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Design,Analysis,Fabrication,andTestingof a Nanosatellite
Structure

Craig L. Stevens

(ABSTRA CT)

The satellite industry is undergoinga transition toward \smallsat" engineering. Small
satellitesare becomingmore attractiv e to customersasa method of decreasingcost. As the
launch costs remain relatively constant, the industry is turning towards nano{technology,
such as microelectromechanical systems,and distributed satellite systemsto perform the
samemissionsthat once required super-satellites. Nanosatellitesform one group of these
high risk/lo w cost spacecraft. The Virginia Tech Ionospheric Scintillation Measurement
Mission,known asHokieSat,is a 40lb nanosatellitebeingdesignedand built by graduateand
undergraduatestudents. The satellite is part of the IonosphericObservation Nanosatellite
Formation (ION{F) which will perform ionosphericmeasurements and conduct formation
°ying experiments. This thesis describes the designof the primary satellite structure, the
analysisusedto arriveat the design,the fabrication of the structure, and the experimentation
usedto verify the analysis. We alsodescribe 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 shown to increasethe structural
performanceby over 20%. We conduct several ¯nite element analysesto verify the struc-
tural integrity. We correlate these analyseswith several 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 assembly. Finally, we create a model of the ION{F stack 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 Tech IonosphericScintillation Measurement Mission, alsoknown as HokieSat,
is part of a student-built nanosatellite formation known as the Ionospheric Observation
Nanosatellite Formation (ION{F) mission. Constraints that are unique to the university
project and formation °ying missionin°uence the designof the HokieSatstructure. Mission
constraints typically guide the designof any satellite structure. We begin this chapter by
presenting an overview of previous spacemissions. We investigatehow someof thesepast
missions in°uenced the design of the respective satellites. We then describe the ION-F
mission and 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 society. They perform essential duties for
military , governmental, and commercialorganizations. The missionsof thesespacecraftin-
cludescienceventures such asearth observation, interplanetary exploration, astronomy, and
solarphysics. They alsoinclude commercialendeavorssuch astelevisionsignal transmission,
data transmission,and satellite telephonecommunication. In this section,we examinethe
history of scienceand commercialspacemissions.However, we omit the history of military
missionsdue to the lack of available information.

The majorit y of the spacesciencemissionsare performed by NASA{built spacecraft.
The designand sizeof thesespacecraftare highly dependent on the mission goals. These
goals are constantly evolving 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 massesof civilian spacecraftlaunched throughout history.
Figure 1.1 displays the launch massof several NASA spacecraftas a function of time. The
plot showsa gradualmassincreaseuntil the early 1990sat which point the spacecraftmasses
suddenly begin to decrease.This sharp decreaseis primarily due to the changein policies

1



Craig L. Stevens Chapter 1. Introduction 2

at NASA towards the \faster, better, cheaper" program [17] and a decreasein the overall
NASA budget [32]. Thesesmaller spacecraftare inherently lessexpensive to launch due to
costsranging from $5K per kg to $130K per kg [43]. The subsystemscan therefore a®ord
to take a high risk/lo w cost approach toward the designand o®er lessredundancy. This
decreasein redundancyalso decreasesthe overall cost and sizeof the spacecraft. NASA is
now using constellationsor formations of small-satellite systemsto perform missionsthat
oncerequired large multi-million dollar spacecraft.
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Figure 1.1: Launch MassHistory of NASA Spacecraft

The commercial spacecraftindustry has also evolved throughout history, as shown in
Figure 1.2. However, the masseshave not decreasedassigni¯cantly due to several factors. A
major factor for this trend are the high gain antennasand large power requirements inher-
ent to the communications satellites placed in geosynchronousorbit. The communications
industry has long exploited the phenomenaof \¯xed" geosynchronous spacecraft to pro-
vide a stationary signal to it's ground-basedantennas. This current practice appearsto be
changing,however, asdistributed spacecraftsystemsbecomemoreprevalent (e:g: XM radio,
Globalstar, etc.).

As we have shown, the satellite industry has transformed to match the ever{changing
environment 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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Figure 1.2: Launch MassHistory of CommercialSpacecraft

1.1.1 NASA Missions

Explorer 1, shown in Figure 1.3, was the ¯rst United States(US) satellite. It was launched
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
approximately 6 ft long (including the rocket casestructure) and weighed31 lb. The payload
weighed18 lb and recordedcosmic rays and micrometeoroids. It also discovered the Van
Allen Belt, an area of intense radiation beginning 965 km above the surfaceof the earth,
and made contributions to theoretical spacecraftdynamics. The successof the Explorer 1
mission provided an impetus to continue the Explorer program. The program was turned
over to NASA at the creation of the agencyin October of 1958and has amassedover 75
launches[44].

The Compton Gamma{Ray Observatory (CGRO) was one of the largest NASA astro-
nomical spacecraftever to launch (seeFigure 1.4). It was launched on April 5, 1991aboard
the SpaceShuttle into a low{earth{orbit (LEO) approximately 280mi in altitude. The obser-
vatory wassafelydeorbited on June 4, 2000after nine yearson orbit. It measured25 ft long
by 12.5ft in diameterand weighed34,371lb. The programwasconceived in 1978with a pay-
load containing four instruments: Oriented Scintillation SpectrometerExperiment (OSSE),
Imaging Compton Telescope (COMPTEL), Energetic Gamma{Ray Experiment Telescope
(EGRET), and Burst and Transient SourceExperiment (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 sched-
ule, massive size,and sensitive instrumentation all contributed to the immensedevelopment
budget of $557million [44].

Figure 1.4: Compton Gamma{Ray Observatory [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,shown 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 lb and measured4.9 ft in length and 2.8 ft in diameter. The mission goals included



Craig L. Stevens Chapter 1. Introduction 5

observing and measuringgalactic charged particles and cosmic rays. The spacecraftwas
part of the Small Explorers (SMEX) program which is designedto provide low cost, rapid
turnaround LEO sciencemissions.It precededseveral other similar satellitesin the program
such 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].

Figure 1.5: SAMPEX External Con¯guration [24]

The Explorer 1, CGRO, and SAMPEX missionsall incorporated unique satellite struc-
tural designs.Commercialspacecraftinitially usedthe samedesignconceptdue to a lack of
spaceheritage. However, expansionof the satellite communications market requiredcompa-
nies to becomemore productive and e±cient. As a result, satellite manufacturers beganto
designstructures that weremoremodular and robust. We next discusssomekey commercial
satellite missionsthat are representativ e of this trend.

1.1.2 Commercial Missions

Intelsat 1 was the ¯rst commercial communications satellite. It was launched to geosyn-
chronous orbit over the Atlantic on April 6, 1965 aboard a Delta rocket. The spacecraft
measured2 ft in length and 2.3 ft in diameter and weighed85 lb. The satellite allowed more
accessibletransatlantic telephonecommunications and madescheduledtransoceanictelevi-
sionpossible.It wasreactivated in 1984in celebrationof the organization's20th anniversary.
This spacecraftwas the ¯rst of over 23 to 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 transoceanictelecommunications support [44].

The Globalstar constellation consistsof 48 spacecraftthat work cooperatively in a dis-
tributed satellite system. The spacecraftwere launched in several installments by Boeing
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Satellite Systems.The satellites, shown in Figure 1.6, weigh 988 lb and weredesignedsuch
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 arguments of perigeechosenfor optimal ground coverage.

Figure 1.6: Schematic of Globalstar Satellite Con¯guration [5]

The ORBCOMM spacecraftconstellationis the world's ¯rst commercialcommunications
constellation. It consistsof 35 spacecraftwith a mission goal to provide a global two{way
data messagingsystem. The satellites were launched into six distinct orbital planeswith
altitudes ranging from 484mi to 621mi between1995and 2000. All satellite designsusethe
Orbital SciencesCorporation's Microstar spacecraftplatform. The Microstars arecon¯gured
as circular cylinders measuring40 inches in diameter and 6 inches in height and weighing
99 lb. The compactnessof the designallows for integration aboard a PegasusXL rocket in an
eight{satellite stack con¯guration (seeFigure 1.7). The con¯guration combines the launch
cost of several 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 students at the University
of Washington(Dawgstar), Utah State University (USUSat), and Virginia Tech (HokieSat).
The program provides technology demonstration for future high risk, low cost nanosatellite
formation missionssuch as TechSat21 [7]. The mission includes several nano{technology



Craig L. Stevens Chapter 1. Introduction 7

Figure 1.7: ORBCOMM Microstars Aboard a PegasusRocket [27]

demonstrations,three-dimensionalmappingsof the ionosphericscintillation e®ectson global
positioning system(GPS) signals,and ionosphericplasmadensity measurements. The for-
mation °ying mission requirements 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 mission is the Shuttle Hitchhiker Experiment
Launch System (SHELS), via the SpaceShuttle (STS). Due to safety 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 stack con¯guration aboard the SHELS[6].
Use of the MSDS allows ION-F to be deployed from the SHELS in an unpowered state,
which helpsaddressmany of the STS safety requirements. The ION-F launch con¯guration
consistsof the three nanosatellitesmounted to the MSDS in onestack. The missionpro¯le
calls for the MSDS to deploy from the SHELS with the stack 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 components to perform satellite{level
check{outs. Oncea speci¯ed time haselapsed,the stack is ejectedfrom the MSDS and sta-
bilizes itself using permanent magnetsaboard USUSat. The desiredattitude in this mode
is the unstableequilibrium with the stack minor axis aligned in the ram, or velocity vector,
direction. Finally, after an initial system checkout with the speci¯ed ground station, the
ION-F nanosatellitesseparatefrom each other and begin the formation °ying mission[37].

