.10
7 Availability of material 0.05 0.05 0.05
8 Thermal performance 0.10 0.10 0.05
9 Testrequiremerns 0.10 0.05 0.05
10 Analysis techniquesavailable 0.10 0.05 0.05
11 Operationssdedule 0.05 0.10 0.05

Table 3.3: Objective Function Results
Condition Metallic Honeyconib Sandwid Fiber Composite
1 9.050 8.850 8.175
2 9.075 8.975 8.300
3 9.075 8.975 8.300
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relatively inexperiencedstuderts to perform the majority of the macdine work.

The next considerationin the design processwas optimizing the structural and mass
properties of the spacecraft. The optimal structural designchosenfor HokieSatwas isogrid.
Isogrid, illustrated in Figure 3.1, usesan array of equilateral triangle cutouts to increase
the structural performanceof a °at sheetof material. Ideally, madining an isogrid pattern
reducesthe massof the original plate by approximately 75% and reducesthe strength of
the plate by appraximately 25%. Nominally, this proceduremay produce a 200%increase
in structural exciency comparedto the original °at plate [36. Another advantage to ma-
chining the triangle array is that the plate remainsisotropic [23]. Therefore, it exhibits
similar strength in all directions and locations of stressconcerrations are minimized. We
conducteda preliminary analysis, described in Chapter 5, to sizethe isogrid and establish
the preliminary designof the spacecratft.

Figure 3.1: Photograph of HokieSatIsogrid Structure

In the nal stepsof the designprocess,we implemerted an iterative method of design
optimization similar to the method proposedby Grooms, Debarro, and Paydarfar [12] (see
Figure 3.2). The stepsin the iterativ e procedureusedquestionsto help optimize the design.
If we answered no to any of these questionsthe designwas modi ed and the processwas
begunagain. The processconsistedof six steps. The rst step ensuredthat all subsystems
would t into the spacecraft. The secondstepusedCAD softwareand nite elemen analysis
to ensureacceptablestructural and massproperties. The next stepsdeterminedif the man-
ufacturing cost and sdhedule of the structure were acceptable. Cost{saving methods were
implemerted throughout the manufacturing procedure. These methods included manufac-
turing seweral componerts in on{campus facilities and using undergraduate and graduate
studert labor throughout the process. The nal stepsin the designprocessexaminedthe
asserbly, manufacturing, and operations aspects of the design. Many stepswere taken to
easehandling, asserbly, and manufacturing issuesthroughout the process. We used nite
elemen analysistechniques,which we discussin the next section,coupledwith developmern
considerationsto arrive at the most excient design. Upon successfutompletion of the de-
sign process,we arrived at the nal HokieSat structural design. We now discussin detail
the nal structural designcon guration.
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Figure 3.2: HokieSat Structural DesignProcess
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3.2 Structural Con guration

The HokieSat structural con guration is designedto accommalate all of the missioncom-
ponerts (seeFigure 3.3 and Figure 3.4). The spacecraftusesbody{mounted solar cells for
power generation,torque coils for attitude cortrol, digital camerasfor attitude determina-
tion, micro{pulsed plasmathrusters for orbit cortrol and seeral other componerts for data
processingand comnunications. All of the electronicscomponerts connectto the isogrid
at web intersection points, known as nodes. The isogrid pattern is con gured with two{
inch node spacing. This pattern allows for corveniert mourting of the componerts while
increasingthe structural performance. The rib width dimensionof 0.08 inch is minimized
to eliminate massand allow accurate macdining without vibration [23, 36]. Minimizing the
rib width dimensionwhile maximizing the rib depth is also critical to presene much of the
panel bending sti®ness.

XIL

Cameras components

Power
processing

Torque )
unit

coils (3) <=

Magnetometer

Camera
Pulsed plasma

thrusters (2)

Camera
Sr?étlf)rsire Downlink
transmitter
Rate gyro Electronics

enclosure

Figure 3.3: Internal Con guration of HokieSat

The separationsysteminterfacesstrongly govern the structural design. The separation
systemschosenfor our missionare the Lightband and the Starsysseparationsystems.Hok-
ieSat interfaceswith the Starsysseparationsystemon the nadir panel and the Lightband
separationsystemon the zenith panel. The Lightband separationsystemsinterconnectthe
ION{F spacecraft. The systemssupport the spacecraftduring launch and separateat a
speci ed time on orbit. The Lightband is con gured as a hexagonalcylinder with a major
diameter measuring18 inchesand a total height measuring3 inches(seeFigure 3.5). The
systemuses24 #10{32 fastenersto connectto the host spacecraft. The Starsysseparation
systemconnectsthe ION{F stad to the MSDS. It usesthe samebolt hole pattern; however
the systemusessteelto provide a stronger connection. It also has approximately the same
footprint dimensions.
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Figure 3.4: External Con guration of HokieSat
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The structural assermbly consistsof eight isogrid plates (seeFigure 3.6). The two end
panelsare hexagonalplatesmeasuringl8inchesin major diameterand 0.25{inch in thickness.
The panelsuse an open isogrid plate designwith 24 #10{32 through holesde ned by the
Lightband separation system to connectto the side panel °anges. The side panels are
manufactured using open 0.23{inch thick isogrid plates adheredto 0.02{inch outside skins.
Thesecomposite side panels,shavn in Figure 3.7, are lessexpensiwve to manufacture than a
monaocoque structure. The skins reinforcethe side panelsand provide a sti®, stable surface
to atx body mounted solar cell arrays. The side panelsare modi ed to extend one inch
above and below the end panel surfacesto provide more areato support the cell arrays. The
corner interfacesare designedusing sheartabs to sti®enthe joints and alleviate the shear
loading on the bradket fasteners. Flangesprotrude at the top and bottom of the panelsto
interface with the end panelsand Lightband fasteners. The °angesare cut at a 60* angle
alongoneedgeto allow the cornerLightband fastenerto connectexciently. Modi cations to
the isogrid occur in four of the side panelsto allow the nozzlesof the pulsedplasmathruster
(PPT) nozzlesto protrude outside the structure. Two webs are cut out of the array to
provide cameramourting for the attitude determination system. Basedon previousanalysis
of isogrid structures, thesemaodi cations have a negligible e®ecton the structural integrity
of the panels[36, 23].

