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ABSTRACT

The material selection, design, manufacturing method,rasdrviceenvironmental conditions,

such as temperature and vibration, are all critical factors in the design of a Cube Sattabite.
Furthermore, as weight is a critical factor, to make a lighter CubeSat for space research, it is
considered to use aluminumajk. If consideringhe use of flexible additive manufacturing,
various aluminum alloys may be suitable, while some are not. As an example, AlSi10Mg could be

a suitable alloy to construct a CubeSat, as it has been successfully used in additive magufacturin

In the first part of the thesis, the NaRacks CubeSat Deployer (NRCSD) systeiiiustrated, in
terms of the requirements for small satellite launchess. Systenwill be explainedn thepart(2-

3-2) of the thesis. The defined requirements exeotedll parts of the mission will be examined.

In the second part of the thesis, the concept of topological optimization (TO) during design, along
with additive manufacturing technology are explained, and then the aluminum alloys which can
be produced by alitive manufacturing method are investigated. In the third Chapter, the designed
CubeSat, which resulted from applying the TO methsadjected to different loading in a
simulated launch/space environmannvestigated. Optimization of the designed Cudias this

part is done using the NISA software. The results due to applying loads and adegunatary
conditions BC) helped to design an optimized CubeSat in Fi@al design an@pproving of the
CubeSat desigm launch circumstances can be assebgatbing FEA on the shape NISA. In

the fourth Chapter, the validity of the CubeSat design, by introducing some majondasdieen
investigated. In the fifth Chapter simulation results of two different kinds of CubeSats are shown,

to validate the mettus of FEA application.
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CHAPTER 1 INTRODUCTION
A mathematical method that gives a design with an optimized matergais)is called
topologicaloptimization (TO)or shape optimizationThe finite element method (FEM)
can be used for TO formulation and evaluating the design presentation. Researchers in
aerospace, mechanical and cengineerindghave beemwidely working onTO applications,
while engineerscan subsequently further contribute to thysadding constraint® the

formulationfor developing the manufacturing purposes.

The application of additivenanufacturing(AM) technologies arevolving and further
developing ina variety ofcurrentindustriesat a rapid paceAM of aluminum alloyshas
receiveal attention from industrialists and researchers due tugts potential for lowering
mass, strengthening of components, and the ability to manufacturelthreresional (3
components that are not feasible through other metktmigever the number of Al alloys
that arepresentlyusable inaserbased3D printers is quite limited. Despite thate ofthe
aims of continuingAM studies igo increase theangeof suitable dbys andthevariety of

AM techniqueghat aredevised in orderto remedythese issues

In recent years, the fagtowing small satellite industry has been developing
internationally and the manufacturing ofanosatellites knowa sCuleSat dasbeen
increasingrapidyCub e Sats are based on 10 x 10 x 10
a single linear dimension, up to a nominal maximum size of 60 x 10 x 1Gampared

with the traditional large satellite$or space exploration missions recent decades
increasing numbers @ubeSat have beempplied due t@ variety ofadvantagessuch as

low cost andrelatively short development cycle€ubeSats can be used in isolation or

mul tiple units, i n what | s tdsshown as a 6écon



The presenstudy focuses on these of FEM to assess the effeatslifferent acceleration
and thermatonditions oravariety of LU CubeSatlesigns, generated through B@finite

element analysis.

1.1 Introduction

A first attempt tevardsthe development @& nammsatellite standard is the CubeSat program.

A cubeshapedanosatellitelesign ofa10 cm side length is called CubeSatibeSats are
miniature satellite units, with a basic building block of 10 x 10 x 10 cm (for a 1U satellite),
andaweight of up to~1.3 kg. By convention, nanosatellites are defined as being between

1 and 10 kg in mass, while picosatellites are betweear@ 1L kg in mass, and hence both
terms can be applied to CubeSats, depending upon their operationalAnfasbeSat
worksaloneorina ¢ o n s t grbup @& multipleuditshat can interact with each other
There are foumaintypes ofoperationapurpossfor CubeSats: technology demonstration,
science, educationdarningand commercial missiofiL]. The first three of these are
covered within th&€€anadian CubeSat Heat (CCP) remit The CCP program, initiated in
2017 by the Canadian Space Agency, is focused on the development of CubeSats within
Canadian university environmeniBheinternal structuref a CubeSaneeds tacontaina

broad range ofunctional systems, includiran antenna and radio communication system,
power sourcdi.e. Li-ion batteries)and computgs) that control allthe functions of the
satellite. Installing the antenna on the exterior is also possible, which is also the location
for the photovoltaicsolar paneldhat are required for energy generation, as the CubeSat
must be selbustaining in operatiohe CubeSatwil al so | i kely carry

form, for exampleenvironment sensors, cameras, &iee primary goal othe present

a



work is to optimize the desigand mod#ing approacksfor CubeSat chassighichwould
ultimately be fabricatedusing (for exampe) aerospacgrade Al-basedalloys when
subjected to the mechanical stessand vibratiols arising during rocket launchesnd

ultimate deployment

Mass, stiffness and strength requirements arentb& significant factors in the desigr o
structuralspae systems[2]. To a large extenthe surwability of the instrumentation
depends on the stiffnesalsq by reducing the weighof the chassis structure while
retaining mechanical performane increase ithe payload ipotentiallypossiblewhich
may help to decrease the launch sog&thoosig the proper material sssentigldue to a
large percentage dfie CubeSatnassbeingwithin the structural and mechanical parts of

the satellitg3].

Up to now,more than 120CubeSat missions have besnccessfulljfaunchednto space.
Descriptions relating to wide rang of CubeSatsmissions and their capabilies can be
found inthe literaturg4]. Access of small payhalsinto the environment of spaces the
primary mission of theCubeSat prograni5]. Theinitial choice for thenateria(s) usedn
the chassisstructureis Al-basedalloys, with the most common graddseing AAG061 or
AAT7075, respectively, because of haviow densities, moderately lothermal expansion

coefficients combined with relativelhigh strength and stiffness.

Cubesat must haveompatillity with thenanosatellite eployer and a number of systems
are available, such as the Rélicosatellite Orbital DeployefP-POD), developed by
California Polytechnic (or CalPoly), or the NaRacks CubeSat Deployer (NRCSD),
which will be usedor the CCP. This compatibility is necess#myensurethe safety and

success ofhe mission Cubesat ejection into orbjtknown as deploymenis possible by

3



sliding the satellitealong a series of rail&igure1.1). Therectangulaaluminum box with
a springmechanisndoor is often calledthe P-POD [5], based on the original CalRol

design

Figurel.l Inside of the FPOD([5].

Aluminum alloysare one of théest choice$or CubeSat applications, or any satellite for
that matterdue to their low weightcombined withhigh strength and stiffnessSome of
the other comparable stiffnessweight materials are Mg, Ti and CFR8pecifically,one

of the main aims of the cunt study is tanvestigate suchl alloys in terms otheir design

to produce compleshaped, topologically optimized and crackee componenis
ultimately using lasebased AM approache&n effortis alsomadeto select/determine the
material properties in a relatively rapid, leeost manner.The chosen option$or
optimizing performance will be validated by comparing a series of computational
simulationsthroughthe use ofthe FEM. Themechanical and thermal loading will alse
taken into acount during the evaluatioit.shouldbenotel thatvibration duringhelaunch

of such satelliteso the InternationalSpace StatiorflSS), where they are subsequently

deployedwill be significant



1.2 Problem Statement and Motivation

One of theessentialreas of scientific exploratios in space and itused tobe largely

performed through thdaunch oftraditional satellitesHowever, inthe past fewdecades,
miniaturization of small space exploration devibesbeen developeff]. Mass, stiffness

and strength requirements are significant specificatizait need to be mébr the design

of structuralspacesystems. Fothesurvivability of the instrumentatigma specific level of

stiffness is requiredy reducinghe weight one can increaghepayload which decrease

the effective launch cost(as the mission capacity is increasadyl thus canextend the

mission objectivesA | ar ge per cent age isoepresdnteccbyh€u b e Sa't
satellitebs st r uc bfuheahlassisamddt shoves chk enpartaneelof par t
choosingappropriatemateria{s) to minimize the weight. Nowadays, researchers can
complete somémit space explorationat relatively low costaind in the academic area,

this field has resultedn the deviopment of picosatellites (<1kg) and nanosatellites
(<10kg), which have beerdeveloped for many yeafscusingattention onreducingthe

size and massn terms ofincorporatingadvancediechnologies[2]. By comparing to

traditional satellites that haveorsiderablesize and masdhe advantages of CubeSats
represerdd by smaller sizelower coss, andrapid fabrication2] are clearSo, FEM for

topological optimization (TO) optimizethe material design ahe CubeSat under the

defined loads and boundary conditions within a specified space. Chapter 8 teleow

results of TO and FEA in NISA softwarkn principle, thereforgthe application of3D

printing technologiess an approachwith relatively short development cycle advantages.