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

sion requirements. The HokieSat con¯guration is also strongly in°uenced by the structural
requirements becauseof its position at the baseof the ION-F stack.

The basic design of the HokieSat structure is a hexagonalprism 18 inches in major
diameter, and approximately 12 inchesin height. The structure is designedto support the
components that areessential to perform the mission. Along with the ION-F formation °ying
and sciencegoals,HokieSat will demonstrateseveral low cost/high risk nano{technologies
such as micro-pulse plasma thrusters for orbital control, torque coils for attitude control,
GPS crosslink for orbit determination, and digital camerasfor attitude determination. All
of thesemissiongoalsare accomplishedalongwith the main missiongoal of producing a low
cost/high risk nanosatellitewith high student involvement.

1.3 Thesis Overview

This thesisdescribesthe design,analysis,fabrication, and testing of the Virginia Tech Hok-
ieSat structure. We examine several 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 present the designvariables that determine the in-
ternal and external con¯gurations. We provide a comprehensive description of each stageof
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the HokieSatdevelopment.

In Chapter 2 we review the history of spacecraft structures with a focus on isogrid
applications. In Chapter 3 we describe 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 used to protect the satellite in transit and on-orbit. Chapter 5 presents
the analysesand tests that wereperformedto 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 experiments. Finally, in Chapter 6 we closethis investigation with a
summary of the results and lessonslearnedthroughout the quali¯cation process.



Chapter 2

Literature Review

The purposeof this chapter is to review several basic conceptsfrom the areasof satellite
design.We beginwith a literature reviewof previoussatellite structural designs.We include
conventional spacecraftdesignmethods and materials. We concludethe literature review
chapter with a review of research on isogrid structures. Although many past satellite struc-
tural designtrends are included in this chapter, we focusprimarily on trends most relevant
to this mission.

2.1 Previous Satellite Structures

Aerospacestructures generally require lightweight designs. The goal of thesedesignsis to
optimize the strength per weight, or e±ciency of the design. Satellite structural designhas
evolved greatly over the past four decades.Traditionally, e±ciency has beenaccomplished
using a combination of various structural designsand materials. We begin this section by
discussingbasicprimary structural designsand concludeby presenting traditional materials
usedin spacecraft.

2.1.1 Conventional Structural Designs

Primary structures are designedusing several criteria that depend on the mission require-
ments. Conventional spacecraftincorporate4 basicprimary structural designs:1) skin{frame
structures; 2) truss structures; 3) monocoquecylinders; and 4) skin{stringer structures [31].

The skin{frame structural designusesan interior skeletal network of axial and lateral
frames to 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 member 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 transfers all additional shear loading to in{plane tension forcesat
45± which must be supported by the connections. The buckling modesof the skin exhibit
large deformationsthat make it insu±cient for exterior mounted components such as solar
cells. The buckling strength of the assembly is typically increasedby adding intermediate
members [31].

Trussstructures usean array of membersthat canonly support axial loads. Trussmem-
bers are produced independently and arrangedtypically in arrays of triangles for stabilit y.
The membersare manufactured using extruded tubesmadeof composite, metallic, or sheet
metal materials. A stable truss is statically determinate and has no excessmembers to in-
troduce alternate load paths. Trussesare generally mass{e±cient when the members are
con¯gured into rectangular or triangular cross{sectionalassemblies. However, they become
lesse±cient as the cross-sectionbecomesmore circular or hexagonal. Also, the designof
the structure createsinherent stressconcentrations at interface mounting points, such as
separationsystems. Components may be mounted both internally and externally and the
absenceof shearpanelsenableseasyaccessto a payload. However, this absenceof shear
panelsis not helpful to spacecraftrequiring body mounted solar cells [31].

Monocoquecylindersareaxisymmetricshellsthat do not contain any sti®enersor frames.
The shellsare manufactured using metallic or sandwich panelswith curved sectionsformed
by rolling. Typically, two or threecurvedsectionsarefabricatedandassembled into the cylin-
drical con¯guration. The strength of monocoque cylinders is usually limited by its buckling
strength. The shellsare most e±cient when the loadsare distributed evenly throughout the
structure. Components are typically mounted to the walls using fasteners;however, care
must be taken not to overlaod the shell and causelocal failures. The monocoque cylinder
designis applicable to spacecraftwith body mounted solar cells and relatively lightweight
components [31].

Cylindrical skin{stringer structures are designedusing axial and lateral frame members
attached to an outer skin. Thesedesignsare similar to skin{frame structures; however, this
classof structures refers to circular cylinder con¯gurations. The skin is sometimesmini-
mized to save mass,even though the thin skin leads to somestructural instabilities. The
post{buckling behavior of the skin transfers the additionally applied shearloads to torsion
by the diagonal tension phenomenondescribed above. The skin and members must attach
uniformly to enablethe assembly to act asa continuousstructure. Typical connectionmeth-
ods include fastenersand/or rivets. Interior components are usually mounted to the walls at
locations along the stringer assembly. This method is more e±cient than monocoque cylin-
der component mounting at introducing local loads. The skin must be designedsu±ciently
sti® to enablesoundmounting of exterior entities such as body mounted solar cells [31].

2.1.2 Materials

Satellite structural designsalso useseveral di®erent materials. Materials are chosenbased
on their properties, cost, and complexity. There are two typical materials usedin spacecraft
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applications: metals and ¯b er composites.

Metals

Aluminum alloys are the most widely used metallic materials in spacecraftmanufactur-
ing [43]. The advantagesinclude high strength to weight ratios, high ductilit y and easeof
machining. The sti®nessto weight ratio is comparableto steel; however, the strength to
weight ratio is typically higher. The disadvantagesinclude low hardnessand a high coe±-
cient of thermal expansion(CTE). The alloys are typically temperedto increasethe material
strengths. Two typical alloys usedin manufacturing are 6061-T6and 7075-T7. Aluminum
6061-T6contains silicon and magnesiumwhich strengthensthe alloy during tempering. This
alloy hasgood machinabilit y and corrosionresistance.Aluminum 7075-T7contains zinc and
trace amounts of magnesium.The alloy exhibits higher strength than 6061-T6,but is more
di±cult to machine [22].

Beryllium is usedfor very high-sti®nessaerospaceapplications. It hasa speci¯c modulus
6.2 times the speci¯c modulus of aluminum [8]. The material is non-isotropic due to its
grain alignment and therefore exhibits low ductilit y and fracture toughnessin its short{
grain direction. It is commonly usedin lightweight optics and mirrors becauseit performs
well at cryogenic temperatures (i.e. low CTE and high thermal conductivity). However,
beryllium is expensive, di±cult to machine, and sparsely available in the US. Beryllium
must be machined in a controlled environment becauseits powder is a known carcinogen
when inhaled. The parts may be safelyhandledoncemachined [31].

Steel is mainly usedin aerospaceapplications where low{volume strength and sti®ness
areimportant. Steelprovideshigh wearresistance;however it is generallydi±cult to machine
and is not e±cient for structural stabilit y. Steelsare combined with many trace elements to
addressa wide range of needs. Austentic stainlesssteel is by far the most abundant steel
alloy used in spacecraft. It contains 12% chromium which results in a tough chromium{
oxide coating that protects parts from corrosion. Stainlesssteel is non-magneticand certain
low{carbon alloys can be welded without sensitization. Stainlesssteelsare generally used
for fastenersand mechanismswhereasmany heat{resistant 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 coe±cients of thermal
expansion,and excellent corrosion resistance[43]. However, they are di±cult to machine
and somealloys exhibit poor fracture toughness.Ti-6Al-4V, which contains 6% aluminum
and 4% vanadium, is the most popular titanium alloy usedin aerospaceapplications. The
alloy hasheritagein wings and missilebodies. Perhapsits most famousapplicationsare 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 reinforcement. The matrix (metal, epoxy)
binds the reinforcing ¯b ers (carbon, graphite) together into a continuous system. The e±-
ciency of composite structures is due its high speci¯c 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 discontinuousor continuousentities. Discontinuous{reinforcedcompositesare
comprisedof ceramicor ¯b er particles that are randomly distributed throughout the matrix.
Aluminum reinforced with silicon carbide particles is the most widely used discontinuous
composite. The majorit y of continuous{¯b er compositesare generallycalled laminate com-
posites. Laminate compositesare manufactured from several layers of woven ¯b ers called
laminae. The laminaeare composedof several parallel ¯b ersarrangedin sheets.The sheets
themselves are anisotropic and have few structural applications. However, stacking sev-
eral of the laminae with ¯b ers aligned at di®erent 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¯c sti®nessproperties. Polymer{matrix composites(PMCs) are the most
widely used continuous{¯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. Theseproperties enable
a multitude of bonding techniquesand layup procedures,many of which are currently pro-
prietary. The downsideto ¯b er composite structures is the large development cost required
for reliable manufacturing. The large cost is due to the sensitivity of adhesive bonding to
processvariables. This sensitivity makes each part a unique entit y which must be tested
to verify strength. NASA and other programsrequire extensive testing of ¯b er composite
°ight hardware to verify its structural integrity. The requirements typically createthe need
to fabricate a proto°ight structure dedicatedto quali¯cation testing followed by acceptance
testing of the °ight article. This quali¯cation procedurepresently prohibits the useof ¯b er
composite structures on small{budget programs[31].