Figure 3.6: End Panel Design

The structural asserbly procedurerequiresthat all of the side panelsand internal com-
ponerts be asserbled prior to attachmert of the end panels. The side panelsare asserbled
usingtwo bracket designs.Bracket Designl, shown in Figure 3.8, is the morerobust bracket
that is approximately 0.25{inch thick. The bradket is fabricated using Aluminum 6061{
T651. The bracket designprovides adequateshearand pull{out strength for the fasteners
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Figure 3.7: Composite Side Panel Design

and alsoreinforcesthe bending sti®nesf the joint. Bracket Design2, shovn in Figure 3.9,
is brake{formed using a 0.063{inch sheetof Aluminum 6061{T651. This designallows the
PPTs and mounts to t into the two corners. Both bracket designsconnectthe side pan-
els using four #10{32 fasteners. The end panelsand separation systemsare attached to
the °angesatfter all of the side panelsand internal componerts are asserbled, as showvn in
Figure 3.10. The Lightband separation system requiremerns specify that the systemis to
exhibit a °atnessof lessthan 0.0005{ind per inch. The endpanelis designedo accomalate
this requiremen. Howewer, the nal step of the assembly cheds the Lightband °atness to
ensureproper assembly of the system[15].

3.3 Summary

In this chapter we descrited the designprocessusedto arrive at the existing HokieSatstruc-
tural design. We preserted the criteria and objective function usedto selectthe optimum
design. We alsopreserted the paneldesignsand the nal compositeisogrid structural con g-
uration. In Chapter 4, we discussthe manufacturing techniquesusedto fabricate the design
and the quality assurancemethods implemerted to ensurehardware protection.
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Figure 3.10: Structural Assenbly
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Chapter 4

Fabrication

The purpose of this chapter is to presen the fabrication methods used to manufacture
the HokieSat structure. We begin by describingthe madining methods usedto fabricate
the structural asserbly. We then descrile the corrosion protection and quality assurance
methods implemerted to maintain integrity of the structure. We concludewith a description
of the bonding processusedto manufacture the composite side panels.

4.1 Structure Man ufacturing

Manufacturing of the structure was completed using multiple macdining methods to min-
imize cost. Seweral componerts were machined on a corvertional mill in the on{campus
Aerospaceand OceanEngineering(AOE) madining facility. Thesemadinestypically pro-
vide a toleranceof § 0.001inches. The panelsweremanufactured usingan alternate method
due to time, geometrical,and tolerance constrains.

The fabrication of the isogrid panelswas performedusing computer numerical cortroller
(CNC) milling madines. The CNC milling madines use a computer interface to cortrol
the mill position. This interface enablesparts to be fabricated with small tolerances. It
alsominimizes madine time by using a computer{aided{manufacturing (CAM) software to
generatethe mill cortrol code, or \g-code," from computer{aided{drafting (CAD) software
usedto create designdrawings. A CNC code was deweloped and implemerted for all eight
isogrid panelsusing AutoCAD and SolidWorks software. The side panelswere madined
from 1{inch blocks of aluminum to provide adequatethicknessedor the °anges. The end
panelswere madined from 0.25{inch sheetsof aluminum.

All of the other componerts were manufactured using traditional meansin the AOE
madhining facility. The skin face sheetswere fabricated on a convertional mill from 0.02{
inch sheetsof aluminum. The brackets were madcined and hand{formed from 0.25{inch and
0.125{inch aluminum sheets. All medanical connectionsin the primary structural design
were designedto use#10{32 standard fasteners.

29
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Somestructural componerts have special tolerancerequiremerts. The zenith end panel
outer surfaceis required to have no variations greater than 0.0005inch per inch due to
Lightband separationsystemreliability issues[15]. This was veri ed by using an indicator
and a granite table asshawvn in Figure 4.1. The °atnessmust alsobe veri ed during the nal
asserbly asvariations may be introducedby errorsin the torque margins of the fasteners.

Figure 4.1: Method Usedto Verify Lightband FlatnessRequiremerts

4.2 Comp osite Side Panel Bonding

The side panelswere designedto be reinforcedusing a composite structure. Ead side panel
was adhered using a standard 2216 gray epoxy purchasedthrough 3-M. The epoxy was
chosenfor its e®ectienessat bonding aluminum and its durability in the arduous space
environmert [2]. It alsoexhibits relatively simple handling characteristicswhich enablethe
bonding to be usedfor small programssud as HokieSat.

A meticulous procedurewas implemerted to ensurea suzcient cure of the bond and
satisfy all of the NASA safey criterion. The panelswere rst masked leaving only the
bonding surfacesexposedto ensurethat none of the other surfaceswere cortaminated with
excesepoxy. The panelsandinstruments werethen cleanedusingseven0.005{inch diameter
mono lamert lineswerelaid acrossthe isogrid panelin the lateral direction (seeFigure 4.2).
The epoxy was mixed and then applied to the skin and the isogrid panels(seeFigure 4.3).
The panelsand the skins were then wiped with a spatula to cortrol the thicknessof the
bondline, as shavn in Figure 4.4. The epoxy was lessthan 0.001{inch thick on the skin
and the lines on the isogrid panelsensuredthat there was an even 0.005{inch distribution
of epoxy over the ertire surface. The skins were then placed on the isogrid panelsand the
asserblieswereplacedin xtures to ensurea squarelay{up, asshown in Figure 4.5. Finally,
the panelswere placedin an oven at approximately 80* Celsiusfor 120 minutesto cure [4].
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Figure 4.3: Application of the Epoxy to Isogrid Panel
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Figure 4.4: Spatula Method Usedto Ensure Even Epoxy Distribution

Figure 4.5: Method Usedto Lay{Up the Composite Side Panelsfor Curing
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4.3 Hardw are Qualit y Assurance

All of the aluminum in the °ight structure was coated with an iridescert chemical Im
for corrosion protection accordingto MIL-C-5541E [40]. The Tm protects the aluminum
surfacesfrom oxidation without altering the dimensions. It also allows adequatethermal
and electrical conductivity through the panels[1].

All of the hardware is stored in a Class 100,000clean facility. Adequate clean room
attire is required to handle the hardware to prevent contamination. The ernvironmert is
maintained at temperatures between65 and 75 Fahrenheit and humidities between 40 to
60%. Theseideal conditions prevert oxidation of the aluminum and minimize the risk of
damageto the electroniccomponerts (e.g. electrostatic discharge).

4.4 Summary

In this chapter we preserted the manufacturing techniques used for fabrication. We also
discussedhe bonding procedureusedto lay{up the composite side panels. We concluded
by presening the current methods usedto assurequality of the hardware. We now discuss
the analysisand test techniquesusedto verify the integrity of the structure.



Chapter 5

Structural Veri cation

In this chapter, we describe the methods usedto verify the integrity of the HokieSat struc-
ture. We beginwith the preliminary static analysisthat guidedthe nanosatellitemedanical
design. We then re ne the analysisusing correlation of the nite elemen model with static
and modal testing. Finally, we presen the results of a detailed ION{F nite elemen analysis
to ensuresurvivability of the stadk con guration during launch.

5.1 Preliminary Analysis

We beganthe structural analysisby performing a simpli ed analysison the satellite to size
the preliminary designof the structure. We usedan iterativ e procedureasshown in Chapter 3
and performed nite elemen analysesof the structure usingthe launch environmert loading
conditions. Basicisogrid theory wasthen applied to establishcriteria for choosingthe initial
isogrid structural design.