However, the costs of lasbased 3D printing are still higlso for the continuingrapid



development opico- and nanosatelliteghe combination offubeSat conceptsand 3D

printing technologys favourable[6].

1.3 Thesis Objectives

Despite thevastbody of worksrelating to theperformancen terms ofthe topic offinite
element design o€ubeSas, to the best of our knowledgao investigations havéeen
madein terms ofthe shape optimizatiofi.e. TO)of the CubeSat to addretsge Al alloy
material, AISi1OMg,in particularby usinglaserbased AMmethod. The research
undertaken in this dissertation plans essentiallgssesshis issue, with the objective of
applying shape optimizatignusing TO,and improving the materialse/chassis design
through addressgthe requiredlesigncriteria of high strength, lightweight, and low cost.
In brief, the overall objective of the study is to optimize the shapleed@ubeSathassis
designand develop a relatively inexpensive arabust CubeSatconceptfor typical
engineering applications in the space sector where relatively light CubeSats are required
as withthe other aerospagelated applicationsAs noted earlier, such an approach of
minimizing the chassis mass allows an increase in the payleaght or allows the

fabrication of a satellite with an overall lower mass.

14 Thesis Organization

This thesidasdivided intosix chaptersThe first chapter providesbasic introduction and
thesis structureChapter2 contains a literature review which dealith the subject of
CubeSatsn more detail The discussion begins with a review@ifibeSat types antie

associatedNancRacksdeployer system, with facusonfinite elementanalyss andshape



optimization. Moreover, additive manufacturingechnologies as a methodfor
manufacturing CubeSaarealso discusseih this chapterChapter3 discusses the finite
element analysis antO approaches used ftine CubeSatlesignby applyingNISA TO
software, and the influence of acceleration, thermal loading, gmdtion on the final
shape othe CubeSatin Chapter 4for investigation and validation of the study, a series
of tests such as functional, vibrational and thermal tessngptroduced. Chapter 5
discusses the simulation analysis (FEA) of two studies with the current Stdgtere

providestheoverallconclusiors and recommendations for future work.



CHAPTER 2 LITERATURE REVIEW
2.1 Introduction

In 1999 the first ideaf designing amall culic shapeé satellite known as &ubeSat, was
initiated by BobTwigg and Jordi Puigsuari [7]. Sincethe inception of the concepin
2000, nearly D00 CubeSathave been launchedo earthorbit [7]. Theprimarypurpose
of designing CubeSsatwas for educational purposespecifically for helping students
becone acquainted with the spaseience engineeringnvironment However CubeSats
arenow usedor a variety ofscientific,governmentaland commercial purposeStudents
working on thesekinds of engineeringprojecs can design and build CubeSait a
relatively low cost andare provided with an interdisciplinary labour experienck is
expectedhatthe number of launched CubeSat#l continueto grow, as ithas increased
in the last eight year#&\lthough CubeSatarea high demandatelliteunit, thefailure and
destruction of the CubeSat systare high, too [8]. Figure 2.1 shows the number of

launched CubeSats in the last eight yealsch hasncreased dramatically.

350_...............................................................................'".
11 87 :E:: -
._'.

L1 P P P

1

Nurmber of Cubefats lunched

02 1003 2005 2006 3007 200E 2009 D10 2011 2012 2013 2014 2015 2006 017 201
Year

Figure2.1 Number oflaunchedCubeSats between 202918 [9].



One of the mostritical outcome in designing thesmall CubeSat iexploring space in
low-Earth orbit (LEO)Usually, oneunit (1U) CubeSat areused for university projects to

develop CubeSatlars for the first timg10]. Figure2.2 shows a small aaunit satellite.

Figure2.2 A small satellite with one unit CubeSa0].

2.2 The Canadian CubeSatProject

TheCanadian CubeSat Project (CCP) is a prominent prdjexded through the Canadian
Space Agency (CSA), that will ultimatetyiminatein a real space missipwith satellites
deployed from the ISS (https://www.assa.gc.ca/eng/satellites/cubesat/defapd.an
April 2017, the CCP introduced the idea of allocatingversityprofessorgo involve their
students in the space projet this project, the successful teaheve beenoffered a

unique opportunity of CSA fundinfgpr manufacturing theiCubeSat.

Experts of the CSA are responsible for ggdprofessors and students to optimize each
mission successfullyThe CCPwill consequentlyprovide experience in a variety of areas
of spacescience and technologyncluding communicatingthe work to the public and

prepaing students to beconteeinnovatoso f Canadads nexdciergigssner at i



and engineerfl]. The design of th®alhousieCubeSatfunded through the CCBtarted

in March 2018and it will continue untithe em of 2021 The constructioand testingare

expected tdhappen between August 2020ce c e mber 2021 (6fl at sat ¢
underway as of July 2020)ith an expectation to launch to the ISS in the Spring or

Summer 02022

2.3 CubeSats

ThevariousinternationalCubeSat prograshavedeveloped in some universities, private
companies, and government organizations due to thedsivof developing the CubeSat
satellited11]. CubeSa havebecome aexcitinginnovationin the worldof space research
and applications, witbbjectives for a varietgf spaceaspectsuch as educatiosgcience,
and defencebeingpursued nitially, researchersere usingCubeSats onlyn low Earth
orbit (LEO) for communicatios, butrecentlythey havesvenbeenplannedor deployment
aroundthe moon Marsmoonsandpotentially everdupitermoonsand Saturrmoons[12].

In our solar systenthere are more than 200 moamsh different shapes and sizespse

of them have atmospheres and oce@hs cold, dusty, desert world with a thin atmosphere
is the fourth planet in the solar system with the name of Mars. Jupiter is the giant planet in
the solar system, and Satlimthe second largest of8]. Up until May 31, 2018, the
total numberdaunched CubeSats was 8%Eurrently, theleadingapplicationsectorfor
CubeSats, remote sensingprrespond to about 45% of allaunches Now, with the
developnentof CubeSa, a total offifty -eight countries have already been involyed
While CubeSat aresmall satellits, with weightssignificantlyless than 300kg (1100)lb

theymuststill be approvel to aspecificseries ostandard for controlling the factorsuch
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asshapedimensiors andmasg14]. As noted earlier, thérst launclesof CubeSatsvere
in the early 2000s, and they werery simplesatellitedesigrs to achieve the demands of

student education or to meet some amateursieed

A CubeSat can operate slgieor in a group of multipleunits (maximum 24 unitsps a
0 c 0 n st .erigurea.d shows the different units of CubeSathich can work in four
types of missionstechnology demonstration, scienceducational and commercial

missions.

Figure2.3 Different types of CubeSat [1].

The expectedength of a cubeshaped1U) pico-/nancsatellite is 100 mm per sidand it
may notweighmore than~1.3 kg for every singlelU CubeSatSo, for double(2U) and
triple (3U) desigrs, theyshouldweighbe less thar2.6 kg and~3.9 kg, respectively. The
dimension foradouble is 227 miand 340.5 mm foatriple; the changes should apply on

theZ directiononly, sotheX and Y dimensioaarefixed @t 100 mm)[5].

11



In the launchscenarig the CubeSat must bsetrong enougho survive launch without
damage or dimensional change in the deployee. cube's edgaeed to have a minimum
radius of 1 mmto ensuresmooth movmentwithin theconfines

of the deployerThe two crucial structural requirentsof the rails are to haviéat faces

and rounded corners (aroundnin radius) [5].

Figure2.4 showsanexample of a 1U CubeSat. It contains a frame, different pgreiser

board commandand data handlinfCDH), electronics payload electronicscameraand

the actuapayload CDH is the system for controlling the other CubeSats subsystems such

as commuitation, ACDS (attitude determination and control subsystang payloaf.5].

Side Panel
Electronics

Bottom \ Powerboard

Panel
Back Panel

C&DH

Structure \'Li‘

MY Camera e
Payvload
Side Panel

Figure2.4 Example of 1U CubeSat [5].