2.2 Structural Optimization Metho ds

Several methods are available to optimize the structural properties of spacecraft.The opti-
mum method may vary depending on the designtask. We present three of the most widely
usedmethods: sandwich 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 research conductedin this ¯eld.
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2.2.1 Sandwic h Structures

Sandwich structures are often usedin skin-frame designs.A sandwich structure consistsof
two thin face sheetsattached to both sidesof a lightweight core. The designof sandwich
structures allows the outer face sheetsto carry the axial loads, bending moments, and in-
plane shearswhile the core carries the normal °exural shears[31]. Sandwich structures
are susceptibleto failures due to large normal local stressconcentrations becauseof the
heterogeneousnature of the core/facesheetassembly. Component mounting must therefore
usepotted insertsto distribute the point loadsfrom connections.Sandwich panel facesheets
are commonly fabricated using aluminum or graphite/epoxy composite panels. The core is
typically fabricated using a honeycomb or aluminum foam construction.

Honeycomb sandwich panelling is the lightest option for compressive or bending loading
speci¯c applications [31]. Honeycomb sandwich coresare manufactured using thin strips
formed into honeycomb cells. The honeycomb geometry is non{isotropic with greater sti®-
nessin the longitudinal direction [43]. However, the coreactsnearly isotropically for in{plane
loadswhen assembled in a sandwich con¯guration. The disadvantagesof using honeycomb
coresare the potted inserts required for mounting and the thermal ine±ciencies. Theseinef-
¯cienciesstem from the low thermal conductivity of the adhesive layersusedin construction
and make honeycomb prohibitiv e in optical and mirror aerospaceapplications.

Aluminum foamsandwich panelsusea porousaluminum foammaterial 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 sandwich panel
designfor small spacecraft.The shearsti®nessof foam coresandwich panelsis generallyless
than that of honeycomb coresandwich panelsof equalmass.However, radial ribs and shear
rings may be embedded in the core to overcomethe low shear sti®ness. A major bene¯t
of aluminum foam construction is an increasein thermal e±ciency becausethe core may
be brazed to aluminum facesheetsrather than epoxied [8]. Brazing provides a continuous
thermal path through the material which bene¯ts applicationssuch ascryogenicmirrors and
solar arrays.

2.2.2 Multifunctional Structures

Multifunctional structure (MFS) technology incorporatesseveral functions into the primary
structure of a spacecraft. The main goal of these members is to minimize parasitic mass
by incorporating chassis,cables,connectorsand thermal control components into the satel-
lite primary structural walls (seeFigure 2.1). The walls are typically constructed out of
¯b er composites or sandwich panels, and the electrical components are embedded during
manufacturing. The traditional ground plane/printed circuit board designis performedby
copper/p olymide (CU/PI) patches, multi-chip modules (MCMs), and the current cabling
functions are performed using CU/PI °exible jumpers. The design allows for an easily-
accessible,removable, 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 harnesses,a 50% reduction in space-
craft volume required for theseconventional components, a reduction in labor required for
spacecraftassembly, and an extremely robust systemwith wide applicability to several mis-
sions[3]. LockheedMartin hasrecently proven the technology asan experiment aboard the
DeepSpace1 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 machining a metallic panel, or it may
be constructed using ¯b er composite materials. The concept began in the early 1960sus-
ing metal structures and development continues today with research focusing primarily on
composite applications.

The Isogrid DesignHandbook [23] is consideredthe foremostguide to isogrid structural
design. The handbook contains the results of a study conducted by Dr. Robert Meyer
beginningin 1964.The investigationexaminedoptimum sti®eningpatterns for compressively
loadeddomestructures. The study determinedthat isogrid is an e±cient sti®eningtechnique
for domestructures 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 Workshop interiors.

The handbook presents the advantagesof the isogrid designand the typical designsit-
uations when application of the technique is bene¯cial. It also de¯nes the isogrid notation
usedin nearly all of the modern literature. The theory for the sizing and analysisof isogrid
is presented 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, such as metals; however, the basicgeometricaltheory can be applied
similarly to composite materials.
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Paul Slyshauthoredseveral papersand articlesconcerninganalysisand manufacturing of
isogrid structures in the 1970sand 1980s.Slyshconductedresearch on CNC manufacturing
of aluminum circular cylinders [34], and buckling analysisand testing correlation [35]. He
alsodemonstratedseveral usesof isogrid for structural applications.

The Isogrid MicrospacecraftStructures Final Report [36] presents the design,analysis,
and fabrication guidelinesdevelopedin the manufacturing of an aluminum isogridspacecraft.
The preliminary design and analysis were performed using the Isogrid Design Handbook.
Modi¯cations weremadeto the isogrid array and it wasshown that the modi¯cations had a
negligiblee®ecton the overall structural e±ciency. The e®ectivenessof isogrid fabrication for
small organizationswasdemonstratedusingComputer NumericalControlled (CNC) milling.
Static testing data was correlated with the ¯nite element 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 developed to support a meteorologicaloptical instrument and sensorwith stringent
pointing requirements. The paper includes a trade study of an isogrid design versus a
honeycomb sandwich design. The results indicate that aluminum isogrid outperforms hon-
eycomb sandwich panels for this application becausethe sandwich panels exhibits a lack
of peelstrength, high stressconcentrations from mounting points, poor thermal conduction
without the useof thick facesheets,and poor thermal ¯eld{of{view to the instrument base
plate. Several instruments mounted to the isogridplatform usingthe nodeattachment points
and interfacebrackets. The paper presents the static and dynamic analysesperformedand
correlatedwith vibrational testing to verify the integrity of the panel.

Several technical papers and journal articles have been written regarding the design,
analysis,and manufacturing of ¯b er composite isogrid structures. The Air Force Research
Laboratory has researched ¯b er composite isogrid development since the early 1990s[20].
Thomas Kim hasextendedAFRL's research on analysisand fabrication techniquesof com-
positeisogridpanels[10] andcylinders[18]. Kim andAFRL developed¯b er compositeisogrid
solar panel substratesfor use on the Clementine 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 shown to outperform
honeycomb sandwich structures in sti®ness,mass,cost, and thermal properties.

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

NASA Langley Research Center, TRW, and Composite Optics, Inc. conducted a re-
search and development program to evaluate the bene¯ts to using ¯b er composite isogrid
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for spacecraftcomponents [33]. The study demonstrated that there are bene¯ts to using
composite isogrid for several applications such assolar array substrates,equipment avionics
panels,and high frequencyRF re°ectors. The results further reinforce the results from the
AFRL study by test/analysis correlation.

Several other resourcesare available to investigate the structural analysisof composite
isogrid cylinders and panels. Research has been conducted in the ¯elds of linear bifurca-
tion and nonlinear buckling of these structures; for example Wang et al [41] conducted
post{buckling and linear bifurcation analysis in parallel with experiments and Zhang [46]
developed geometricand material nonlinear post{buckling equationsfor composite isogrid
cylinders. Huybrechts and Tsai [16] investigatedthe e®ectsof nodal o®setand grid structure
weaknessessuch as missingribs. LockheedMartin, AFRL, and NASA have also conducted
research on composite isogrid cylinders for future SpaceShuttle fuel tank applications [28].
Estimations of the compactionforcesnecessaryto maintain structural integrity of the cylin-
ders were found using material nonlinear ¯nite element analysis. Compaction forces are
applied to the composite during lay{up and are di±cult to exact in practice. Theseforces
are related directly to the structural integrity of composite isogrid cylinders.

2.3 Summary

In this chapter wepresented a literature reviewinvestigatingpast satellite structural designs.
We described basic primary structural designsand the materials widely usedin spacecraft
structural design. We examinedthe advantagesand disadvantagesof each designand mate-
rial. We also presented literature describingstructural optimization methods. We included
a review of modern optimization methods, such as multifunctional structures, and conven-
tional optimization methods, such as sandwich and isogrid panels. Finally, we presented
a detailed review of past research conducted in the ¯eld of isogrid structures. In the next
chapter we usethis information to designthe structure of HokieSat.



Chapter 3

Structural Design

The development of any structure begins by establishing a design. In this chapter, we
describe the processused to create the structural design of HokieSat. We begin with a
description of the major designconstraints that guided the mechanical design. We present
the preliminary objective function analysisand results usedto createa preliminary design.
We also present the iterativ e designprocedureusedto create the current design. We then
describe the con¯guration and the composite isogrid structure design.

3.1 Design Pro cedure

The current designprocedurebeganwhenthe IonosphericObservation NanosatelliteForma-
tion wasestablished.The ¯rst step in the designprocedurewasto sizethe generalspacecraft
con¯guration due to the large number of organizationsinvolved in the mission. The ION-F
nanosatelliteswerecon¯gured ashexagonalcylinderswith dimensionsresembling the ¯gures
stated in Chapter 1 to minimize the inherent complicationsof integration. The hexagonal
con¯guration allowed selectionof a uniform separationsystembetweenthe spacecraft.

The next step required a selectionof the basicprimary structural design. We rated the
four basicdesignsstudied in the literature review and decidedto usea modi¯ed monocoque
cylinder structure. We chose this design becausethe monocoque design had heritage in
nanosatellitestructures and was readily applied to our program [31, 36, 11, 45]. The design
enabled a body{mounted solar cell con¯guration and allowed mounting of the relatively
lightweight components to its sidepanels.