The loading conditionswerecomputedusingrequiremeris from the SHELSUser'sGuide [26]
(SUG). The limit load factors are shavn in Table 5.1. Theseload factors were considered
simultaneously and in all possiblepermutations. We also applied factors of safey, FS, to
the limit load factors equalto 1.250n yield and 1.4 on all ultimate failures (seeTable 5.2).
The margins of safe, MS, were calculated using the following formula:

?/éllowable
MS= ————i 1, 0 5.1
FSE Yoo &1
where ¥4 0nanie 1S €ither the allowable yield stressor the allowable failure stressfor the
material (dependingon the factor of safety), and ¥acwal IS the stresscalculatedin the analysis.
The margins must be positive for all failure modes,including material failure and buckling.

The structure was rst modeled using arrays of shell elemeits. The preliminary dimen-
sionsof the structure were de ned as a hexagonalprismatic shell with a height measuring
11.5inchesand a major diameter measuring18 inches. We performed a stressanalysison

34



Craig L. Stewens Chapter 5. Structural Veri cation 35

Table 5.1: SHELS Structural DesignLimit Load Factors
LX (9) LY (9) LZ(9)
§110 8110 §110

Table 5.2: SHELS Structural DesignFactors of Safet/
FSyietd F Suitimate
1:25 1:4

the structure for di®eren shell elemen thicknesses.We then found the equivalert isogrid
panel stresseausing theory descrited in the Isogrid Design Handbook [23]. The handbook
derivesthe stressequationsbasedon the isogrid geometrical parameters. The parameters
de ning isogrid geometryare shavn in Figure 5.1 and presened in Table 5.3.

WAVAVAVAYS
AVAVAVAVAS
VAVAVAVANN

Figure 5.1: Isogrid Parameters

We rst explain the isogrid theory and assumptionsto presen the method usedfor the
preliminary analysis. We begin by examining a web elemen of the gridwork and assuming
it is in a state of uniaxial stress. Only one of the principal stressesin eatch menber is
assumedto be nonzero,therefore,the uniaxial bar strains, e;, &, and e;, are de ned asthe
longitudinal strains of the websin the three correspnding directions. Applying the strain
transformation law yields the following relationship betweenthe uniaxial bar strains and the
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Table 5.3: Isogrid De nitions
Parameter De nition

t Thicknessof Skin

b Width of Rib Web

h Height of Triangle

a Distance BetweenNode Certers

d Depth of Web

E Equivalent Young's Modulus

grid coordinate strains:

oexl 123 ;9_ _30e11

%°Xyi{=§90 2°3 2 3iBek (5.2)
e il 2 2 €3

The uniaxial bar loadsfor a unit thickness,P;, are de ned by recalling the generalizedform
of Hooke's law:
P,=bEe =123 (5.3)

We now seekto dewvelop Hooke's law for the ertire menmbrane. For a rst appraximation, the
changesin curvature and the correspnding bending stressesare neglected. Poisson'sratio
is also assumedto be ;. The menbrane stressresultarts, Ny, Ny, and Ny, may thus be
found using plane stresssolutions or equilibrium conditions. The relationships betweenthe
stressresultants and the grid strains are as follows:

0 1 2 , 30 1
Nx 1 O § eX
BNy K=KJ30 1 08B °y K (5.4)
Ny 01 o
wherethe extensionalsti®nessK, is equalto the following:
9
K = éEt(1+ ®) (5.5)

The nondimensionalparameter ® is computed using the following relationship:

bd

®= (5.6)
Solving Equation 5.4 for the grid strains as functions of the stressresultarts yields:
AeX! i 1 "1 il#ANx!
o T E@re® ii 1 N, &0
s  _ 8 Ny (5.8)

YT 3Et(1+ ®)
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We now nd the skin stressequations using the derived relations. The skin stressesare
found using Hooke's Law and substituting in the above equations. The generalizedform of
Hooke's law for planar stressproblemsis givenin the following equation:

A Y ! £ " L1 #A !
% — 3 €
. — E [o]
&y = m Xy (5.10)

The skin stressesrethereforefound by substituting Equations5.7and 5.8into Equations5.9
and 5.10: 0 0 1

X

% & E = ) N % (5.11)
%

t(1+ ®)
y

We now nd the rib stressequationsusing the above derivations. The rib stressesare
the normal stressescalculated along the three rib directions. Therefore, the rib stressesare
found from Equations 5.2 and 5.3 as:

P

Y% = Flz Ee,
P, E p_

Yy = 32 = Z(ex + 3, + 3q) (5.12)
P, E p_

7 = FS = 260 3y +38)

We formulate the rib stressequationsby substituting in Equations 5.7 and 5.8 into Equa-
tion 5.12to obtain:

1

3 - - .

Y = i(N +p§N ) (5.13)

S T R Xy '
2 P

378 - m(Nyl 3ny)

We next choosethe skin thickness,t, to be zeroto simplify the analysisand create a worst
caseloading condition. We substitute Equation 5.6into Equation 5.13and establishthe zero
skin{thic knesscondition to obtain:

2h P~
Yp = %(N + 3Ny (5.14)
P—
Ya = (Nyl 3Nyy)

3bd
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Due to the isotropic nature of isogrid it is possibleto relate the extensionalsti®nesparame-
ters and rib stressequationsto a monocoque plate. In this case,the openisogrid is modeled
as a solid plate of equal thicknessand reducedsti®ness.We model the reducedsti®nessby
using an equivalert Young's modulus, E, that is basedon the sti®nesseduction due to the
grid geometry This formulation reducesto the following:

E = EE (5.15)

where the E is Young's modulus of the isogrid material. Thus, it is possibleto create a
monocoque plate that represeis the equivalent isogrid panel.

We created a nite elemenn model in I-DEAS [38] using a linear shell elemen array
(seeFigure 5.2). We rst simpli ed the analysisby minimizing the number of parameters.
The width of the rib, b, and the distance betweennode certers, a, were previously chosen
basedon machining and integration constrairts as discussedn Chapter 3. Theseconstars
therefore make the equivalent Young's modulus constart. The web depth (panel thickness),
d, is the only other independert parameterand is equalto the monocogue panelthicknessin
this case.We performedan iterativ e analysisby calculating the rib stressesat di®eren web
depths. The results are showvn in Table 5.4. The valuesof the yield and ultimate stresses
of Aluminum 6061-T651are 35 kips per squareinch (ksi) and 38 ksi, respectively [39. The
margins were calculated using Equation 5.1 and the factors of safey showvn in Table 5.2.
The preliminary results showv that 0.200{inch thick plates are sutcient. Howewer, we were
forcedto increasethe panelthicknessfor the following reasons:

2 meetingthe sti®nessequiremerts of the ertire payload assembly (ION{F and MSDS)|[2]
2 surviving the consenative testing requiremers (discussedater in the chapter)

2 neglectingthe componert massesand assumingan simpli ed load path

2 threading the componern fastenersinto the isogrid panels

2 increasingthe stack mass

The ION{F stad sti®nessvasa major concernin the design. HokieSatis a major corntributor

to the overall stadk sti®nesgdueto its position at the baseof the stadk. A preliminary stadk
modal analysis was performed and the results demonstrated that 0.200{inch plates were
insuxcient. We were also concernedabout incorrect load paths in the model and failure to
model non{structural mass(componerts). Providing suxcient thread length for fasteners
for componert integration wasalsoanother concern. Finally, satisfaction of the consenrative
test requiremens, which will be explainedlater in this chapter, and a substartial stack mass
increasefurther required an increasein panel thickness. Therefore, we increasedthe plate
thicknessto 0.250{inch to accommalate all of the requiremerts.