Front Panel

Cubesats need to have some general requiremenddide a regularmission operation.
Firstly, they are entirelgelf-contained from thenomenttheyarecharged in the deployer
and then transpatl to the ISS. Any supports or charging of batteries is prepared after

ending the integration. Secondly, during the launch, detachalikor the creation oany
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spacdoreign object debrig=OD) is forbidden. Thirdly, the fragile materialsedfor solar
cells shouldmeet suitableapproval requirementd6]. In terms ofthe electricalsystem
requirements, during the launch, any electronics must not be active due to avoiding any
electrical interference (or interface (I/F))with the launch vehicle. CubeSats have
rechargeable batteriemnd during théaunch they must be fully deactivateBelow there
are some operational requirements for integrationtla@delatedegal obligations for the
safety ofthe CubeSat&ind associated systems (e.g., the:ISS)
1- The capability of receiving theansmitter shutdown command for CubeSats with
rechargeable batteries.
2- The antenna and solar panels may be deployed a minimum of 30 seconds after
ejection of the CubeSat from the deployer.
3- Preparing an orbital FOD reduction plan by developers and obtafrerapproval
documentation with NASA space debris mitigation rule recorded in NASA

Technical Standard (NASATD-8719.144)5].
2.3.1 Inside of The CubeSat

A bus module in a CubeSat is made of anodized aluminum and saves a whole board
containing avionics. A microwave radiometer in the payload performs the primary science
mission and receipt millimetr@ave radiometer pictures of storms, and the whole module
spins, which helps the radiometer be calibrated from the cosmic space during the rotation.
Theother advantage of spinningaBowing the sensdo observe th&ull zone[17]. Based

on the CubeS&itandard Kit (CSK)aMicoMAS-1 avionic stacks designed byumpkin

Inc, and it involves a series of boardsd standard pin mapping3he attitude

determination and control systefADCS), I/F board and the avionicd/F board are

13



examples othe custom boardssedto create theslectronicssystems to esuresuccess for
the mission.

The scanner assembly is located just beneath the paylodule andallowsthe spinning
of the payload. The topF board is located on the left sideigure 2.5) of the scanner

assemblyit involves the motor controller and some other parts.

(Bottom) ADCS
Interface Board Motherboard Battery Motor Controller Payload

MAI-400
Attitude
Determination
and Control
System (ADCS)

Electrical Radio  (1op) Avionics Magnetometer X Scanner Assembly

Power Interf
System (EPS) ";u;ge

Communications
Antenna

Figure2.5 Bus design of a MicroMAS. [16].

Below the battery, thenotheboard is located with an émard computefOBC) and the
radio communication board.
The topl/F boardis installed beneath the scanner assenitilg motor controller and some

other power distribution units (PDUSs) are in the li¢pboard(Figure2.6).

Figure2.6 Top I/F board [16].
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Below the motherboard, the radio communication board is located. It carries a nanosatellite
radio and a custom carrier card was made to transfer the data to the right pins on the bus.
PDUs inthetop I/F board and the radio communication board controls power to the radio

and storedata for the time that CubeSat i's not

(Figure2.7).

Figure2.7 Top of the radio carrier board (left) and bottom of the radio cddr&r

Below the communications board, the electrical power system (EPS) is located. Its duty is
managing the onboard power and gathering electricity producétkelsplar panelsand

thenit charges the batteries adidtributesenergyto the systems that needfigure2.8).

Figure2.8 Electrical power system [16].

After the ADCS, the bottoml/F board is locatedand it is attached with a board to board
I/F connector. Therégs a PDUon thebasdoard and it supplies power to ADC3n
addition anl/F allowstransferring data to the ADCS frothe sun sensorsvhich are on

the surface of the CubeS&tgure2.9) andallow a determination of the satellite orientation
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Figure2.9 Bottom I/F board [16].

At the base of the CubeSat, the ADCS is locaded its duty is helpinthe orbit stability
and orientationandreducingmomentum produced by the spinning payloadariety of

sensors and actuatdrslp achieve thigFigure2.10) [16].

Figure2.10 ADCS (left) and static earth sensor (right) [16].

2.3.2 Nano-Racks CubeSaDeployer System(NRCSD)

The NaneRacks CubeSat Deployer System (NRCSD) igectangular tube madef
anodized aluminum plateg,base plate assemblgnd deployer door&8oth theNRCSD
and PolyPicosat Orbital Deployer (POD)systems are used tieploy the CubeSaisto
spaceandboth designscan holdup tosix 1U CubeSatsor combinations olU, 2U, 3U,
4U, and5U CubeSats up to a sbmit maximum. Alternatively, theeployerscan hold a
single6U (unit) satellite CubeSats must haverapatibility with either theNRCSD or P
POD requirerents such aghe dimensiors, maximummass,andthe launchdperational

restrictions The inside walls of the NRCSD are smaath minimize friction andhence
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minimize the possibility ofamming ofthe CubeSatwithin the deployer Between the
interiorwalls and deployabl€ubeSasystemsthereshouldnotbeanyintentional contact

[16]. The potential for jamming is a serious consideration, as if the first unit to be deployed
jams, all the remaining CubeSats would be trapped within the deployer and could not be

launched.

Aft
840mm (33 in) Forward !

‘ 6.9 in |

175 mm

Access Panels

Base Plate

Figure 1 NRCSD

Figure2.11 NanoRacks CubeSddeployersystem (NRCSD)[15].

The accessibility of CubeSatsice in the deployer tuhe locatedonly on the top face of
NRCSD with suitableaccess panglasshown inFigure2.11. In Table2-1, the mass of
NRCSD is given according to tmeaximum ballistic number (BNyvhichis allowablefor

ISS deployed payload6].

Table2-1 Massproperties of CubeSat

Unit MaximumMass(kg)
1U 2.82

2U 5.657

3U 8.485

4U 11.314

5U 14.142

6U 16.971

17



2.3.3 Testing Requirements

For the safety of the CubeSats and the deployer, some testing requirements need to be done
before launchingThese tests must meet all launch prowderg., NaneRacks, NASA,
etc.)requirements. The following tests show the minimum dahas must be meor all

CubeSats

1- Testing random vibrations at a higher level (more than launch vehicle)

2- Having proper outgassing of components in a thermal vacuum bakeout

3- Filling anacceptance checklist for visual inspection and measurement of the critical
regiors of the CubeSafigure2.12). Additional testingaccording to the integrated

system of the CubeSatsill be representefb].

Deployment Switches

Figure2.12 Isometric drawing of CubeSat [5].

18



2.3.4 Environmental Requirements

2.3.4.1 AccelerationL oads
The below table shows the acceleration loads in all six directions, so the structures should
be designed teurvive in the acceleratisnlocumentedand potentially for scenarieghen

all of themareacting simultaneously.

Table2-2 Launch load factors

NXx (9) Ny (9) Nz (9)

Launch +/-7.0 +/-4.0 +/-4.0

All of the safetycritical structures must be identified to determine the requirements for
verification. The safetgritical aspectareconsideedin all CubeSatslesignspecause of

the need to avoid failuref theelemens andhe associated productiohspace debrjghey
could potentially impactwith ISS visiting vehiclegwhich is known as a catastrophic

hazardn terms ofiSS strategy)18].

2.3.4.2 Vibration

The random vibration comes from one of the most intensive loads for the satellite's
integrity, which occurs during the laun{2i. In addition the capabilityfor withstandirg
random vibration conditishould be considered for a flightterms of theelevant safety
requirementsFor designing the structurdifferent features like strength, material and
shape are studied. Aluminum alkgrethe materiad of theunderlyingchassigonstruction

in the systemAl-based alloys arkghtweight (Al has a density of ~2.6 g/érandhave

high resistanceunder the loading conditios In somedesign softwargackages the
complete satelliteconstructioncan be modelled. For instance, by usemgnmercial FE

software, NISAANSY, ABAQUS and LSDYNA, the assembled model mesltas be
19



utilized for analyzing the design. Under the given loading situéjpstatic,modal,and
harmonic analysis are studiemassesshe integrity of theCubeSashapeduring loading

These analyses are undertaken to make sure the satellite system will survive during launch
loads andoe deployable once into spadéheinvestigationis clarified by neglecting all

extra holes in théorm due to having aninimal shape. Théollowing equation shows the

simpleequation forevaluatingof the first naturafrequencyof a beanwith one end fixed

— 1)

where the area momeaf inertiais I, the length of the beam is L, E is the modulus of
elasticity, and the mass tife beam ism. The three analyses are performasl outlined
below:

1- The Static Analysis is for estimating the stress, strain, displacements, and forces in
the structure. The weight of the satellite system and the gravitational force of (g
force), in this analysis, are applied to the center of the entire satellite witketthe
bases on the bottofh9].

2- In Modal Analysisthefundamentafrequexcyof t he whol e structu
Hz, according to global stiffness requiremenitkis frequency will helghe entire
systemto survive during the launch. In this modal analysis,otuain the
frequencieand mode shaped structure the dynamic loadg condition is needed
[17].