The next step in the designprocesswas to selectthe optimum material for the primary
structure. We presented 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 reduced the number of primary structural materials to three: 1)
solid metallic panel, 2) honeycomb sandwich panel, and 3) ¯b er composite panel. We then
evaluated each of thesematerials in more detail basedon several designcriteria. We chose
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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 shown in Table 3.1. The list was modi¯ed to include
student involvement in the spacecraftdevelopment, which is an integral goalof the HokieSat
mission.

We subsequently constructedan objective function to evaluate the performanceof each
remaining material simultaneously. Each material was given a score, Sj , for each of the
criteria ranging from 0.0 to 10.0basedon resultsof the literature reviewand comments from
various specialists [14, 42]. The total scoreof the material designis thus calculated using
equations3.1 and 3.2:

Stotal =
11X

j =1

(Wj Sj ) (3.1)

The weighting factors, Wj , werechosenusing the following constraint to ensurean objective
and e±cient analysis:

11X

j =1

Wj = 1:00 (3.2)

A sensitivity analysis was 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 mechanical 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 amount of student involvement resulting from application of the speci¯ed material. The
three conditional weighting factors are presented in Table 3.2 and the preliminary design
resultsare displayed in Table 3.3. The objective function clearly demonstratesthat metallic
panelsare the most e®ective structural designfor our project. There wereseveral reasonsfor
this decision. Fiber composite structures are expensive to manufacture and require costly
structural testing. The honeycomb sandwich panelsrequirepotted insertsto attach fasteners
which createsafety concernsand parasitic mass.The metallic panelsare relatively simple to
manufacture and minimize the safety and testing requirements. Metallic panelsalso allow
greater student manufacturing and handling.

The next step in the designprocesswas to develop an optimum metallic plate design.
Several metals are usedin satellite fabrication, such as aluminum, titanium, beryllium, and
stainlesssteel, which were discussedin detail in Chapter 2. Thesematerials vary in cost,
manufacturing time, mass,strength, durabilit y, and requiredcraftsmanship. Aluminum 6061
T{651 was selectedas the primary material in the spacecraftstructure for several reasons.
The material is relatively abundant and economicallyfeasiblefor a low budget program. It
hasa density of approximately 0.1 lb/in 3 which is roughly onethird the density of steeland
other metals used in manufacturing. Finally, aluminum is simple to manufacture and has
relatively good workabilit y [22]. Good workabilit y 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 Honeycomb Sandwich Fiber Composite
1 Mass 9.0 9.5 10.0
2 Design/development/test cost 9.0 9.0 7.0
3 Student involvement 9.0 8.5 8.0
4 Easeof fabrication/assembly 8.5 9.0 8.5
5 Easeof subsystem/integration 8.0 9.0 8.5
6 Easeof inspection/repair 10.0 8.5 8.0
7 Availabilit y of material 10.0 9.0 8.0
8 Thermal performance 9.5 8.5 9.0
9 Test requirements 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/development/test cost 0.10 0.20 0.10
3 Student involvement 0.10 0.05 0.20
4 Easeof fabrication/assembly 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 Availabilit y of material 0.05 0.05 0.05
8 Thermal performance 0.10 0.10 0.05
9 Test requirements 0.10 0.05 0.05

10 Analysis techniquesavailable 0.10 0.05 0.05
11 Operations schedule 0.05 0.10 0.05

Table 3.3: Objective Function Results
Condition Metallic Honeycomb Sandwich 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 inexperiencedstudents to perform the majorit y of the machine work.

The next consideration in 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, machining an isogrid pattern
reducesthe massof the original plate by approximately 75% and reducesthe strength of
the plate by approximately 25%. Nominally, this proceduremay produce a 200%increase
in structural e±ciency comparedto the original °at plate [36]. Another advantage to ma-
chining the triangle array is that the plate remains isotropic [23]. Therefore, it exhibits
similar strength in all directions and locations of stressconcentrations are minimized. We
conducteda preliminary analysis,described in Chapter 5, to size the isogrid and establish
the preliminary designof the spacecraft.

Figure 3.1: Photograph of HokieSat Isogrid Structure

In the ¯nal stepsof the designprocess,we implemented an iterativ e 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 thesequestionsthe 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 element analysis
to ensureacceptablestructural and massproperties. The next stepsdeterminedif the man-
ufacturing cost and schedule of the structure were acceptable. Cost{saving methods were
implemented throughout the manufacturing procedure. Thesemethods included manufac-
turing several components in on{campus facilities and using undergraduateand graduate
student labor throughout the process. The ¯nal steps in the designprocessexaminedthe
assembly, manufacturing, and operations aspects of the design. Many stepswere taken to
easehandling, assembly, and manufacturing issuesthroughout the process. We used¯nite
element analysistechniques,which we discussin the next section,coupledwith development
considerationsto arrive at the most e±cient design. Upon successfulcompletion 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: HokieSatStructural DesignProcess
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3.2 Structural Con¯guration

The HokieSat structural con¯guration is designedto accommodate all of the missioncom-
ponents (seeFigure 3.3 and Figure 3.4). The spacecraftusesbody{mounted solar cells for
power generation, torque coils for attitude control, digital camerasfor attitude determina-
tion, micro{pulsed plasmathrusters for orbit control and several other components for data
processingand communications. All of the electronicscomponents connect to the isogrid
at web intersection points, known as nodes. The isogrid pattern is con¯gured with two{
inch node spacing. This pattern allows for convenient mounting of the components while
increasingthe structural performance. The rib width dimensionof 0.08 inch is minimized
to eliminate massand allow accuratemachining without vibration [23, 36]. Minimizing the
rib width dimensionwhile maximizing the rib depth is alsocritical to preserve much of the
panel bending sti®ness.
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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 Starsysseparationsystem on the nadir panel and the Lightband
separationsystemon the zenith panel. The Lightband separationsystemsinterconnect the
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 connect to the host spacecraft.The Starsysseparation
systemconnectsthe ION{F stack to the MSDS. It usesthe samebolt hole pattern; however
the systemusessteel to provide a stronger connection. It also has approximately the same
footprint dimensions.
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Figure 3.4: External Con¯guration of HokieSat

Figure 3.5: Lightband Footprint Bolt Pattern [15]
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The structural assembly consistsof eight isogrid plates (seeFigure 3.6). The two end
panelsarehexagonalplatesmeasuring18inchesin major diameterand0.25{inch in thickness.
The panelsusean open isogrid plate designwith 24 #10{32 through holesde¯ned by the
Lightband separation system to connect to the side panel °anges. The side panels are
manufactured using open 0.23{inch thick isogrid plates adheredto 0.02{inch outside skins.
Thesecomposite sidepanels,shown in Figure 3.7, are lessexpensive to manufacture than a
monocoque structure. The skins reinforcethe sidepanelsand provide a sti®, stable surface
to a±x body mounted solar cell arrays. The side panelsare modi¯ed to extend one inch
above and below the endpanelsurfacesto provide moreareato support the cell arrays. The
corner interfacesare designedusing shear tabs to sti®enthe joints and alleviate the shear
loading on the bracket 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 connecte±ciently. Modi¯cations to
the isogrid occur in four of the sidepanelsto allow the nozzlesof the pulsedplasmathruster
(PPT) nozzlesto protrude outside the structure. Two webs are cut out of the array to
provide cameramounting for the attitude determination system. Basedon previousanalysis
of isogrid structures, thesemodi¯cations have a negligible e®ecton the structural integrity
of the panels[36, 23].

Figure 3.6: End Panel Design

The structural assembly procedurerequiresthat all of the sidepanelsand internal com-
ponents be assembled prior to attachment of the end panels. The sidepanelsare assembled
usingtwo bracket designs.Bracket Design1, shown in Figure 3.8, is the morerobust bracket
that is approximately 0.25{inch thick. The bracket is fabricated using Aluminum 6061{
T651. The bracket designprovides adequateshearand pull{out strength for the fasteners
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Figure 3.7: Composite SidePanel Design

and alsoreinforcesthe bendingsti®nessof the joint. Bracket Design2, shown 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 designsconnect the side pan-
els using four #10{32 fasteners. The end panels and separation systemsare attached to
the °angesafter all of the side panelsand internal components are assembled, as shown in
Figure 3.10. The Lightband separationsystem requirements specify that the system is to
exhibit a °atnessof lessthan 0.0005{inch per inch. The endpanel is designedto accomodate
this requirement. However, the ¯nal step of the assembly checks the Lightband °atness to
ensureproper assembly of the system[15].

3.3 Summary

In this chapter we described the designprocessusedto arrive at the existing HokieSatstruc-
tural design. We presented the criteria and objective function usedto select the optimum
design.Wealsopresented the paneldesignsand the ¯nal composite isogrid structural con¯g-
uration. In Chapter 4, we discussthe manufacturing techniquesusedto fabricate the design
and the quality assurancemethods implemented to ensurehardware protection.
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Figure 3.8: SidePanel Assembly (Bracket Design1)

Figure 3.9: SidePanel Assembly (Bracket Design2)
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Figure 3.10: Structural Assembly



Chapter 4

Fabrication

The purpose of this chapter is to present the fabrication methods used to manufacture
the HokieSat structure. We begin by describing the machining methods used to fabricate
the structural assembly. We then describe the corrosion protection and quality assurance
methods implemented to maintain integrity of the structure. We concludewith a description
of the bonding processusedto manufacture the composite sidepanels.