In the next section,we re ne the analysisto model the actual isogrid webs. We presen
the modal analysisand testing usedto verify the model. We discussthe analysisand test
correlation of the isogrid end panel, isogrid side panel, and isogrid asserbly models.
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Figure 5.2: Preliminary Analysis Mesh Con guration

Table 5.4: Preliminary Analysis Results
d (inch)  ¥max (ksi) M Spin

0.063 74.2 -0.663
0.125 36.0 -0.306
0.150 30.2 -0.173
0.175 256 -0.025
0.200 222 0.124
0.225 196 0.274

0.250 17.8  0.407




Craig L. Stewens Chapter 5. Structural Veri cation 40

5.2 Isogrid Satellite Mo del

Wenext re ned the model and createda nite elemer model of the physicalisogrid structure.
We modeledthe isogrid panelsusingarrays of beamand shellelemens. We beganby creating
models of the isogrid side and end panels. We then asserbled the panelsinto the isogrid
structural asserbly. We veri ed the model in se\eral stepsthroughout the processusing
modal analysisand testing correlation.

We rst modeledan isogrid end panel using an array of 0.25{inch thick beamand shell
elemens. The isogrid websweremodeledasse\eral 2{inch discretebeamelemerns, asshovn
in Figure 5.3. The edgesti®ener,or separation system mourting area, is modeled using
0.25{inch thick linear quadrilateral and triangular shell elemerts. The separation system
mounting points were modeled as nodeswhich createda nonuniform elemen geometry
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Figure 5.3: Isogrid End Panel FEM

We next performeda modal analysisto investigatethe unrestrained sti®nessproperties
of the end panel. We usedthe Lanczossolver in I-DEAS to calculatethe rst 2 resonances
of the panel. The solver incorporates frequency shifting for excient solving of the normal
modes. The rst two modesare shovn in Figures 5.4 and 5.5. The rst mode exhibits a
twisting/b endingmode shape (hyperbolic parabaloid) at a natural frequencyof 105Hz. The
secondmodeis a\drum” mode occurring at 182Hz. A \drum" mode occurswhenthe certer
of the panelvibrates similar to a drum head.

We modeled an isogrid side panel using an array of beam and shell elemens. The side
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Figure 5.4: Isogrid End Panel FEM First Mode

Figure 5.5: Isogrid End Panel FEM SecondMode
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panel was modeled similar to the end panel model; howewer, we included the °“anges and

overhangs. The sti®enerswere modeled using 0.23{inch thick linear quadrilateral shell ele-
ments. The webswere modeledusing 0.23{inch thick linear beamelemerts. We represered

the °anges and overhangsusing solid and shell elemerts, respectively. The elemens were
o®setfrom the neutral{axis nodes of the websand sti®enersto create the proper sti®ness
properties of the panel. Rigid elemerts were usedto connectthe elemen nodesand transfer

the loads[9] betweenthe elemelrts.

We also performed a modal analysis on the side panel to examine the unrestrained
sti®nesgroperties. The rst two modesare shown in Figures5.6 and 5.7. The unrestrained
model exhibits a fundamenal torsional mode of vibration at 131Hz. The top andthe bottom
of the panel vibrate 180" out of phase. The secondmode of vibration is a plate bending
mode shape occurring at 171 Hz. The plate bendsabout its minor axis.

Figure 5.6: Isogrid Side Panel FEM First Mode

We next veri ed the accuracyof the modelsusingmodal experimert data correlation. We
performeda tap test using a tap hammer and piezcelectric accelerometersThe experiment
was conductedat Virginia Ted in the Mechanical EngineeringModal Analysis Laboratory
andthe Aerospaceand OceanEngineeringStructuresLaboratory. The panelsweresupported
using tape and bungeecord con gurations, as shovn in Figure 5.8. All instruments were
calibrated accordingto MIL{STD{45662A. The panel was struck with the tap hammer
which measuresthe impulse. The accelerometerameasuredthe response and the signals
were processedusing a Fourier analyzer system. The frequencyresponse function (FRF)
was calculatedusing a fast Fourier transform algorithm and the resonancesnd phaseswere
examined. The resultsfor the panelsare shown in Figures5.9,5.10,and 5.11. The end panel
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Figure 5.7: Isogrid Side Panel FEM SecondMode

and sidepanelmode shapescorrelatewell with the analysis. The sidepanelanalytical natural
frequenciesarewithin 1% of the experimertal data. However, the frequencief the end panel
analytical modes are approximately 6% belon the experimertal natural frequencies. This
error is most likely due to de cienciesin inertial properties modeling and sti®nessmodeling
(Tlets) and is consideredacceptable.We considerboth nite elemen modelsveri ed within
acceptablemargins.

We next con gured the FEM panelsinto the isogrid structural asserbly. The panels
were connectedusing coincident edgenodesthat transfer the loadsbetweenthe corner shell
elemens. We did not model the °angesand the overhangsto reducecomplexity and because
the overhangshave relatively little cortribution to the structural integrity of the asserbly.
We rst performeda modal analysisto examinethe sti®nessproperties of the model. The
results are shovn in Figures5.12and 5.13. The rst mode of the asserbly has a natural
frequencyof 249Hz. At this frequency the mode shape exhibits large de°ectionsof the end
panels(also called a \drum mode") that resonate180* out of phase. The secondmode of
the structure occursat 263 Hz. The secondmode shape is alsoa \drum mode;" howewer,
the nadir panel vibrates in phasewith the zenith panel. The analysis demonstratesthat
componerts mounted on the certer of thesepanelswill experiencethe greatestaccelerations
during launch.
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Figure 5.8: End Panel Modal Test Con guration

Figure 5.9: Isogrid End Panel Modal Testing Results (f,, = 111Hz)
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Figure 5.10: Isogrid End Panel Modal Testing Results (f,, = 193Hz)
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Figure 5.11: Isogrid Side Panel Modal Testing Results
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Figure 5.12: Isogrid Assenbly FEM First Mode

Figure 5.13: Isogrid Assenbly FEM SecondMode
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A modal survey was also conductedon the isogrid structure to evaluate the correlation
between the analytical and experimertal data. The structure was tethered from a crane
with elastic cordsto provide unrestrained boundary conditions. A 75 pound shaker with a
four-inch vertical stinger was usedto apply a burst chirp impulse to the structure ranging
from 20 Hz to 1000Hz. A three-axis accelerometemwas attached at di®eren locations on
the spacecraftfor ead test. A statistical analysiswas performed on the results and the
mean valuesfor the rst and secondmodal natural frequenciesare shavn in Table 5.5. A
comparisondemonstratesthat the rst and secondmode shapes are similar and the rst
mode analytical natural frequencydeviatesapproximately 1% from the mean experimertal
result. Theseresults demonstratedthat the isogrid assembly model was a suzcient model
of the spacecraftisogrid structure.