3- Harmonic analysidike the static oneis conductedo obtainthe maximum stress

on the system.
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The structure of the satellite is designed to stand its centre of mass wiB)ior(ispatial
resolution For strengthening the entirgtructure,a simple model is introduced, and the
analysis is done under the given loatdlsb{e2-2). For instancethe maximum stress and
deformationin a 2U CubeSatre obtaineds3.415 MPa and 1.68 10* m, respectively
which shows thenaxstresss less than the yield strengthtbe materiali(e., aluminum
alloy AA 7075) The results are shown Rigure2.13. So, both of theevaluesarewithin

the control limitg19].

Figure2.13 Deformation (Left) andtress (Right]19].

2.3.4.3 ThermalCondition

A properdesignthat also accounts for the thermal loads wagldrantee a successful
mission in the harsh environmd@0]. In different missions there are different expected
thermal environmentshichareshown inTable2-3 and the solar loading conditions which
aredictated by JAXA;60 degres and 73 degrees of beta angle condition, should be taken

into accoun{18].
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Table2-3 Expectedhermalconditions.

Phase of Mission Expected Temperature
Ground Transport Different for each payload
Ground Processing (Nafi®acks)) Different for each payload
Ground Processing (NASA/JAXA) 10 °C to 35 °C
Dragon pressurized (Cargo) 18.3°Ct029.4 °C
Cygnus Pressurized Cargo) 10 °C to 46 °C
HTV Pressurized (Cargo) 0°Cto50°C
On-orbit, Predeployment 16.7°C to 28.3 °C
On-orbit, EVR Predeployment -10 °Cto 45 °C

2.4 The Technology ofAdditive Manufacturing

Additive manufacturindAM), also known a8D printing or rapid prototypings utilized

in a variety of manufacturg environmentdo create acomplex structurerelatively
rapidly. AM allows the construction afomponentghat simply cannot be manufactured
using conventional technologie&M describs the technologies which manutace 3D
objectsbyt he addi t i layerbyldyedimaidllye coinputeraidied desigfCAD)
softwarewas used for drawing the final shgpecluding all detailsand then converting
the CAD design ta .stl file (standardessellationanguage) These files typically break
the component up into individual layers that, when combined, produfiedheomponent.
These layers are then what is actually printed by the AM method cli@$gnAM
technologywas createdmore than 20 years ago arw starting to be widelysal in
numerous applicationsuch as aerospace, biomedical, mdtive and other areasn
addition this method of manufacturing has besnployed to create small size prototype
segments for analysis and experimental chetkerms of the related mater{22].

This technology is a revolution in the produtanufacturingndustry, and it is changing
the way of designinghe products and organizing new busines3ég greatest benefit of

AM methods is the ability to produce components, often in one piece (hence avoiding joins)
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that simply are impossible to produce otherwise. iehes on preparing the dravg using

3D CAD and designing the model by computehich means that design modifications
can be relatively simply implemented in the CAD figurkll technology isalsoa method
for the reduction in production stepesgardless of the complexity of tharpbeing built

So even for complex shapes, by AM technoldgcomponentanessentiallybe built in

a single step.AM technologycan therefore help to eliminate the number of processes
andparts within a componenior instance, the traditionabmponent mayeeda variety

of moulds and fixturesor careful planning for CNC machiningrhich can be messnd
time-consuming[21]. However, it is important to note that some pAM processing is

still often required, such as heatatment(s) or final machining.
24.1 Selectie Laser Melting Method (SLM) or Laser Powder Bed

Fusion (LPBF)

Selective_asemMelting (SLM) is one of the prominetéchniquesvhich isusedn the AM
industrywith powder bed processg3]. One AMmethodthatutilizesa powder bede.g.,
Polymer, Metal or everCeramic)to produce gartfrom a 3D CAD file is known as a
selective éser melting (SLM)or laser powder bed fusion (LPBR4]. Parameters like
poorpowderflowability, high humidity and low laser power impact the quality of the final
part. Fourparametershat are affectingheimpartedenergy density functiofy according

to equation25]:

n )
L8N

wherer is the power of the las€YV), the scan speed s, thescan spacings 'Q and the

width of the covering of powder depositedisThus by increasing the power dielaser
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it is clear thatthe laser energymparted into the materiahcreases as well. Although
equation(2) is relatively simplified, it should reallge modified to add laser diametand
its angle with the surface of the mdhg gas flow direction and so on. For producing
aluminum alloy parts, the SLM process has been studied in deesdesThe aluminum
alloys with prominent potential for futu&M work can be considered duehtaving a low
density. During the SLM buildingrocessthe mechanical behaviour of padiffers from
the traditionalfabrication method, due to therapid heating and cooling speedas a
consequenceit can behard to control the final propertier aluminum alloy parts
produced by this method\ variety of defectcan arisesuch as porosit cracks, low
quality of surface an@ropertyanisotropy. The principahdustrialaluminum alloys are
those that aremost ofterattempted to be implementedSLM technology.

A list of the principal aluminum alloythat have been evaluated for SLMisted inTable
2-4. It is interesting to note that tdSi10Mg alloy producedy SLM is an example of a
material with higher mechanical properties thandbaivalentone provided by casting.
Havingcomponentpreparedvith high strength aluminum alloysas significanpotential
for using these alloys fothe automotive defenceand aerospace indussig24].
Fabrication of Albasedccomposits bythe SLM/LPBF method islsoattractive due tthe
possibility ofreducing the weight by combining complex geometries artthgesttructures

[26], such that the material volume used is reduced while maintaining suitable properties
24.2 Thin Wall Structures in AlSi10Mg Alloy

Some naturadlurableand lightweight structures such as bone, sponge, etcalsoledto
the creation of analogous porous materials necessary for biological applications. Producing

thin-wall structures are possible with the LPBF method by using suitable processing
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strategies. A computezontrolled fibre laser in LPBF can melt the layer of metal powder
and produce complex 3D parts. Manufacturing thin wall products in an AlSi10Mg alloy
build can result in a low weight, high thermal conductivity, high strength, andsoam
resistant structure for the aerospace and automotive indygffies

Table2-4 The studied aluminum alloys in SLM [24].

Family Alloys Feasibility by SLM
Susceptibility to cracking  Part density
+: not +:0Q
Susceptible 99%
0: 0:
susceptible 97% Q
wwb
-1 very -:Q wX
susceptible %
n.s : not said n.s : not said
IXXX Al + n.s
2XXX AlCu2 - n.s
AlCu5 0 n.s
AlCu6.8 + n.s
AlCul1.8 + n.s
AlCu5Mg (2022) - +
AlCu4Mgl (2024) 0 +
AlCu6Mn (2219) 0 +
AlCuMg 0 +
AlCu2Mg1.5Ni + n.s
(2618)
AXXX AISi7Mg0.3 (A356) + +
AlSi7Mg0.3 (A357) +
ALsI20Fe5Cu3Mgl +
AlISi20 +
AlSi12 +
AISi50 +
AISi10Mg +
AlSi12Mg +
AISiNi +
5XXX AlMg5.7 +
AlMg6 +
AlMgScZr (Scalmalloy) +
B6XXX AIMg1SiCu (6061) 0 -
TXXX AlZn5 0 n.s
AlZn2 0 n.s
AlZn10 0 n.s
AlZnMgCu n.s n.s
AlZn5.5MgCu (7075) - 0
8XXX AlFe8.5V1.35Si1.7 + +
(FVS0812 ou AAB009)
NC AI((FQ0 v n.s n.s
AINdNiCo + +
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2.4.2.1 Materials and Procedure

A fibre laser system, such as Yb (Ytterbium), is capable of melting powders with a hon
stop power up to 200 W, and with a 100 &m
argon environment. A substrate temperature0ff AC for the production platform would

be suitable to decrease the residual thermal stress between the fused material and the
substrate. In addition, for controlling the laser movement to define the laser scanning path
remotely and with high accuracy, alganometer electroptical device can be useegure

2.14shows an example of an AISi10Mg powder used for SLM/LPBF, where the diameters

are 10% (Q ), 50% (Q ) and 90% (Q ) full size distributionofL 2. 8 7 & m, 27 . 01

and 42.59 em, respectively.

Figure2.14 AlISi10Mg powderg27].

24.22 Design Considerations

For designing lightweight componenfer automotive, aerospace,and biomedical
demands, the featuresin have 1mm or less thickness, which is near the limittloé
SLM/LPBF procedure. In terms of the la&swperatingparameters and scanning method
in this process, the size of theelt poo| while melting the metal powdevithin thelaser

scan track, can be defined by the minimum size of the feature, and it affects the geometrical
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and mechanical specifications. The impoce of this will increase when other
unpredictablespectdike energy changes, powdguality and morphologyare examined.
Some defects such as intermalids unmeltedpowder inclusios and unusual shapes
created by the LPBF processan be obserdeFigure 2.15 shows a schematic diagram to
describe the parameters of the procé@s® parallel laser tracks aenticallaser passes
with equivalent laser radiatipmelt the powder material by moving a tiny dimension laser
beamacross the surfacklatchspadng distancewhich is the distance betweeonsecutive
laser passess usuallyconstant in the entire proceasd it is identified by laser point scale,

constat scan speed and lagswder interplay28].