4.1 Structure Man ufacturing

Manufacturing of the structure was completedusing multiple machining methods to min-
imize cost. Several components were machined on a conventional mill in the on{campus
Aerospaceand OceanEngineering(AOE) machining facility. Thesemachinestypically pro-
vide a toleranceof § 0.001inches. The panelsweremanufactured usingan alternate method
due to time, geometrical,and toleranceconstraints.

The fabrication of the isogrid panelswasperformedusingcomputer numerical controller
(CNC) milling machines. The CNC milling machines use a computer interface to control
the mill position. This interface enablesparts to be fabricated with small tolerances. It
alsominimizesmachine time by using a computer{aided{manufacturing (CAM) software to
generatethe mill control code, or \g-code," from computer{aided{drafting (CAD) software
usedto createdesigndrawings. A CNC code was developed and implemented for all eight
isogrid panels using AutoCAD and SolidWorks software. The side panels were machined
from 1{inch blocks of aluminum to provide adequatethicknessesfor the °anges. The end
panelsweremachined from 0.25{inch sheetsof aluminum.

All of the other components were manufactured using traditional meansin the AOE
machining facility. The skin face sheetswere fabricated on a conventional mill from 0.02{
inch sheetsof aluminum. The brackets weremachined and hand{formed from 0.25{inch and
0.125{inch aluminum sheets. All mechanical connectionsin the primary structural design
weredesignedto use#10{32 standard fasteners.

29



Craig L. Stevens Chapter 4. Fabrication 30

Somestructural components have special tolerancerequirements. The zenith end panel
outer surface is required to have no variations greater than 0.0005inch per inch due to
Lightband separationsystemreliabilit y issues[15]. This was veri¯ed by using an indicator
and a granite table asshown in Figure 4.1. The °atnessmust alsobe veri¯ed during the ¯nal
assembly as variations may be introducedby errors in the torque margins of the fasteners.

Figure 4.1: Method Usedto Verify Lightband FlatnessRequirements

4.2 Comp osite Side Panel Bonding

The sidepanelsweredesignedto be reinforcedusing a composite structure. Each sidepanel
was adhered using a standard 2216 gray epoxy purchased through 3-M. The epoxy was
chosenfor its e®ectivenessat bonding aluminum and its durabilit y in the arduous space
environment [2]. It alsoexhibits relatively simple handling characteristicswhich enablethe
bonding to be usedfor small programssuch as HokieSat.

A meticulous procedurewas implemented to ensurea su±cient cure of the bond and
satisfy all of the NASA safety criterion. The panels were ¯rst masked leaving only the
bonding surfacesexposedto ensurethat noneof the other surfaceswerecontaminated with
excessepoxy. The panelsand instruments werethen cleanedusingseven0.005{inch diameter
mono¯lament lineswerelaid acrossthe isogrid panel in the lateral direction (seeFigure 4.2).
The epoxy was mixed and then applied to the skin and the isogrid panels(seeFigure 4.3).
The panels and the skins were then wiped with a spatula to control the thicknessof the
bondline, as shown in Figure 4.4. The epoxy was less than 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 entire surface. The skins were then placedon the isogrid panelsand the
assemblieswereplacedin ¯xtures to ensurea squarelay{up, asshown in Figure 4.5. Finally,
the panelswereplacedin an oven at approximately 80± Celsiusfor 120minutes to cure [4].
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Figure 4.2: Isogrid Panel SurfaceBonding Preparation

Figure 4.3: Application of the Epoxy to Isogrid Panel
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Figure 4.4: Spatula Method Usedto EnsureEven Epoxy Distribution

Figure 4.5: Method Usedto Lay{Up the Composite SidePanelsfor Curing



Craig L. Stevens Chapter 4. Fabrication 33

4.3 Hardw are Qualit y Assurance

All of the aluminum in the °ight structure was coated with an iridescent chemical ¯lm
for corrosion protection according to MIL-C-5541E [40]. The ¯lm 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 environment is
maintained at temperatures between65 and 75± Fahrenheit and humidities between40 to
60%. These ideal conditions prevent oxidation of the aluminum and minimize the risk of
damageto the electroniccomponents (e.g. electrostatic discharge).

4.4 Summary

In this chapter we presented the manufacturing techniques used for fabrication. We also
discussedthe bonding procedureusedto lay{up the composite side panels. We concluded
by presenting 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 HokieSatstruc-
ture. We beginwith the preliminary static analysisthat guidedthe nanosatellitemechanical
design. We then re¯ne the analysisusing correlation of the ¯nite element model with static
and modal testing. Finally, wepresent the resultsof a detailed ION{F ¯nite element analysis
to ensuresurvivabilit y of the stack 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. Weusedan iterativ eprocedureasshown in Chapter 3
and performed¯nite element analysesof the structure using the launch environment loading
conditions. Basic isogrid theory wasthen applied to establishcriteria for choosingthe initial
isogrid structural design.

The loadingconditionswerecomputedusingrequirements from the SHELSUser'sGuide[26]
(SUG). The limit load factors are shown in Table 5.1. Theseload factors were considered
simultaneously and in all possiblepermutations. We also applied factors of safety, FS, to
the limit load factors equal to 1.25on yield and 1.4 on all ultimate failures (seeTable 5.2).
The margins of safety, MS, werecalculatedusing the following formula:

M S =
¾al lowable

F S £ ¾actual
¡ 1 ¸ 0 (5.1)

where ¾al lowable is either the allowable yield stress or the allowable failure stress for the
material (dependingon the factor of safety), and¾actual is the stresscalculatedin the analysis.
The marginsmust be positive for all failure modes,including material failure and buckling.

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

34
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Table 5.1: SHELS Structural DesignLimit Load Factors
LX (g) LY (g) LZ (g)
§ 11:0 § 11:0 § 11:0

Table 5.2: SHELS Structural DesignFactors of Safety
F Syiel d F Sul timate

1:25 1:4

the structure for di®erent shell element thicknesses.We then found the equivalent isogrid
panel stressesusing theory described in the Isogrid DesignHandbook [23]. The handbook
derives the stressequationsbasedon the isogrid geometricalparameters. The parameters
de¯ning isogrid geometryare shown in Figure 5.1 and presented in Table 5.3.
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Figure 5.1: Isogrid Parameters

We ¯rst explain the isogrid theory and assumptionsto present the method usedfor the
preliminary analysis. We begin by examining a web element of the gridwork and assuming
it is in a state of uniaxial stress. Only one of the principal stressesin each member is
assumedto be nonzero,therefore,the uniaxial bar strains, e1, e2, and e3, are de¯ned as the
longitudinal strains of the webs in the three corresponding 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 DistanceBetweenNode Centers
d Depth of Web
E Equivalent Young'sModulus
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The uniaxial bar loadsfor a unit thickness,Pi , are de¯ned by recalling the generalizedform
of Hooke's law:

Pi = bEei i = 1; 2; 3 (5.3)

We now seekto developHooke's law for the entire membrane. For a ¯rst approximation, the
changesin curvature and the corresponding bending stressesare neglected. Poisson'sratio
is also assumedto be 1

3. The membrane stressresultants, Nx , Nxy , and Ny, may thus be
found using plane stresssolutions or equilibrium conditions. The relationshipsbetweenthe
stressresultants and the grid strains are as follows:
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wherethe extensionalsti®ness,K, is equal to the following:

K =
9
8

Et(1 + ®) (5.5)

The nondimensionalparameter® is computedusing the following relationship:

® =
bd
th

(5.6)

Solving Equation 5.4 for the grid strains as functions of the stressresultants yields:
Ã

ex

ey

!

=
1

Et(1 + ®)

"
1 ¡ 1

3
¡ 1

3 1

# Ã
Nx

Ny

!

(5.7)

° xy =
8
3

Nxy

Et(1 + ®)
(5.8)
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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 given in the following equation:

Ã
¾x

¾y

!

=
E

1 ¡ º 2

"
1 1

3
1
3 1

# Ã
ex

ey

!

(5.9)

¿xy =
E

2(1+ º )
° xy (5.10)

The skin stressesarethereforefound by substituting Equations5.7and 5.8into Equations5.9
and 5.10: 0
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We now ¯nd the rib stressequationsusing the above derivations. The rib stressesare
the normal stressescalculatedalong the three rib directions. Therefore,the rib stressesare
found from Equations 5.2 and 5.3 as:

¾1 =
P1

b
= Eex

¾2 =
P2

b
=

E
4

(ex +
p

3° xy + 3ey) (5.12)

¾3 =
P3

b
=

E
4

(ex ¡
p

3° xy + 3ey)

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

¾1 =
1

3t(1 + ®)
(3Nx ¡ Ny)

¾2 =
2

3t(1 + ®)
(Ny +

p
3Nxy ) (5.13)

¾3 =
2

3t(1 + ®)
(Ny ¡

p
3Nxy )

We next choosethe skin thickness,t, to be zero to simplify the analysisand createa worst
caseloadingcondition. We substitute Equation 5.6 into Equation 5.13and establishthe zero
skin{thic knesscondition to obtain:

¾1 =
h

3bd
(3Nx ¡ Ny)

¾2 =
2h
3bd

(Ny +
p

3Nxy ) (5.14)

¾3 =
2h
3bd

(Ny ¡
p

3Nxy )



Craig L. Stevens Chapter 5. Structural Veri¯cation 38

Due to the isotropic nature of isogrid it is possibleto relate the extensionalsti®nessparame-
ters and rib stressequationsto a monocoqueplate. In this case,the open isogrid is modeled
as a solid plate of equal thicknessand reducedsti®ness.We model the reducedsti®nessby
using an equivalent Young'smodulus, E, that is basedon the sti®nessreduction due to the
grid geometry. This formulation reducesto the following:

E = E
b
h

(5.15)

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

We created a ¯nite element model in I-DEAS [38] using a linear shell element array
(seeFigure 5.2). We ¯rst simpli¯ed the analysisby minimizing the number of parameters.
The width of the rib, b, and the distancebetweennode centers, a, were previously chosen
basedon machining and integration constraints as discussedin Chapter 3. Theseconstants
thereforemake the equivalent Young'smodulus constant. The web depth (panel thickness),
d, is the only other independent parameterand is equalto the monocoquepanel thicknessin
this case.We performedan iterativ e analysisby calculating the rib stressesat di®erent web
depths. The results are shown 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 safety shown in Table 5.2.
The preliminary results show that 0.200{inch thick plates are su±cient. However, we were
forced to increasethe panel thicknessfor the following reasons:

² meetingthe sti®nessrequirements of the entire payloadassembly (ION{F andMSDS)[2]

² surviving the conservative testing requirements (discussedlater in the chapter)

² neglectingthe component massesand assumingan simpli¯ed load path

² threading the component fastenersinto the isogrid panels

² increasingthe stack mass

The ION{F stack sti®nesswasa major concernin the design.HokieSatis a major contributor
to the overall stack sti®nessdue to its position at the baseof the stack. A preliminary stack
modal analysis was performed and the results demonstrated that 0.200{inch plates were
insu±cient. We were alsoconcernedabout incorrect load paths in the model and failure to
model non{structural mass(components). Providing su±cient thread length for fasteners
for component integration wasalsoanother concern.Finally, satisfactionof the conservative
test requirements, which will be explainedlater in this chapter, and a substantial stack mass
increasefurther required an increasein panel thickness. Therefore, we increasedthe plate
thicknessto 0.250{inch to accommodate all of the requirements.

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

Table 5.4: Preliminary Analysis Results
d (inch) ¾max (ksi) M Smin

0.063 74.2 -0.663
0.125 36.0 -0.306
0.150 30.2 -0.173
0.175 25.6 -0.025
0.200 22.2 0.124
0.225 19.6 0.274
0.250 17.8 0.407
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5.2 Isogrid Satellite Mo del

Wenext re¯ned the modelandcreateda ¯nite element modelof the physical isogridstructure.
Wemodeledthe isogridpanelsusingarraysof beamandshellelements. Webeganby creating
models of the isogrid side and end panels. We then assembled the panels into the isogrid
structural assembly. We veri¯ed the model in several steps throughout the processusing
modal analysisand testing correlation.

We ¯rst modeledan isogrid end panel using an array of 0.25{inch thick beamand shell
elements. The isogrid websweremodeledasseveral 2{inch discretebeamelements, asshown
in Figure 5.3. The edgesti®ener,or separation system mounting area, is modeled using
0.25{inch thick linear quadrilateral and triangular shell elements. The separation system
mounting points weremodeledas nodeswhich createda nonuniform element geometry.

Figure 5.3: Isogrid End Panel FEM

We next performeda modal analysisto investigatethe unrestrainedsti®nessproperties
of the end panel. We usedthe Lanczossolver in I-DEAS to calculate the ¯rst 2 resonances
of the panel. The solver incorporates frequencyshifting for e±cient solving of the normal
modes. The ¯rst two modes are shown in Figures 5.4 and 5.5. The ¯rst mode exhibits a
twisting/b endingmode shape (hyperbolic parabaloid) at a natural frequencyof 105Hz. The
secondmode is a \drum" modeoccurring at 182Hz. A \drum" modeoccurswhenthe center
of the panel vibrates similar to a drum head.

We modeledan isogrid side panel using an array of beam and shell elements. 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; however, we included the °anges and
overhangs. The sti®enerswere modeled using 0.23{inch thick linear quadrilateral shell ele-
ments. The websweremodeledusing 0.23{inch thick linear beamelements. We represented
the °anges and overhangsusing solid and shell elements, respectively. The elements were
o®setfrom the neutral{axis nodesof the websand sti®enersto create the proper sti®ness
propertiesof the panel. Rigid elements wereusedto connectthe element nodesand transfer
the loads[9] betweenthe elements.

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

Figure 5.6: Isogrid SidePanel FEM First Mode

Wenext veri¯ed the accuracyof the modelsusingmodal experiment data correlation. We
performeda tap test using a tap hammerand piezoelectric accelerometers.The experiment
was conductedat Virginia Tech in the Mechanical EngineeringModal Analysis Laboratory
and the AerospaceandOceanEngineeringStructuresLaboratory. The panelsweresupported
using tape and bungeecord con¯gurations, as shown in Figure 5.8. All instruments were
calibrated according to MIL{STD{45662A. The panel was struck with the tap hammer
which measuresthe impulse. The accelerometersmeasuredthe responseand the signals
were processedusing a Fourier analyzer system. The frequency responsefunction (FRF)
wascalculatedusing a fast Fourier transform algorithm and the resonancesand phaseswere
examined.The results for the panelsareshown in Figures5.9,5.10,and 5.11. The endpanel



Craig L. Stevens Chapter 5. Structural Veri¯cation 43

Figure 5.7: Isogrid SidePanel FEM SecondMode

and sidepanelmodeshapescorrelatewell with the analysis.The sidepanelanalytical natural
frequenciesarewithin 1%of the experimental data. However, the frequenciesof the endpanel
analytical modes are approximately 6% below the experimental natural frequencies. This
error is most likely due to de¯cienciesin inertial properties modeling and sti®nessmodeling
(¯llets) and is consideredacceptable.We considerboth ¯nite element modelsveri¯ed within
acceptablemargins.

We next con¯gured the FEM panels into the isogrid structural assembly. The panels
wereconnectedusing coincident edgenodesthat transfer the loadsbetweenthe corner shell
elements. We did not model the °angesand the overhangsto reducecomplexity and because
the overhangshave relatively little contribution to the structural integrity of the assembly.
We ¯rst performeda modal analysisto examinethe sti®nessproperties of the model. The
results are shown in Figures 5.12 and 5.13. The ¯rst mode of the assembly 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 occurs at 263 Hz. The secondmode shape is also a \drum mode;" however,
the nadir panel vibrates in phasewith the zenith panel. The analysis demonstratesthat
components mounted on the center 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 n = 111Hz)
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Figure 5.10: Isogrid End Panel Modal Testing Results (f n = 193Hz)
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Figure 5.11: Isogrid SidePanel Modal Testing Results
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Figure 5.12: Isogrid Assembly FEM First Mode

Figure 5.13: Isogrid Assembly FEM SecondMode
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A modal survey was also conductedon the isogrid structure to evaluate the correlation
between the analytical and experimental data. The structure was tethered from a crane
with elastic cords to provide unrestrainedboundary 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 accelerometerwas attached at di®erent locations on
the spacecraftfor each test. A statistical analysis was performed on the results and the
mean valuesfor the ¯rst and secondmodal natural frequenciesare shown in Table 5.5. A
comparisondemonstratesthat the ¯rst and secondmode shapes are similar and the ¯rst
mode analytical natural frequencydeviatesapproximately 1% from the meanexperimental
result. Theseresults demonstratedthat the isogrid assembly model was a su±cient model
of the spacecraftisogrid structure.

Table 5.5: Modal Survey Test Data
Mode Analysis (Hz) Experiment (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 began the analysis by modifying the isogrid side panel model
described above. We created0.020{inch thick shell elements o®setfrom the web and °ange
neutral{axis nodes (seeFigure 5.14). We modeled the skin using linear quadrilateral and
triangular shell elements to e±ciently ¯t the geometry. The nodesof the skin elements were
connectedto the web and °ange elements using rigid elements, as described in the previous
section[9, 16].

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

We onceagain veri¯ed the model using modal experimentation. The side panelswere
tested using two con¯gurations. The panelswere again hung vertically using tape as de-
scribed above (seeFigure 5.17), and hung horizontally using a bungeecord con¯guration.
The accelerometerwas placed at several locations on the panel and the tap hammer was
usedto inducean impulse. The frequencyresponsefunctions (FRFs) wereexaminedresult-
ing in the modesdepicted in Figure 5.18. The mode shapeswerealsoveri¯ed by ¯nding the
Chladni patterns [29] of the panel. A ¯v e{pound shaker was connectedto the panel in the
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Figure 5.14: Composite SidePanel Mesh

Figure 5.15: Composite SidePanel FEM First Mode (f n = 159Hz)
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Figure 5.16: Composite SidePanel FEM SecondMode (f n = 219Hz)

horizontal con¯guration using a #10{32 vertical stinger which allowed e±cient 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 resonant frequencies.
Each signal was ampli¯ed and usedas input to the shaker. 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, shown in Figures 5.19
and 5.20, show excellent correlation with the nodal regionscomputed in the analysis. The
modal experiments demonstratethat the ¯rst 2 mode shapesand frequenciescorrelatewith
the analysisto within 1% error. We thereforeconsideredthe FEM an accuratemodel of the
composite sidepanels.