Table 5.5: Modal Survey Test Data
Mode Analysis(Hz) Experimert (Hz)

1 249 246

2 263 272

5.3 Comp osite Satellite Mo del

We next re ned the isogrid model further to incorporate the epoxied skin side panel (com-
posite) construction. We beganthe analysis by modifying the isogrid side panel model
described above. We created0.020{inch thick shell elemerts o®setfrom the web and °ange
neutral{axis nodes (seeFigure 5.14). We modeled the skin using linear quadrilateral and
triangular shellelemerts to exciently t the geometry The nodesof the skin elemens were
connectedto the web and °ange elemens usingrigid elemerts, asdescribed in the previous
section[9, 16].

We also conducteda modal analysisin I-DEAS to determine the structural properties
of the composite structure. Figures5.15and 5.16 show that the mode shapesare similar to
the isogrid panel modes. However, the correspnding rst mode natural frequencyincreases
to 159 Hz and the secondmode natural frequencyincreasedo 219Hz. The analysisresults
therefore demonstratesa gain in structural sti®nessof approximately 21% by adding the
skins.

We onceagain veri ed the model using modal experimertation. The side panelswere
tested using two con gurations. The panelswere again hung vertically using tape as de-
scribed above (seeFigure 5.17), and hung horizortally using a bungeecord con guration.
The accelerometemwas placed at se\eral locations on the panel and the tap hammer was
usedto induce an impulse. The frequencyresponsefunctions (FRFs) were examinedresult-
ing in the modesdepictedin Figure 5.18. The mode shapeswerealsoveri ed by nding the
Chladni patterns [29] of the panel. A v e{pound shaker was connectedto the panelin the
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Figure 5.14: Composite Side Panel Mesh

Figure 5.15: Composite Side Panel FEM First Mode (f, = 159Hz)
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Figure 5.16: Composite Side Panel FEM SecondMode (f,, = 219Hz)

horizorntal con guration using a #10{32 vertical stinger which allowed excient connection
to existing threaded holes. Sand was then evenly dispersedover the top of the panel. A

signal generatorwas usedto create sine wave signalsat the rst two resonan frequencies.
Each signal was ampli ed and usedas input to the shaler. As the panel resonatedat its

respective natural frequency the sand migrated from the excited regions of the panel to

the regionsof least response,known as nodal regions. The results, shovn in Figures 5.19
and 5.20, show excellen correlation with the nodal regionscomputed in the analysis. The

modal experimerts demonstratethat the rst 2 mode shapesand frequenciescorrelate with

the analysisto within 1% error. We thereforeconsideredthe FEM an accuratemodel of the

composite side panels.

We next performedstatic testing on the composite panelsto mitigate concernswith the
epoxy procedure. We constructeda modi ed plate bendingtest to evaluate the peelstrength
of the bonds. The panel was placedon four 1{inch diameter aluminum dowels arrangedin
a rectangular con guration (seeFigure 5.21). The load was applied to the certer web using
an Instron 4204 Universal Testing Machine and rectangular aluminum jig measuring0.3"
£ 0.3" £ 2". The jig and dowels were covered in felt to prevert scratching of the iridite
protective coating. A jack screwlowered the head and the displacemen of the head was
recorded. A load cell mounted on the headmeasuredhe resistanceforce. A prototype panel
was rst tested until audible cracking was heard. We tested the °ight panelsto 70% of the
correspnding load. The results are shavn in Figure 5.22. None of the panelsexperienced
any yielding or failures. The results also validate the assumptionto neglectthe thruster
holesin the side panel FEM sinceall of the panelsexhibit similar sti®nesscurves.
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Figure 5.17: Side Panel Modal Test Con guration

First Mode (fn =160 Hz) Second Mode (fn =220 Hz)

Figure 5.18: Composite Side Panel Modal Analysis Results
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Figure 5.19: Composite Side Panel Chladni Pattern (Mode 1)

Figure 5.20: Composite Side Panel Chladni Pattern (Mode 2)
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Figure 5.21: Composite Side Panel Static Test Con guration
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Figure 5.22: Plate Bending Test Results
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5.4 Spacecraft Environmen tal Testing

We conductedthe HokieSaternvironmental testing at NASA Wallops Flight Facility. Vibra-
tional, strength, and masspropertiestestswereperformedto examinethe structural integrity
of the composite spacecraftasserbly. We rst tested the prototype structure to investigate
the integrity and sti®nessproperties of the restrained satellite asserbly. We then tested
the °ight structural asserbly to test the integrity of the °ight componerts and determine
preliminary valuesof the massproperties.

The SHELSUser'sGuide [26] requiresthree typesof vibrational and strength tests. The
‘rst test typically conductedis a sine sweep,which is a low level modal test (approximately
0.5g's). The sine sweeptest usesthe vibration table to excite the test article using a sine
wave input signal at a range of frequencies. The responseis then recordedfrom mounted
accelerometersand both signalsare usedto compute the frequencyresponsefunction using
fast Fourier transform theory. The test is conductedon three mutually orthogonal axesto
determine the completethree{dimensional spectrum. We excited the satellite asserbly for
frequencieganging from 20 Hz to 2000Hz.

The secondtype of test conductedis a random vibration test. The random vibration
test also usesa vibration table to excite the test article. The random frequency spectrum
is typically a stationary random processdetermined using load{coupling analysisand data
from a launch vehicle. The stationary random processis typically quarti ed using an au-
tocorrelation function or a power spectral density. We use a form of the power spectral
density called the accelerationspectral density to quantify the accelerationsnduced by the
STS during launch. The accelerationspectral density (ASD) usedfor the ION{F random
vibration test is shaovn in Figure 5.23. We subjected the HokieSat structural asserbly to
the samevibroacoustictest environment for 60 seconds.