(a) (b) Scanning direction

Laterr D 000000 s .
beam : i Single track

Powder

particles
Scanning

direction

:
------ D mmmemoenmesnt ]

(MMM~ «— Diameter of

e
! effective laser
Mselt_area beam
; tripe
Re-melting area (Stripe) Lascr beam
© diameter
Front view Melt pool
Powder o Layer n+1

Layer
thickness

Z \ - ar
g Layern Layern

Gap "™ Overlapping zonc on layer n
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Substratc hg

Figure 2.15 (a) Schematic for laser melting method; @)owing policy from the top view; (c)
Front view of overlapping the scan tracks and different lajz&s

Physical characteristics in the materials and the erdgggity can define the developed
melt pool [28]. Belowequation (10) shows the energy density, which is a calculation for

an average aheapplied energyby volume of materialthrough the scanning of a layer
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whereD is thelaser powerp is scanning speed,is thelayerthicknessandthe hatching
distance isQ. In terms ofthe dimension, shape and solidificatioesponseof the melt,
energy density effects the durability of the melt pool. Because of heat conductivity, the
temperature in the edge of the melt pool is lower than in the middle region. The shape of
the track and itsontinuity areampactedoy this effect. The overlapping happens due to the
layerby-layer production methgdind a remelting processoccursbetween the top and
bottom layerg27]. The quality of manufacturingcan bechange even with the same
energy inputFor instanceaccording to equation (33ombining the low power and slow
speed of scanning or on the contrary, high power and high speed of scamaqality
changes. In addition, the scanning speed influences the hatching disignee2(15 c).

Too smallof hatching distance makes a too large melt liloe to an excess of overlapping
and with too bigof ahatching distance there is not any overlappirtge deposition would
thenappear af created by discontinuous dots and the porosity could emerge within the
segments.Overlap and remelting will be hapening because of the layer by layer

fabrication streegy.
24.3 Observation of SLM/LPBF Manufacture of AlSi10Mg

A seriesof prior experimentsfor analyzing themanufacture othin wall structures in
AlSi10Mg by LPBF were conducteand hin wall structures built ithex and y directions
have beeninvestigate [27] [29]. Therefore,the effect of the fabrication methods for
manufacturing AISi10Mg alloys with thin walteroughthe use ofLPBF technoloyg, and

someof theseresults are summarised below
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1-

Fabrication of adense thin wall of AISi10Mg is possiblein terms of having
adequate process parameterailablefor the LPBF procedurt® be successful
The energy densityas a metric for comparing thgarts manufactured with the
LPBF method(in terms of a variety of deposition restrictipn#as not able to
gather data about the complexitytbé melt poolin this study.

The behaviour othe alloy is differentin terms ofbuilding the aluminum with
parallel walls (alongdirection) or perpendicular walls (alonedyrection) due to
the orientationwith respect tahe movenentof the recoating blade. Fabrication
alongthe x-direction with high laser powerapid scanrateand 0.4 mm hatching
distance led tothe formation ofregular walls and continuous shape; in contrast,
the ydirectionled to walldeformity. Therregularitiesmight bedueto failures in
the wall structur7] along the ydirection, because of ttigction forces whichare
createdby contact between the walleing builtandthere-coater paddles.

It was shown to be feasible évaluate the waldl seal width by a regression model,
andthesekinds of thin walls can be fabricated witlegulaaser power, scan speed,
and hatching distance values

The experimental equations for abjective build model in AISi10My alloy are
used to define the datahich is obtained by a comparison betwdeasdesigned
and asfabricated thin wallsConsequentlythe model caexplainhowto decrease
the inconformity that happens the asdesigned morphology and geometrythueé

thin-walled partamanufactured by LBPR7].
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2.4.4 Advantages ofUsing Additive Manufacturing Method

The way of designing and manufacturing is changihgugh use of theadditive

manufacturing (AM) method.His fabricaton method whencompared with the traditional

ones, offers the possibilitiesf application in space sector with the belalvantage$30]

[31]:

O-

In short timescalesthe possibility offabricating lots otomponensectiors.

One step fabricain.

Decreasing the number of parts and limitation of the number of joints.
Possibility of reducing weight with new desgymachievingcertified structual
properties.

With a decreas of fabricationtime and materialsed environmental impact and
power consumption in fabrication decrease as well.

Optimization in process speed

Possibility to fabricate compleshaped components.

Capability of creating coposites with double extruder for fiber and matifikis
permitsmakinga specific design for embedding bolts or reinforailefined parts
of thecomponent.

Embedding wiring or sensors in multiscriptual structures is possible.

10- Enforceability to avariety of materials: metals, composites, or ceramics.

11- Someevidence fothe feasibility ofin-orbit or onrplanet fabricaon.
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CHAPTER 3 TOPOLOGICAL OPTIMIZATION (TO) AND
FEA IN NISA

3.1 Topological Optimization (TO)

The firstsatellitedesign optimizationimprovement, analysis and testing verificatioas
performedby the University of Patras Satellite (UPSa{) The purpose of the innovation
involves manufacturing the structure by using aluminum instead of composite components.
Mass, stiffness, and strength are the prament requiremestin the design of space
structures. High stiffness helps to ensure the survivalofitthe instrumentation and
lowered weight increasdahe payload and consequently reduces the effective launch costs.
In product design, the shape ham#ue impression. The shape is determined by technical
requirements, construction, materialization method, and fabricating techndi@gjes
mathematical method that optimizes material layout by using FEM within the design space
is called TOVarious solutions in the past years for specific problems in engineering have
been proposedlhere are two classical and advantechniques for optimization. The
classical methods, for finding the optimum solutiddifferentiable functionsan be used.
These methods are limited in practical applicationssangetimesdad to a set of nonlinear
equations simultaneouslyhich are difficult to solve. The numerical methods are the
advancd techniques of optimizatiowhich used in softwarf82]. For this specificstudy,

NISA software habeenselectedNISA software incorporates one of several optimization
techniques that can be employed to find the optimum shape and size of engineering parts
under different restraints like stress, displacement, buckling inconsistency, kinematic
consistency, and natural fréency. For conducting TO using FEM, initiglle need to

create a simple and preliminary design for the component shape with théewadary
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dimensionsand then mesh it with an adequate mesh type. A proper mesh helps to find the
area(s) for materiallienination and preparation of a new component layout within the
initial boundaries. The proper mesh in NI$é doing TOis a tetrahedral mesihe
important aspects of tetrahedral mesh production and optimization are the local changes,
which means removig edgs or faces. Therefore, other elements of the mesh will not
change after local improvement in mesh qudla$]. In the optimization process, after
creating a proper mesh and applying boundary conditions (BC), the output wseitie
software will terminate with several results in different files. The number of shapes
depends on the complexity of the initial component shape and the applied loads it will

operate under, and the last step would be the final design generated from TO.

Figure3.1 The initial shape of IU CubeSat witktrahedron mesh.

Figure3.1 shows the initiabpproximatedesign ofa 1U CubeSat prepared using the NISA
software. It is an empty (10 x 10 x 10 cm) cwhieh 5mm thicknesslt is suggested to
apply accelerations sepatgteand step by stef@y applying acceleratioria all directions
simultaneouslythe results are not satisfactory for designofighe final shapgesince the

regions to be eliminated could not be exactly defifiéa first results are illustrating after
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applying theacceleratioron the whole bodyn the xdirectiononly. The last even four

steps of this optimization are shownrFigure3.2.

MI5A file-04 MISA file-06

MISA file-08

MISA file-10

Figure3.2 Four steps of TO results under thea¥celeration in NISA.

In step file04, the top view has only created a hole in the center of the cube, but in the last
NISA file (file-10) in Figure3.3 showsthatmoreelementsas been eliminateé&igure3.3

demonstrates the TO results under acceleration in-theegtion.
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MISA file-04 MISA file-06

NISA file-08 MISA file-10

Figure3.3 Four steps of TO results under thea¥celeration in NISA.

Due to having a tetrahedral mesh, the eliminated regions do not have smooth edges, and
this needs to be a build consideration for designing the ultimate shape.

In the last step, the resultshigure3.4 demonstrate TO under theazceleration direction.

34



NISA file-08 NISA file-10

NISA file-04

NISA file-06

Figure3.4 Four steps of TO results under th@&celeration in NISA.