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 wasapplied to the center 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 prevent scratching of the iridite
protective coating. A jack screw lowered the head and the displacement of the head was
recorded.A load cell mounted on the headmeasuredthe resistanceforce. A prototype panel
was ¯rst tested until audible cracking was heard. We tested the °ight panelsto 70%of the
corresponding load. The results are shown in Figure 5.22. None of the panelsexperienced
any yielding or failures. The results also validate the assumption to neglect the thruster
holesin the sidepanel FEM sinceall of the panelsexhibit similar sti®nesscurves.
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Figure 5.17: SidePanel Modal Test Con¯guration
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Figure 5.18: Composite SidePanel Modal Analysis Results
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Figure 5.19: Composite SidePanel Chladni Pattern (Mode 1)

Figure 5.20: Composite SidePanel Chladni Pattern (Mode 2)
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Figure 5.21: Composite SidePanel Static Test Con¯guration
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5.4 Spacecraft Environmen tal Testing

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

The SHELSUser'sGuide [26] requiresthree typesof vibrational and strength tests. The
¯rst test typically conductedis a sinesweep,which is a low level modal test (approximately
0.5 g'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 assembly for
frequenciesranging from 20 Hz to 2000Hz.

The secondtype of test conducted is a random vibration test. The random vibration
test also usesa vibration table to excite the test article. The random frequencyspectrum
is typically a stationary random processdeterminedusing load{coupling analysisand data
from a launch vehicle. The stationary random processis typically quanti¯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 accelerationsinduced by the
STS during launch. The accelerationspectral density (ASD) used for the ION{F random
vibration test is shown in Figure 5.23. We subjected the HokieSat structural assembly to
the samevibroacoustic test 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 makes it more economicalthan centrifuge
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 fundamental frequencyof the test item to prevent load coupling and
dynamic ampli¯cation [25]. We performedthis test on the HokieSatstructural assembly to
ensuresurvivabilit y of components and revealany design°aws in the developmental process.
The sine burst input signal used for the HokieSat test procedureis shown in Figure 5.24.
The test is performedon each axis separatelyto simplify the testing procedure,however, this
createsrelatively conservative loading requirements. The load factor usedin our caseis the
magnitude of the limit loading vector, 19.05,times the factor of safety for all yielding, 1.25.
This corresponds to 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 wasperformedat NASA Wallops Flight Fa-
cilit y. Massmodelsof the major components wereconstructedand attached to the satellite
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to simulate the integrated system. We also fabricated a ¯xture to mount the spacecraftto
the shaker and simulate the Starsysseparationsystem. Fifteen accelerometerswereusedto
record the accelerationsof the major components and panels. We placedthe accelerometers
at several key locations throughout the spacecraftas shown in Figures 5.25 and 5.26. We
inspected the spacecraftfor any yielding or failure after each test. The test sequenceand
results are tabulated in Table 5.6. The assembly passedall testing with no damageexcept
for the ¯nal sine burst test. The rectangular torque coil was damagedin the thrust test
due to inadequatemounting, as shown in Figure 5.27. The sine sweep results, shown in
Figure 5.28,demonstratea structural fundamental frequencyof approximately 78 Hz. The
computer electronicsenclosureFRF, shown in Figure 5.29, exhibits the nadir panel ¯rst
mode at approximately 99 Hz. The low end panel natural frequenciesare attributed to the
addedmassof the components. The ill{placed GPS massmodel at the center of the zenith
paneland high massconcentration are the primary reasonsfor the lower resonant frequency
and higher FRF magnitude of the zenith panel. The prototype dynamic testing provided
valuable information about the satellite sti®nessproperties and survivabilit y 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 fundamental frequenciesof the space-
craft. The structure alsoexhibited no yielding or buckling during the testing which aided to
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 center of masslocation of the spacecraft. We
beganby assembling the spacecraftwith all key structural components. Massmodels 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
SineSweepX 20 { 2000Hz, 0.5 g RMS Pass
Random Vibe X 9 g RMS, 1 min Pass
SineBurst X 24 g, 23 Hz, Pass
SineSweepY 20 { 2000Hz, 0.5 g RMS Pass
Random Vibe Y 9 g RMS, 1 min Pass
SineBurst Y 24 g, 23 Hz Pass
SineSweepZ 20 { 2000Hz, 0.5 g RMS Pass
Random Vibe Z 9 g RMS, 1 min Pass
SineBurst Z 24 g, 23 Hz Fail
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Figure 5.27: Prototype TorqueCoil 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 ElectronicsEnclosure

connections.The test con¯guration is shown in Figures5.30through 5.32with accelerometers
onceagainplacedat key locationsthroughout the spacecraftassembly. We relocatedseveral
components in an attempt to sti®enthe end panelsand modi¯ed the torque coil mounting
scheme. We alsomodi¯ed the test procedureto include sinesweeptesting after the strength
and vibroacoustic tests. This modi¯cation enablesveri¯cation of the structural integrity of
the spacecraftby comparing the two frequencyresponsefunctions. The FRF is examined
for large frequencyshifts in resonancepeaksor large changesin magnitude. Any failures
or shifting is usually evident from this analysis. The procedureand results are shown in
Table 5.7. The structure passedall tests with no yielding or failures. Improvements were
also demonstratedfrom the prototype testing. The fundamental 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 panel instead of the
zenith panel. This changewas primarily due to the application of the epoxied honeycomb
and the relocation of the GPS hardware. The fundamental frequencyof the zenith panel,
shown in Figure 5.33,increasedover 156%from 78Hz to nearly 200Hz usingthis integration
technique. We alsoseelessenergyin the fundamental mode due to damping from the epoxy.
The CEE assembly waslightenedwhich resultedin a 6 Hz increasein fundamental frequency.
The randomvibration testing alsoprovidedvaluableinformation on the systemloadcoupling.
The information learnedfrom the dynamic testing dramatically aided in the development of
the spacecraftassembly.
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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
SineSweepX 20 { 2000Hz, 0.5 g RMS Pass
Random Vibe X 9 g RMS, 1 min Pass
SineBurst X 24 g, 23 Hz, Pass
SineSweepX 20 { 2000Hz, 0.5 g RMS Pass
SineSweepY 20 { 2000Hz, 0.5 g RMS Pass
Random Vibe Y 9 g RMS, 1 min Pass
SineBurst Y 24 g, 23 Hz Pass
SineSweepY 20 { 2000Hz, 0.5 g RMS Pass
SineSweepZ 20 { 2000Hz, 0.5 g RMS Pass
Random Vibe Z 9 g RMS, 1 min Pass
SineBurst Z 24 g, 23 Hz Pass
SineSweepZ 20 { 2000Hz, 0.5 g RMS Pass
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Figure 5.33: Flight FRF Magnitude For Zenith Panel
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Figure 5.34: Flight FRF Magnitude For Computer ElectronicsEnclosure
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Finally, we experimentally determined the massproperties of the spacecraft. HokieSat
was placed on a massproperties table in several di®erent con¯gurations as shown in Fig-
ures 5.35, 5.36, and 5.37. Thesecon¯gurations enabledthe center of massto be measured
in three dimensions.However, we wereunable to tilt the spacecraftdue to safety considera-
tions; thereforewe did not obtain data for the products of inertia I xz and I yz. We therefore
assumedthat the z{axis is a principal axis and calculated the principal moments of inertia
using eigenvalue theory for rigid body dynamics. The results are shown in Equations 5.16.
The center of masslocation is measuredfrom the center isogrid node on the nadir panel
outer surface. The center of massis very closeto the centroid of the satellite which will
enableeasyballasting during the ¯nal spacecraftassembly. The location also helps satisfy
the ION{F massproperties SUG requirements.

Figure 5.35: MassProperties Testing Con¯guration

~r c=o = f 0:10871; 0:03608; 5:81398g inches (5.16)
~I p = f 0:2799; 0:3017; 0:3341g slug-ft2
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Figure 5.36: MassProperties Testing Con¯guration

Figure 5.37: MassProperties Testing Con¯guration
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5.5 ION-F Mo del

We constructed a ¯nite element model of the ION{F stack con¯guration. The other satel-
lites, Dawgstar and USUSat, and the Lightbands were modeledusing previousstack model
properties [2]. The model is shown in Figure 5.38. We createda composite isogrid structure
for Dawgstar in I-DEAS using an array of elements similar to the HokieSatFEM assembly.
USUSat was constructedusing 0.25{inch thick linear quadrilateral and triangular shell ele-
ments. The USUSat isogrid was not modeleddue to its relatively little contribution to the
stack sti®ness.Non{structural masswas addedas point massesat central nodesin the cor-
nersof the other two spacecraftto account for the component masses.We also represented
component massesin HokieSat by distributing point massesat the component mounting
locations. The Lightband model was attached to the satellites at the end panel attach-
ment points. The separationsystemswere modeled using uniform 0.150{inch thick linear
quadrilateral shell elements.