The nal type of test is the sine burst test. The sine burst test is a quasi-static test
designedas a strength test for complicated structures. The test is also performed on a
vibration table during vibrational testing which makesit more economicalthan certrifuge
or static testing. The shaker inducesaccelerationson the spacecraftwith amplitudes equal
to the required limit load factor. The frequencyof the sine burst signal is required to be
lessthan one{third the fundamenal frequencyof the test item to prevert load coupling and
dynamic ampli cation [25]. We performedthis test on the HokieSatstructural asserbly to
ensuresurvivability of componerts and reveal any design°awsin the dewelopmertal process.
The sine burst input signal usedfor the HokieSat test procedureis shavn in Figure 5.24.
The test is performedon ead axis separatelyto simplify the testing procedure,however, this
createsrelatively consenative loading requiremerts. The load factor usedin our caseis the
magnitude of the limit loading vector, 19.05,times the factor of safet for all yielding, 1.25.
This correspndsto three uniaxial tests at 23.8 g's acceleration. We tested the spacecraft
at approximately 27 g's for an addedfactor of safety.

Prototype spacecraftenvironmental testing was performedat NASA Wallops Flight Fa-
cility. Massmodels of the major componerts were constructedand attached to the satellite
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Figure 5.24: HokieSat Sine Burst Test Input Signal
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to simulate the integrated system. We also fabricated a xture to mournt the spacecraftto
the shaker and simulate the Starsysseparationsystem. Fifteen accelerometersvere usedto
recordthe accelerationsof the major componerts and panels. We placedthe accelerometers
at se\eral key locations throughout the spacecraftas shavn in Figures 5.25and 5.26. We
inspected the spacecraftfor any yielding or failure after eat test. The test sequenceand
results are tabulated in Table 5.6. The asserbly passedall testing with no damageexcept
for the nal sine burst test. The rectangular torque coil was damagedin the thrust test
due to inadequate mounting, as shavn in Figure 5.27. The sine sweep results, showvn in
Figure 5.28, demonstratea structural fundamenal frequencyof approximately 78 Hz. The
computer electronics enclosureFRF, shavn in Figure 5.29, exhibits the nadir panel rst
mode at appraximately 99 Hz. The low end panel natural frequenciesare attributed to the
added massof the componerts. The il{placed GPS massmodel at the certer of the zenith
paneland high massconcenration are the primary reasondor the lower resonan frequency
and higher FRF magnitude of the zenith panel. The prototype dynamic testing provided
valuable information about the satellite sti®nessproperties and survivability of the space-
craft in the launch environment. Using the results of these tests, we were able to devise
integration strategiesin an attempt to increasethe fundamertal frequenciesof the space-
craft. The structure alsoexhibited no yielding or buckling during the testing which aidedto
veri cation of the design.

Figure 5.25: Prototype Vibrational Testing AccelerometerCon guration (Zenith Panel)

We also conductedthe °ight spacecraftenvironmental testing at NASA Wallops Flight
Facility. Similar vibrational testing was performed while adding mass properties testing
to determine the inertial properties and the certer of masslocation of the spacecraft. We
beganby asserbling the spacecraftwith all key structural componerts. Mass models were
fabricated for most of the electronicsto mitigate overtesting of the electronicsboards and
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Figure 5.26: Prototype Vibrational Testing AccelerometerCon guration (Nadir Panel)

Table 5.6: Prototype Structure Dynamic Test Sequenceand Results

Test Description Result
Sine Sweep X 20{ 2000Hz, 0.5g RMS Pass
RandomVibe X 9gRMS, 1 min Pass
SineBurst X 24 g, 23 Hz, Pass
Sine SweepY 20{ 2000Hz, 0.5g RMS Pass
RandomVibeY 9gRMS, 1min Pass
SineBurst Y 249, 23 Hz Pass
Sine SweepZ 20{ 2000Hz, 0.5g RMS Pass
RandomVibeZ 9gRMS, 1 min Pass

SineBurst Z 249, 23Hz Fail
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Figure 5.27: Prototype Torque Coil DamagedDuring Thrust SineBurst Test
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Figure 5.28: Prototype FRF Magnitude for Zenith Panel
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Figure 5.29: Prototype FRF Magnitude for Computer Electronics Enclosure

connections.The test con guration is shavn in Figures5.30through 5.32with accelerometers
onceagain placedat key locationsthroughout the spacecraftassembly. We relocated se\eral
componerts in an attempt to sti®enthe end panelsand modi ed the torque coil mourting
stheme. We alsomodi ed the test procedureto include sine sweeptesting after the strength
and vibroacoustictests. This modi cation enablesveri cation of the structural integrity of
the spacecraftby comparingthe two frequencyresponsefunctions. The FRF is examined
for large frequency shifts in resonancepeaksor large changesin magnitude. Any failures
or shifting is usually evidert from this analysis. The procedure and results are shown in
Table 5.7. The structure passedall tests with no yielding or failures. Improvemers were
also demonstratedfrom the prototype testing. The fundamenal frequencyof the structure
increased35%to approximately 105Hz, asseenin the CEE FRF shown in Figure 5.34. The
‘rst mode remaineda \drum mode;" however, it occuredon the nadir panelinstead of the
zenith panel. This changewas primarily due to the application of the epoxied honeyconb
and the relocation of the GPS hardware. The fundamertal frequencyof the zenith panel,
shown in Figure 5.33,increasedover 156%from 78 Hz to nearly 200Hz usingthis integration
technique. We alsoseelessenergyin the fundamertal mode dueto damping from the epoxy.
The CEE assenbly waslightenedwhich resultedin a 6 Hz increasein fundamertal frequency
The randomvibration testing alsoprovided valuableinformation onthe systemload coupling.
The information learnedfrom the dynamic testing dramatically aidedin the dewelopmert of
the spacecraftasserbly.



Craig L. Stewens Chapter 5. Structural Veri cation

Figure 5.30: Flight Dynamic Testing AccelerometerCon guration

Figure 5.31: Flight Dynamic Testing AccelerometerCon guration (Zenith Panel)
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Figure 5.32: Flight Dynamic Testing AccelerometerCon guration (Nadir Panel)

Table 5.7: Flight Structure Dynamic Test Sequenceand Results

Test Description Result
Sine Sweep X 20{ 2000Hz, 0.5g RMS Pass
RandomVibe X 9gRMS, 1 min Pass
SineBurst X 249, 23 Hz, Pass

Sine Sweep X 20{ 2000Hz, 0.5g RMS Pass
Sine SweepY 20{ 2000Hz, 0.5g RMS Pass
RandomVibeY 9gRMS, 1 min Pass
SineBurst Y 249, 23 Hz Pass
Sine SweepY 20{ 2000Hz,0.5g RMS Pass
Sine SweepZ 20{ 2000Hz, 0.5g RMS Pass
RandomVibeZ 9gRMS, 1 min Pass
SineBurst Z 249, 23 Hz Pass
Sine SweepZ 20{ 2000Hz,0.5g RMS Pass
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Finally, we experimertally determinedthe massproperties of the spacecraft. HokieSat
was placed on a massproperties table in seweral di®erer con gurations as shovn in Fig-
ures 5.35,5.36, and 5.37. Thesecon gurations enabledthe certer of massto be measured
in three dimensions.Howewer, we were unableto tilt the spacecraftdue to safety considera-
tions; thereforewe did not obtain data for the products of inertia 1, andl,,. We therefore
assumedthat the z{axis is a principal axis and calculatedthe principal momerns of inertia
using eigervalue theory for rigid body dynamics. The results are shovn in Equations 5.16.
The certer of masslocation is measuredfrom the certer isogrid node on the nadir panel
outer surface. The certer of massis very closeto the certroid of the satellite which will
enableeasyballasting during the nal spacecraftassembly. The location also helps satisfy
the ION{F massproperties SUG requiremerts.