Subsequently, the accelerations can be combined in all three x, y and z directions. By
combining all of the results in all directions, the optimal shape can be creigted3.5 is

one of the optimized results in terms of combinatieatgeleration, yacceleration and,-z
accelerationThe exact size of holes and curves in the sharp edges, created by TO in NISA,

have been designed step by step to avoid having@roentrated stress in those areas.
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Figure3.5 The final optimized shape dfe cube.

The next part (part 3.2) of the analysis is using FEA on this final optimized shape to confirm

that the design iadequate under the defined load and acceleration circumstances.

3.2 Revisiting the Configuration

Above analgeshave been set the primary structural shape through a TO analysis. But in
the second stageneeds to obtain a nepvacticalassembly configation for installing the
inside parts of CubeSaAdditive manufacturing method helps to reduce the number of
parts in order to establish improvements in assembly configuration prasédsone of
the main goals in this studyhis easier integratiols known as an innovative assembly
configuration[31].
There are two types of analysis:
1- Creating innovative structural shapes as the primary design resulted by TO analysis.
2- Designing an assembly configuration. This design of the CubeSat must contain
main parameters suas CubeSat railsvith the standard shape and dimensions,

maximum overall mass, defined by standard, is 1.3kg,
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The idea of designing the tradition@aubeSat byAM productioncan potenally bring a
new assemblgonceptwhich means a remarkable reduction of parts in satellite structure.

Figure3.6 Shows a possible structure with two parts.

Figure3.6 Assembly logid31].

Figure3.7 showsandher alternative assembdptionfor designinga 1U CubeSat.

Figure3.7 Alternative assembly optior§81].

After following such anassembly strategythe proper method of the assembling the
CubeSat parts and interlocking system is the first propdesifin Figure 3.8 showsan

interlocking system which uses simple dove tail lockimaj,

Figure3.8 Intedocking model descriptiof81].
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Traditional CubeSat AM CubeSat New design confjuration

Figure3.9 Design for AM logics on a traditional CubeSat.

AM applications vereexamine due tahe potentiabenefits anduture challenges in terms

of the new structusein the space area. Thaotential advantagesf AM in spacedevices

is impressive irthefabricaton stagesand more disruptive ithedesign step so like most
space applicationsighly complex geometry andbts of components are in plagnd they

need to have high performances, having possible customizatiomeducel weight,
anticipating long term development and lots of changes in geometry and configuration
before theinal structure[31]. Figure3.9 shows thdraditional CubeSat and AM CubeSat
which will beanalyzel in section 3.4, and the new design configuration is an idea for the
next step which is more idediie tothecapability of installinghe imer componentsvithin

the CubeSat

3.3 Finite Element Analysis (FEA)

Time-dependent problemsaccording to the descriptioa of physics in the space

environment,are demonstrateds partial differential equations (PDEs). These kind of
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equations (PDES) in a variety of geometries and probtem®thaveany solutions with
analytical techniqueAlthough some approximate equations can be defined accdaling
different types of discretization methgdghich approximate the PDEs with numerical
equations. They cabe solvel by numerical methodand theses #ations are the real
solution for the PDEs.

A method that uses a computational technique for obtaining numerical solutions of a
variety of engineering problems is called the finite element method (FEM). The range of
applications is frondeformation and stress analysis of automotive, aerospace, building
structures through to fluid flow related problenusing FEM, complex problems can be
solved by using computaided design (CAD) and can be modelled efficiently.

Before the fabrication aihe prototype, several alternative shapes can be examined. The
idea of FEM came from aircraft structueadalysis anihtroduced a resolution of elasticity
problems from the Aframework method. 0 1In
geometriesverepresentedFinally, the method of solving the stress analysis, transferring
heat, and fluid flow problemseveapplied by engineers ihe early 1960§34]. The FEA
approab has been used for solving complergineering problemsdue to a lack of
admissible and accuragmalytical solutionsSomeproblems are complicated because of
the complexity in terms of their geometries, loadings, and material properties. The
approximatesolutions in FEA are a numerical method to simulate the actual results in terms
of predicting the behaviour of a part (or parts) under a given situ@nFor modern
simulation software, as the base, engineers are able to find the weak pointtrdsgh

regions, etc. in their project.
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3.3.1 Methods of Meshing

The computed simulation solutions for a specific problem needs to be carefully interpreted.
For solving the mathematical problems, it is often beneficial to split up the problem into
smaller, more tractable, ones. It is reasonable to solve the problem by multiple small pieces
instead of the entire continuous domgsg].

It is possible analysis via a mesh generator and esathtbpological data and the model's
geometry. At first, a coarse mesh is built, and then it is converted to a morezegtimite
element mesh that incorporates the materials propeles,and analysis requirements
[35].

A finite volume mesh is a standard for the operation of the mesh. This is often-a three
dimensional, urconstructional mesh with two kinds of tetrahedral or hexahedral elements.
In terms of the function of thehape, mesh elements can be defined as 1D, 2D and/or 3D

elementsKigure3.10).

ID / // /__/
2D A LI\) ll_f_\,\)
2D Q [/;3 ({::}
, >

Y W

Figure3.10 Mesh elementf32].

With respect to the accuracy and durability of FEA, the quality of the employed mesh plays

a significant role. There are two kinds of 3D elements: tetrahedral elements with four nodes
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and four faces, and hexahedral elements with eight nodes and six facekliiy @ne

node to each edge, the secamder elements have been createdure3.11) [36].

Hexahedron

Tetrahedron based Hexaheron Internal Tetrahedron Element
Figure3.11 3D meshe$35].

Theaccuracy irhexahedraélements is greater than fetrahedrd elementsThe second
orderelements are accurate, due to having the approximate quadratic function instead of
linear[36]. Some studies have been published to compare the convergence specifications
of hexahedral meshes with tetrahedral one. The quadratic tetrahedral elements are equal
with bilinear hexahedral elements according to the accuracy and processing time required
[35]. A simple rectangular bar, with two kinds of tetrahedral and hexahedral meshes, is
fixed at one side to show the comparison of linear and quadratic displacEmenmet3.12

shows a simple bar with its geometry, boundary conditions and loading. In the static linear
analysis, a load and a torsion are applied to the end of the cantilever beam, fixed its other
end, for comparing the result of loads between hexahedron and detrameesheBoth

of the displacement and bending stress are independent of Poissof35tatio
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Figure3.12 Staticbending andorsionalanalysis[35].

Timoshenko and Goodi¢B7] presented the solution for displacement and the shear stress

for the rotational probleniThe below tables show the resulf analytical solutions and

computed by different finite elementlcalations.

Table3-1 Displacement andresserrors inthe kendingmodel[35].

Bending v=0.3 Displacement Bending v 0.3 Displacement

DOF LH QH LT QT DOF LH QH LT QT
561 0.72% 561 0.00%

666 31.48% 666 21.23%

1863 0.24% 1863 0.01%

3075 0.08% 3075 0.00%

3615 10.48% 3615 21.00%

3894 0.24% 3894 0.33%
10995 0.01% 10995 0.01%

23613 0.01% 23613 0.01%
Bending v 0.49 Displacement Bending v 0.49 Displacement

DOF LH QH LT oT DOF LH QH LT QT
567 6.56% 567 0.01%

666 71.66% 666 66.77%

1863 5.36% 1863 0.01%

3075 3.2% 3075 0.01%

3615 44.8% 3615 35.23%

3894 4.80% 3894 0.01%
10995 2.88% 10995 0.01%

23643 2.48% 23613 0.23%

The tables show thdhe

(LT).

maximum

errors are produced by the linear tetrahedron
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Table3-2 Displacement andresserrors intorsion[35].

Bending v=0.3 Displacement Bending v=0.3 Displacement

DOF LH QH LT QT DOF LH QH LT QT
561 15.65% 561 37.59%

666 50.81% 666 77.82%

1863 1.99% 1863 7.97%

3075 5.26% 3075 8.59%

3615 22.39% 3615 38.40%

3894 3.23% 3894 0.07%
10995 0.49% 10995 0.01%

23613 0.76% 23613 0.01%
Bending v=0.49 Displacement Bending v=0.49 Displacement

DOF LH QH LT QT DOF LH QH LT QT
567 26.41% 567 26.41%

666 68.80% 666 68.80%

1863 2.60% 1863 2.60%

3075 5.44% 3075 5.44%

3615 52.72% 3615 52.72%

3894 4.80% 3894 4.7%
10995 0.75% 10995 0.75%

23643 1.41% 23613 1.41%

In terms ofcomparing the accuracy of all tetrahedral meshes to all hexahedral meshes, it

shows that with linear tetrahedrons the stiffness matrix eigenvalues are more extensive than
for the linear hexahedrons, which means the linear hexahedrons can deform with lower

strain energy; consequentiy is more accurate.inear tetrahedron elemerit ) models

in linear static bending have an error between 10 tperfentin both displacement and

stress computation, which is not acceptable. However, modelslingdr hexahedron

(LH), quadratic hexahedronQH) and quadratic tetrahedronQ{I) meshes provided

acceptable resul{83].
3.3.2 CubeSat Structure

3.2.2.1 Geometry

The weight and physical size are the two distinct characteristics of CubeSatslBor a
(unit) standard CubeSat, the weight is less than 1.33 kg, and its size is a 10 cm cube,
approximately [33]. Satellite designers need to have envisioned structures to provide

flexibility during the design, improvement, and examination stages, espdoraliowing
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changes in the structure without redesigning the subsystem(s) in the main structure. The
three requirements for designing the CubeSat are:

1- a system of deployment and associated launch vehicle,

2- a standard specification of the Cube§admetry/parameters,

3- the compatibility of materials for use in space/launch scenarios.
To reach the final model of desighg structureneeds to go through several pha3dse
flowchart inFigure3.13 showsthedesignin all phases. The chart shows that after the initial
finite element design, any design failing to fulfill the launch requirements returns to the

design phasg38].