`


HokieSat


Lightband


Lightband


Dawgstar


USUSat


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 cantilever mode. We also assumed
that the largest accelerationsduring launch are along the STS x{axis (roll axis). We thus
tested HokieSat in a cantilever con¯guration as it will be oriented in the SpaceShuttle.
The test was conducted in three phases[30]. The ¯rst phaseinvolved testing of the truss
¯xture built to apply the loads to the spacecraft(seeFigure 5.39). The truss measured35
inchesin length and wasassembled usingaluminum members. The truss applieda signi¯cant
moment to the spacecraftto simulate the launch load conditions. The truss was attached
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to several solid aluminum entities that allowed connectionto the spacecraftand application
of the loads. The entire ¯xture was mounted to a rigid back wall constructed out of steel
I-beamsto provide rigid boundary conditions. A load was then applied at the end of the
¯xture and the corresponding de°ections at that point were recorded using a linear dial
gage.The next phaseof the testing included the isogrid structural assembly. The spacecraft
wasmounted to the back wall using a separationsystem¯xture to simulate the correct load
path (seeFigure 5.40). We next mounted the truss ¯xture to the spacecraftas shown in
Figure 5.41. The loads and de°ections were then applied and measured,respectively. The
last phaseof the static testing examinedthe composite structural assembly in a similar set
up as the isogrid testing. This testing procedureprovided a thorough investigation of all of
the con¯gurations. We usedthe truss testing asa tare measurement of the experiment. This
measurement enabledvalues of the satellite de°ections to be calculated. The experiment
also allowed a comparisonof the isogrid panel assembly and the composite panel assembly
sti®nesses.The results are plotted in Figure 5.42. The composite side panelsdemonstrate
a 32% increasein sti®nessin the cantilever mode while increasing less than 8% in total
mass. The results therefore show a 22% increasein sti®nessper mass of the spacecraft
in the cantilever mode. These results show similar correlation with the side panel modal
analysis results above. The results also allow correlation of the test and model boundary
conditions. We ¯rst createda ¯nite element model of the truss and attach it to the satellite
separationsystemnodesasshown in Figure 5.43. We then solved the model for the loading
conditionsusedin the testing and determinethe corresponding de°ection. Usingan iterativ e
procedure,we determined the sti®nessof the truss material required to give the measured
truss de°ection. The resultsare shown in Figure 5.44. We demonstratedan error in sti®ness
of lessthan 1% usinga linear least squaresanalysis. We consideredthis an acceptableerror.

Figure 5.39: TrussFixture Testing Con¯guration
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Figure 5.40: SeparationSystemFixture

We next correlatedthe testing boundary conditionsof the compositestructural assembly
with the FEM. We beganby solvingthe compositemodel and truss ¯xture test con¯guration
modelat the correspondingtest loadconditions. Were¯ned the boundaryconditionsusingan
iterativ e procedureuntil the de°ectionsmatched the measuredde°ectionswithin acceptable
error. The results are shown in Figure 5.45. The truss exhibited geometricnonlinearities
at the higher loads. We therefore correlated the linear section of the experimental curve
to the FEM to lessthan 5% error using a linear least squaresanalysis. The corresponding
boundary conditionsincorporatedchangesto the original assembly model. The nadir Starsys
separationsystemattachment points are constrainedin all translational degreesof freedom.
The °anges are modeled using solid elements due to their contribution to the structural
sti®ness.The end panelsare connectedto the °angesusing rigid elements to simulate the
clampinge®ectof the separationsystems.Wethereforeconsideredtheseboundaryconditions
to be correct.

We also performeda modal analysison the ION{F stack con¯guration. The boundary
conditions of the stack interfaceplane were chosenbasedon the correlation analysisabove.
The ¯rst and secondmodes are shown in Figures 5.46 and 5.47. The fundamental mode
occurs at a frequencyof 47 Hz. Both modesare cantilever modes°exing nominally about
the major and minor axesof the stack. The strain energyplot revealsthat the majorit y of
the °exing in the assembly occurs in the Lightband FEM. We assumedthat the model is
su±cient for our analysis; however further investigation of the Lightband structural prop-
erties is recommended. A fundamental frequency of 47 Hz for the ION{F stack reveals
possiblesti®nessproblemsfor the MSDS and stack assembly. The SHELSUser'sGuide [26]
requires that the payload have a fundamental frequencygreater than 35 Hz. Satisfaction
of theserequirements may be di±cult to attain as a payload assembly. The ION{F stack
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Figure 5.41: Satellite Testing Con¯guration
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Figure 5.42: Resultsof Cantilever Strength and Sti®nessTests
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Figure 5.43: TrussFEM Analysis
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Figure 5.44: Correlation of TrussModel and TrussTesting
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Figure 5.45: Correlation of Composite/TrussModel and Testing

environmental testing will determine the accuracyof the model.

Wenext performeda stressanalysisof the ION{F stack. The SUGrequirements stated in
Table5.1were¯rst investigatedto determinethe integrity of the stack. The results from the
analysiswereshown in Table 5.8. The marginsof safety werecalculatedusing Equation 5.1
and the required factors of safety. The results revealedthat HokieSatand the ION{F stack
exhibit no failures and passthe SUG structural requirements.

We next investigatedsurvivabilit y during sine burst testing. As stated above, the fre-
quency of the sine burst signal is required to be lessthan one{third the fundamental fre-
quencyof the test item to prevent 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 stack tests; however, further investigation is recommended.The sineburst test
correspondsto three uniaxial tests at 23.8g's acceleration.We thereforeperformeda stress
analysis for the sine burst test by applying uniform accelerationsalong each of the three
orthagonalaxes.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 shown in Appendix A. The plots demonstrate that the
HokieSatstructure survivesall test loading with no yielding or failures.
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Figure 5.46: ION{F FEM First Mode (f n = 47 Hz)

Figure 5.47: ION{F FEM SecondMode (f n = 48 Hz)
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Table 5.8: ION{F FEM StressAnalysis Results
Gravit y Vector (g's) ¾max (ksi) M Syiel d M Sul timate

f 11; 11; 11g 24.2 0.157 0.122
f¡ 11; ¡ 11; ¡ 11g 24.2 0.157 0.122
f 11; ¡ 11; ¡ 11g 24.8 0.129 0.094
f¡ 11; 11; ¡ 11g 22.0 0.273 0.234
f¡ 11; ¡ 11; 11g 23.0 0.217 0.180
f¡ 11; 11; 11g 24.8 0.129 0.094
f 11; ¡ 11; 11g 22.0 0.273 0.234
f 11; 11; ¡ 11g 23.0 0.217 0.180

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

In this chapter we presented the analysisand testing techniquesusedto verify the structural
integrity of the HokieSatstructure. The preliminary analysiswas presented and the isogrid
theory used in the approximation was derived. The isogrid ¯nite element model was de-
veloped and veri¯ed using modal experimentation. The composite sidepanel ¯nite element
model was constructed using o®setelements and the model was also veri¯ed using modal
experimentation. We demonstrateda nominal 22%gain in structural e±ciency by applying
the compositesidepaneldesign.The compositesidepanelmanufacturing and strength were
veri¯ed using plate bend testing. The HokieSat prototype and °ight structural assemblies
underwent vibrational testing at NASA Wallops Flight Facility resulting in no catastrophic
damage.Wecreateda ¯nite element model of the ION{F stack 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 SHELSuser'sguide
requirements. 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 plausiblecon¯guration for our mission. In Chapter 2, we investigated
several materials and methods used to optimize the structural properties of spacecraftas-
semblies. We chosealuminum isogrid as the most e±cient designfor our program. We then
described the designof the spacecraftand the entire satellite con¯guration in Chapter 3.
In Chapter 4, we described the CNC manufacturing techniques used to fabricate the iso-
grid and the conventional methods usedto fabricate the remaining structural components.
We described the meticulous lay{up procedurerequired for the composite side panels. In
Chapter 5, we presented the entire veri¯cation processused to determine survivabilit y of
the structure. We usedisogrid theory to sizethe preliminary designof the spacecraft. We
applied the theory to results of the ¯nite element analysisto arrive at the design. We then
createan isogrid ¯nite element model to more accurately model the structure and increase
our panel thicknessesto 0.250inch. We then createdthe composite side panel model using
o®setshell elements and investigatedthe properties of the assembly. We veri¯ed the mod-
els using modal analysis techniques. We performed environmental testing on the satellite
assembly at NASA Wallops Flight Facility. We devised integration methods to raise the
fundamental frequencyof the structure and reducethe dynamic ampli¯cation of the loading
on critical components. We then usedthe data to create a FEM of the ION{F stack. We
veri¯ed the boundary conditions of the model by correlating the displacement data recorded
from static cantilever testing. We conducteda modal analysisrevealing that the ¯rst mode
of the ION{F stack is 47 Hz. Finally, we conducteda stack level stressanalysis. We proved
that the structure will survive all environmental and test loads.

We developed a satellite structure that incorporatesa conventional isogrid designwith a
modern composite assembly technique. The isogrid con¯guration allows for e±cient mount-
ing of the components including several revolutionary nanotechnologies. We also demon-
strated a 22% gain in structural e±ciency by incorporating epoxied skins in the composite
structural con¯guration. The environmental testing results demonstratedthat the epoxied
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honeycomb construction increasedthe sti®nessof the zenith panel by over 156%and also
increaseddampeningof the assembly. The testing showed a HokieSatstructure fundamental
frequencyof 105Hz. The composite sidepanelmanufacturing useda space{rated2216gray
epoxy which allowed for a simple lay{up procedure. The development processincorporated
several undergraduateand graduate students at all levels. The students were able to fab-
ricate and handle the hardware, and the environmental testing was conductedprimarily by
students. We veri¯ed the integrity of the key structure in the unique ION{F stack con¯gu-
ration using ¯nite element analysis. This con¯guration is essential for ION{F to °y in one
of the ¯rst autonomousformation °ying missions.
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App endix A

Finite Elemen t Analysis Results

The appendix contains plots of the stresscontours obtained in the sine burst test ¯nite
element analysis. Both the shell stressesand rib stressesare plotted. The results shown are
the Von{Mises stressescalculated in the analysis.

Figure A.1: SineBurst StressAnalysis (y{axis)
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Figure A.2: SineBurst Rib StressAnalysis (y{axis)

Figure A.3: SineBurst StressAnalysis (z{axis)
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Figure A.4: SineBurst Rib StressAnalysis (z{axis)
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