Figure 5.35: MassProperties Testing Con guration
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Figure 5.36: Mass Properties Testing Con guration

Figure 5.37: Mass Properties Testing Con guration
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55 ION-F Mo del

We constructeda nite elemen model of the ION{F stac con guration. The other satel-
lites, Dawgstar and USUSat, and the Lightbands were modeled using previous stadk model
properties [2]. The model is shovn in Figure 5.38. We createda composite isogrid structure
for Dawgstar in I-DEAS using an array of elemens similar to the HokieSatFEM asserbly.
USUSatwas constructed using 0.25{inch thick linear quadrilateral and triangular shell ele-
mernts. The USUSatisogrid was not modeled due to its relatively little cortribution to the
stadk sti®ness.Non{structural masswas addedas point massesat certral nodesin the cor-
ners of the other two spacecraftto accoun for the componert masses.We also represeted
componert massesin HokieSat by distributing point massesat the componert mournting
locations. The Lightband model was attached to the satellites at the end panel attach-
ment points. The separation systemswere modeled using uniform 0.150{inch thick linear
qguadrilateral shell elemerts.

ususat —

Lightband ————,

Dawgstar ———

Lightband ——

HokieSat ———

Figure 5.38: ION{F FEM Mesh Con guration

We rst veri ed the boundary conditions of the stack FEM using static strength and
sti®nesstesting. We assumedthat the rst mode is a cartilever mode. We also assumed
that the largest accelerationsduring launch are along the STS x{axis (roll axis). We thus
tested HokieSat in a cartilever con guration as it will be oriented in the SpaceShuttle.
The test was conductedin three phases[30]. The rst phaseinvolved testing of the truss
“xture built to apply the loadsto the spacecraft(seeFigure 5.39). The truss measured35
inchesin length and wasasserbled usingaluminum menbers. The truss applied a signi cant
momert to the spacecraftto simulate the launch load conditions. The truss was attached
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to several solid aluminum ertities that allowed connectionto the spacecraftand application
of the loads. The ertire xture was mounted to a rigid badk wall constructed out of steel
I-beamsto provide rigid boundary conditions. A load was then applied at the end of the
‘xture and the correspnding de°ections at that point were recorded using a linear dial
gage. The next phaseof the testing included the isogrid structural assermbly. The spacecraft
was mourted to the badk wall using a separationsystem xture to simulate the correctload
path (seeFigure 5.40). We next mounted the truss xture to the spacecraftas shawvn in
Figure 5.41. The loads and de°ections were then applied and measured,respectively. The
last phaseof the static testing examinedthe composite structural assermbly in a similar set
up asthe isogrid testing. This testing procedureprovided a thorough investigation of all of
the con gurations. We usedthe truss testing asa tare measuremehof the experimert. This
measuremen enabledvalues of the satellite de°ectionsto be calculated. The experimert
also allowed a comparisonof the isogrid panel assembly and the composite panel assenbly
sti®nesses.The results are plotted in Figure 5.42. The composite side panelsdemonstrate
a 32% increasein sti®nessin the cartilever mode while increasinglessthan 8% in total
mass. The results therefore shav a 22% increasein sti®nessper massof the spacecraft
in the cartilever mode. Theseresults shov similar correlation with the side panel modal
analysisresults above. The results also allow correlation of the test and model boundary
conditions. We rst createda nite elemer model of the truss and attach it to the satellite
separationsystemnodesas shown in Figure 5.43. We then solved the model for the loading
conditions usedin the testing and determinethe correspnding de°ection. Using an iterativ e
procedure,we determinedthe sti®nessof the truss material required to give the measured
truss de°ection. The resultsare shavn in Figure 5.44. We demonstratedan error in sti®ness
of lessthan 1% using a linear least squaresanalysis. We consideredthis an acceptableerror.

Figure 5.39: Truss Fixture Testing Con guration
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Figure 5.40: SeparationSystemFixture

We next correlatedthe testing boundary conditions of the composite structural assenbly
with the FEM. We beganby solvingthe composite model and truss xture test con guration
model at the correspndingtest load conditions. Were ned the boundary conditionsusingan
iterativ e procedureuntil the de°ectionsmatched the measuredde’ectionswithin acceptable
error. The results are shovn in Figure 5.45. The truss exhibited geometric nonlinearities
at the higher loads. We therefore correlated the linear section of the experimenrtal curve
to the FEM to lessthan 5% error using a linear least squaresanalysis. The correspnding
boundary conditionsincorporated changeso the original asserbly model. The nadir Starsys
separationsystemattachmert points are constrainedin all translational degreesof freedom.
The °anges are modeled using solid elemens due to their cortribution to the structural
sti®ness.The end panelsare connectedto the °angesusing rigid elemerns to simulate the
clampinge®eciof the separationsystems.Wethereforeconsideredheseboundary conditions
to be correct.

We also performeda modal analysison the ION{F stad con guration. The boundary
conditions of the stad interface plane were chosenbasedon the correlation analysisabove.
The rst and secondmodes are shown in Figures 5.46 and 5.47. The fundamertal mode
occursat a frequencyof 47 Hz. Both modesare cartilever modes °exing nominally about
the major and minor axesof the stack. The strain energyplot revealsthat the majority of
the °exing in the assembly occursin the Lightband FEM. We assumedthat the model is
suzcient for our analysis; howewer further investigation of the Lightband structural prop-
erties is recommended. A fundamertal frequency of 47 Hz for the ION{F stadck reveals
possiblesti®nesgproblemsfor the MSDS and stadk asserbly. The SHELS User'sGuide [26]
requiresthat the payload have a fundamertal frequencygreater than 35 Hz. Satisfaction
of theserequiremens may be ditcult to attain asa payload asserbly. The ION{F stak
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Figure 5.41: Satellite Testing Con guration
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Figure 5.42: Results of Cartilever Strength and Sti®nessTests
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Figure 5.43: TrussFEM Analysis
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Truss Fixture and Composite Structure Data
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Figure 5.45: Correlation of Composite/Truss Model and Testing

ervironmerntal testing will determinethe accuracyof the model.