_>{ ‘ Structure Design

Structural Requirements
—— | Redesigning

Finite Element
Analysis

v

Launch Requirements
Redesigning  |__ ]

—

E

‘ ‘ Manufacture ‘ ‘

¥

‘ ‘ Integration ‘ ‘

Test

Figure3.13 Flowchart ofdesign[38].

The other critical step for design is predicting the forces that are applied to the CubeSat
from the launch. A small inaccuracy in finite element desigmes from the complexity

and a variety of mission environments that can, potentially, cause significant errors.

Various external loads are applied to a satellite during its launch: (i) booster acceleration,
(i) air turbulence, (iii) engine vibration M) ignition and burn out of the booster, etc. From
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launch to orbit, every event produces structural loads on a spacecraft, which may impact

its useful life.

A 1U CubeSat, shown iRigure3.14, is designed using the NISA software. The size of

CubeSat is 10x10x10 cm with a 2 mm thickness.

Figure3.14 Structuralgeometry of the 1 CubeSatn this study

3.3.2.2 Material
One of the significant aspeafspace manufacturing choosing the material in designing
the structure of the satellite. Weight, strength, stiffness, thermal conductivity, thermal
expansion and expense are important factors for designing the CubeSat. In the space
environment, material requirements are:

1- The material should be in the list of NASA materials,

2- The selected material 6s ther mal expansi

system should be similar,
3- Thevon Mises stress shouldlbssthan the yield sengthof the selected material,
4- The materibshould be able to be manufactured by the selected method (e.g.,

machining or, potentially, 3D printing)
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5- Materials with the low densitgtreacceptable

6- The materialsshould havdow outgassing property
Currently, the available lightweight materials for the SLM method are selected titanium
and aluminum alloys. High purity Ti (known as commercially pure, ecifQRnd T+6Al-
4V (Tie4) are used for aerospace and biomedical properties, and use has bedadexpan
due to their high strength to weight ratio and excellent corrosion resistance and fatigue
characteristics.
Magnesiunalloysalsoare another class tfjhtweightmetalsthathave beemised inmany
industriesthatneeds to reduce the weigignificantly. Magnesium alloy$asa stiffness
double to that ofto bone with the advantage ominimizing the harmful effects of stress
shielding[39]. The alloy was first used in biomedical applications in the la8tcé®tury
andhave an history for @sin aircraft manufacturing andre thusalloys usedfor some
recentinitiatives [40].
Additive manufacturing (AM) of Mg alloys imcreasingandis a potentiateplacement for
traditional manufacturingvhen fabricating complex designs. Magnesiuwith a highly
reactive natureis known as a difficult metdior use in3D printers.The pure form of
magnesium oxidizes uncontrollably and in AM method raw materidaypreally required
in powder formConsequentitheme t al 6 s sur f ace ereaetionwith gr ows
oxygen inthe atmosphere to provide combustif89]. In addition, recent investigation
shows because of the low vaporizing temperature, fabricating -dihmemsiona
magnesium partisasnot led to a possible operation yé1 ].
Aluminum alloys are the materials whiatrereceiving attention from researchargerms

of manufacturing by AM. Large number of applications in automotive and aerospace
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industries have been using Aluminum and Aluminum alldy® number of processable
Al alloys arestill quite limiteddue to having some challenges during the SLMh\\ter
melting aluminun{42].

Al-Si alloys are the most investigated Al allpygth high fluidity, high weldability,
corrosion resistancand low thermal expansion coefficied3]. An abundance of
published work$iasbeencompletecon optimizing Al alloys to eliminate the formation of
defects such as cracks, pores, distorti@is. in manufactured parts. Some of these
weaknesses are solydalit others still need pogtrocessing. Ultimately, by using a range
of SLM, it is possible ¢ fabricate defeefree parts from AlSi [44]. For the time being
AISi10Mg and AISi12 are the most commonly usdaiminumalloys in AM [45] [44]. In
Table3-3 therearemechanicapropertiesof AlSi12 and AISilOMg alloys.

Table3-3 Properties of the aluminum alleyAlSi12 and AlSiIOMg) [46].

Material property Magnitude
Elastic Modulus 72-77 GPa
AlSi12 Yield Strength 230 1CPPa
Poi ssonoés 0.32
Elastic Modulus 70 GPa
AISi10Mg Yield Strength 230 1(PPa
Poi ssonoés 0.33

In Table 3-4 the mechanical properties ofl3\12 and AlSi10Mgproduced by AM
technologyis shown and all simulations in parf43are calculadby these propertiesor
comparative purposes, they will bolte appliedto the designed CubeSat and will be

analyzed, which will be demonstrated in part 3.3.1.1.
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Table3-4 Properties of aluminum alloys fabricated by AMSi12 and AISi10Mg)[26] [47].

Material property Magnitude
Elastic Modulus 75GPa
AlSi12 Yield Strength 260 1C°Pa
Poi ssonés 0.3
Elastic Modulus 72GPa
AISi10Mg Yield Strength 170 10°Pa
Poi ssonés 0.3

3.3.2.3 Other Requirements
After the material selection, it is important to determine the von Mises stress under the
static loads; a first design should thus be obtained and analigec:3.15 shows the 3U

CubeSat loadingondition(gravity load)[36].

Figure3.15: a) Vertical sequenceandb) Horizontal sequend86]. .

A first design should be obtained and analyzed, after initially selecting the chassis material.
Finite element analysis can then be performed to the maximum stress, in terms of static
loads on the design. The first design on an assembled and explodedd8a€Cis shown

in Figure3.16 [48].
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Figure3.16 Design of 1U CubeSat (Surya Satellsteucture) [36].

For solving the finite element equations or set of differential equations, boundary
conditions need to be satisfi@€igure3.17). Defining the boundary condition is the most

critical aspect in finite element design. To analyze the CubeSat, the boundary condition,

according to the figures below, has been considered

Color Uy uy

Y

0 0

0

Free Free

0

Free Free

Free

0 Free

Free

Free

Figure3.17 Applied constraints on a Cube349].

During the launch, the CubeSat is located indiagloyer, and it is allowed to move among
the depl oyer 60s rFigureB.18 andFgure3.19t As shownnn the &dlow s

figures, only one rail end in the Cube is restrained in three directions, which is marked in

red[49].
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Figure3.18 View from the bottom. Figure3.19 View from thetop.

Table3-5s hows t he whol e Cu bsat® bbaddetated totlrednaximuin t h  a
acceleration in three directions.

Table3-5 Quaststatic loads.

Global coordinate Acceleration (G)
X direction +-7
Y direction +/- 4
Z direction +-4
Il n addition, the frequencyos | imitation is

The capability of withstanding in the thermal environment in space is another of the
requirements for a CubeSat design. The tab!
environments and also the solar loading conditigd®and 73 degrees, as defimed able

2-3.

34 Results in NISA

There are two types of analy$a themechanical parfghe static and dynamic analysis,
which play anmportant rolefor the performance and accuracy of the funcperformed

by design engineers. The purpose of these types of analysis are estimating the behaviour
of the mechanical partsxder the operationabnditions. In this specific study the analysis

is stati¢ due to having the constant loads on the structaréhis part,the linear stress
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analysis, deformatiomnalysis and thermal analysigll be illustrated.However in a
dynamicmodal analysisits vibration modes would be identifieBoth of the analyss will

be described for twgeometrig with different thicknesses

34.1 Wall thickness of 2mm

The CubeSat was designed gsometrywith a2 mm thickness in its six faces. Then it is
loaded with a quasstatic load according to informatigmovided inTable3-5. Figure3.20

shows the defined mesh which has been created by using hexahedral elements.

Figure3.20 Hexahedral elements in CubeSat.