We next performeda stressanalysisof the ION{F stadk. The SUGrequiremerts statedin
Table5.1were rst investigatedto determinethe integrity of the stadk. The resultsfrom the
analysiswere shovn in Table 5.8. The margins of safelyy were calculatedusing Equation 5.1
and the required factors of safey. The results revealedthat HokieSatand the ION{F stadk
exhibit no failures and passthe SUG structural requiremers.

We next investigated survivability during sine burst testing. As stated above, the fre-
guency of the sine burst signal is required to be lessthan one{third the fundamenal fre-
guencyof the test item to prevert load coupling and dynamic ampli cation. Therefore,the
frequencyof the sine burst should be no more than 15.67Hz as determined by the modal
analysis. This low frequencycould create test procedural limitations due to the relatively
large stroke required at this low frequency We will assumethat a facility is available to
conduct the stadk tests; howewer, further investigationis recommended.The sine burst test
correspndsto three uniaxial tests at 23.8g's acceleration. We therefore performeda stress
analysisfor the sine burst test by applying uniform accelerationsalong ead of the three
orthagonal axes. The worst casestressesare exhibited while applying the accelerationalong
the spacecraftx-axis (major axis). The x-axis testing results are plotted in Figures 5.48
and 5.49. The other results are shovn in Appendix A. The plots demonstrate that the
HokieSat structure survivesall test loading with no yielding or failures.
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Figure 5.46: ION{F FEM First Mode (f, = 47 Hz)

Figure 5.47: ION{F FEM SecondMode (f, = 48 Hz)
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Table 5.8: ION{F FEM StressAnalysis Results

GraVity Vector (gls) s/f*nax (kSI) M Syield M SuItimate

11,11 11g 24.2 0.157 0.122
fi 11, 11;; 119 24.2 0.157 0.122
f11; 11, 11g 24.8 0.129 0.094
fi 11,11 119 22.0 0.273 0.234
fi 11 11,119 23.0 0.217 0.180
fi 1111119 24.8 0.129 0.094
f11j 11119 22.0 0.273 0.234
f11;11 119 23.0 0.217 0.180

Figure 5.48: Sine Burst StressAnalysis (x{axis)
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Figure 5.49: Sine Burst Rib StressAnalysis (x{axis)
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5.6 Summary

In this chapter we presened the analysisand testing techniquesusedto verify the structural

integrity of the HokieSatstructure. The preliminary analysiswas presened and the isogrid
theory usedin the appraximation was derived. The isogrid nite elemen model was de-
veloped and veri ed using modal experimertation. The composite side panel nite elemer
model was constructed using o®setelemerts and the model was also veri ed using modal
experimentation. We demonstrateda nominal 22%gain in structural exciency by applying
the composite side panel design. The composite side panel manufacturing and strength were
veri ed using plate bend testing. The HokieSat prototype and °ight structural asserblies
underwert vibrational testing at NASA Wallops Flight Facility resulting in no catastrophic
damage.We createda nite elemen model of the ION{F stad con guration and veri ed the
boundary conditions using static testing. We determinedthe rst two modesof the ION{F

stack and performeda stressanalysison the stack to satisfy the NASA SHELS user'sguide
requiremerts. Finally, we performeda stressanalysisunder the sineburst testing conditions.
We thus have veri ed the structural integrity of the HokieSatcomposite structure.



Chapter 6

Summary and Conclusions

The purposeof this thesiswasto design,analyze,fabricate, and test a nanosatellitefor °ight

quali cation aboard the NASA STS. In Chapter 1, we beganthe designprocesswith a liter-

ature review of past spacecraftmissions. We then examinedthe designsof thesespacecraft
to determinethe most plausible con guration for our mission. In Chapter 2, we investigated
seeral materials and methods usedto optimize the structural properties of spacecraftas-
senblies. We chosealuminum isogrid asthe most excient designfor our program. We then

descriked the designof the spacecraftand the ertire satellite con guration in Chapter 3.

In Chapter 4, we described the CNC manufacturing techniquesusedto fabricate the iso-
grid and the corvertional methods usedto fabricate the remaining structural componerts.

We described the meticulous lay{up procedurerequired for the composite side panels. In

Chapter 5, we preserted the ertire veri cation processusedto determine survivability of
the structure. We usedisogrid theory to sizethe preliminary designof the spacecraft. We
applied the theory to results of the nite elemen analysisto arrive at the design. We then

createan isogrid nite elemen model to more accurately model the structure and increase
our panel thicknessego 0.250inch. We then createdthe composite side panel model using
o®setshell elemens and investigatedthe properties of the asserbly. We veri ed the mod-

els using modal analysistechniques. We performed ervironmental testing on the satellite
asserbly at NASA Wallops Flight Facility. We devisedintegration methods to raise the

fundamenal frequencyof the structure and reducethe dynamic ampli cation of the loading
on critical componerts. We then usedthe data to createa FEM of the ION{F stak. We
veri ed the boundary conditions of the model by correlating the displacemen data recorded
from static cartilever testing. We conducteda modal analysisrevealing that the rst mode
of the ION{F stad is 47 Hz. Finally, we conducteda stad level stressanalysis. We proved
that the structure will survive all environmental and test loads.

We deweloped a satellite structure that incorporatesa corvertional isogrid designwith a
modern composite asserbly technique. The isogrid con guration allows for excient mount-
ing of the componerts including se\eral revolutionary nanotedinologies. We also demon-
strated a 22% gain in structural exciency by incorporating epoxied skinsin the composite
structural con guration. The ervironmental testing results demonstratedthat the epoxied
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honeyconb construction increasedthe sti®nessof the zenith panel by over 156% and also
increaseddampening of the asserbly. The testing shaved a HokieSatstructure fundamertal
frequencyof 105Hz. The composite side panel manufacturing useda space{rated2216gray
epoxy which allowed for a simple lay{up procedure. The dewelopmer processincorporated
seeral undergraduateand graduate studerts at all levels. The studerts were able to fab-
ricate and handle the hardware, and the ernvironmental testing was conductedprimarily by
studerts. We veri ed the integrity of the key structure in the unique ION{F stad con gu-
ration using nite elemen analysis. This con guration is essetial for ION{F to °y in one
of the rst autonomousformation °ying missions.
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App endix A

Finite Element Analysis Results

The appendix cortains plots of the stresscortours obtained in the sine burst test nite
elemen analysis. Both the shell stressesand rib stressesare plotted. The results shavn are
the Von{Mises stressexalculatedin the analysis.

Figure A.1: SineBurst StressAnalysis (y{axis)
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Appendix A. Finite Elemert Analysis Results

Figure A.2: SineBurst Rib StressAnalysis (y{axis)

Figure A.3: SineBurst StressAnalysis (z{axis)
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Appendix A. Finite Elemert Analysis Results

Figure A.4: SineBurst Rib StressAnalysis (z{axis)
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