34.1.1 Stress in the CubeSat

AlSi10Mg:

In orderfor a CubeSato survive all of the accelerations in three directions, according to
Table 3-5, should apply simultaneously. If the maximum stress is less than the yield
strength of AISi10Mg ,( 170  10° Pa), the CubeSat could withstand the
environment. This analysis is éar due to having linear relation between the applied loads
and displacement, it is also analyzed under the explicit analysis to get the results rapidly in
this complex shape and the whole analysis is conducted by NISA software. This example

illustrates tle maximum von Mises stress of 809.3L0° Pa, which is less than the yield
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stress,170 1P Pa. The result of von Mises stress in the global coordinate system is

shown inFigure3.21:

VON-MISES STRESS

- B09.3E2

B93.BE2
636.06E2
404 9E2
231.6E2
116.0E2
58.23E2
0.453E2

Figure3.21Von Mises stress distribution under the overall accelerations with 2 mm (AISi1(

In addition, this result was not changed after applying solar loading conditiimes.
temperature variation or a temperature difference of A33(solar thermal loading
temperature ranged0 °Cand 73 °C) is viewed as the absolute extreme scenario, and actual
temperature variation will be significantly 1g&9]. In this part factor of safety can shows
the strength of the designed CubeSat with AISi10Mg, which can be calculated by dividing

the yield strength of AISi10Mg to the maximum calculated stress (vorsiélisess)FOS

= . CpTp

The huge value dfOSis preferreddue to ignoring the random vibration. The von Mises
stress which is calculated in this FOS abtained only by applying acceleration

simultaneously.But random vibrationlike accelerationproduces stresshich is much
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larger than thevon Mises stress by accelerati@onsequentlyif the total stress igput
into the FOS equatioythe results would be much smaller

AlSi12:

In this sectionthe materialis changed to AlSi12 to anag and compare with the

AlSi10Mg. The condition of analysiand the yield strength of AlSi12 is ( 260

10° Pa) similar with AISi10Mg.The result of maximum von Mises stress is 81Qp8Tt

Pa

(Figure3.22). So,the FOS for this material would b&OS= 3 3209

The huge value of FOS in AlSil#tises fromthe same reasomhich is explained above

for AISi10Mg.

VOMN-MISES STRESS

_ B10.8E2

686.1E2
579.3E2
454 5E2
2B9.9E2
232.0E2
5B.37E2
0.4B4E2

Figure3.22VVon Mises stress distribution under the overall accelerations with 2 mm PAISi1

Due to having lowervalue ofthemaximum von Mises stress with material AISi10Mg in
comparison with AISi12, the rest of the simulations wouldllbstratedfor AISi10Mg

configuration
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34.1.2 Deformation of the CubeSat

Below, inFigure3.23, the result shows the deformatiorthe top face of the CubeSat with
exaggeration of scale in the Z directiafier applyingall of the accelerations in three
directions, according to Tab& , gmultaneously

] [
! H1HZ
uw s | Y

- - X
. iy -

Figure3.23 Deformation ofthetop plate inthe zdirection.

The result of the maximum displacement in zkdirection is 3 10°(m), whichoccurs

in the center of the top and bottom face of the CubeSat, and it is monrita¢ columns

and the other facd&igure3.24).

Z— DISPLACEMENT

I : -

64.25E-3
58.38E-%
49.77E-2
11.14E-2

5.53BE-9
3.337E-8
.205E-9

Figure3.24 3D Displaced shape in thedirectionin (m).

The displacement in thedirection and sdirectionsare84.23 10°(m) and 5.89
10° (m), respectively Kigure 3.25). These displacementge more than the-direction

value,due to the restriction of the rails in both theard ydirections.

54



¥ —DISPLACEMENT

¥ — DISPLACEMENT 75.85E-9
60.05E-9
54 05E-9
36.04E-9
18 03E-9
12.03E-9

B4.23E-9
74 26E-9

68.07E-9
48.51E-9
2475E-9
18.57E-9
6.189E-9
a
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Figure3.25 3D Displaced shape in the Y direction (left) and X direction (right)n).

Figure3.26 shows the final displacement and deformation in all directions, simultaneously.

DISPLACED SHAPE
MAX DEF=9.22E-8
NODE NO=82551
SCALE=1.0
(MAPPED SCALLING)

Figure3.26 Overall dsplacemert (left) and maximum deformatiarfright).

34.1.3 Modal analysis

This analysis characterizes the results of the dynamic action on the CubeSat under dynamic
forces. The natural frequency threshold is the prominent characteristic of space
constructions like the CubeSag,in the structure, the first natural frequency must be more

than a specific quantity specified for the launch vehicle. The typical range of this value is
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from 50 to 90 HZ2]. Figure3.27 shows the first four moded érequenciesThe natural
frequencies result from mode one to mode farg 182, 1447, 1449, and 188 Hz,

respectively.

i
Z Y
MODE NO.=2
Z FREQUENCY=1.447E+3 HZ X

MCDENC.=1 ¥
FREQUEMCY=1.432E+3 HZ X

MODE NO =3 z MODE NO.=4 z
FREQUENCY=1 449E+3 HZ ¥ FREQUENCY=1.898E+3 HZ Y
T x

X

Figure3.27 The first fournatural frequencieand mode shapes for IU CubeSat (2 mm widt

34.2 Thickness of 4 mm

The CubeSat has also been created with the faces having 4 mm wall thickness and a quasi
static load following maximum longitudinal and lateral acceleration, as outim@able
3-5. The CubeSat with 4 mm thickness has been created to comiplathe CubeSat (2

mm wall)in the results of stress, displacement, deformation, ,;atiss
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34.2.1 Stress inthe cube

The maxmum calculated von Mises stress in this simulation determined using NISA was
302 10?Pa, less than the one in the Cube with 2 mm thickness, indicatinggtisnger
geometry However by increasinghe thicknesghe weight othe CubeSaincreasewhich

isanegativef act or i n reqghreme@sibe Sat 6s

Figure3.28 Von Mises stress under tlogerallacceleration with 4nm.

The result of the von Mises analysis after applying the thermal condiidm®t change,

as was seen ithe model with a 2 mm wall thickness.

34.2.2 Deformation of the CubeSat

The deformation of the model has the same pattern which was seguri#3.23. The
maximum displacement in thedirection with 4 mm wall thicknessas determined to be
20 10° (m). A comparison with the previous results (2 mm width) shows the
displacementesults in the CubeSat with a 2 mm wall thickness is three gmneaserthan

the 4 mmgeometry
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Z-DISPLACEMENT
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Figure3.29 Displacement in the-direction.

The below figures show the displacements in thand ydirections. The results show
more deformation in the-»xand ydirections than the-direction, due to the BCs and the

values acceleatiors.

Y -DISPLACEMENT

- 1257E-9
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Figure3.30 3D displaced shape in tixedirection (left) and/-direction. (right).
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Finally, Figure3.31 shows the displacements and deformations in all directions.

RESULTANT -DISPL

22 96E-9
18.26E-8
16.87E-9
10.10E-9
6.74E-9
3.37E5
1.68E-8

DISPLACED SHAPE
MAX DEF=2.29E-8
NODE NO=31673
SCALE=1.0
(MAPPED SCALLING}

Figure3.31 Overall dsplacemert contourgleft) and maximum deformation (right).

The results of FEA performed using NISA for the two different models are summarised in

Table 35.

Table3-6 Results of FEA analysis by NISA.

Thickness| Material von Mises Yield Mass | Volume Safety
(AM) stress (Pa) | Strength (Pa)| (kg) (m3) factor
2 (mm) | AliSil0Mg 809.3 x 16 170 x 10 0.289 | 1.08 x 1¢ 2101
2 (mm) AlSi12 810.9 x 16 260 x 16 0.289 | 1.07 x10* 3206
4 (mm) | AliSi1lOMg 302x 10 170 x 16 0.458 | 1.71 x 1¢ 5623

The mechanical propertie$ the AISi10Mg and AlSi12 CubeSats, Table3-6, produced

by the AMtechnology

34.2.3 Modal analysis

In this analysis, the dynamic behaviour of a CubeSat with 4 mm thickness, under dynamic
loads, is illustratedrigure 3.32 demonstrates the natural frequencies of the first 4 modes.

The natural frequencies for thas@des are @00, 2812, 3484, and 44 Hz, respectively
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z
MODE NO.=2
FREQUENCY=2.812E+3 HZ 4

z
MODE NO.=1
FREQUENCY=2.280E+3 HZ ¥

Figure3.32 The first 4 eigenvalues and mode shapes for IlU CubeSat (4 mm.width)

3.4.3 Discussion

All the simulations have illustrated the structurally sensitive areas after finalizing the shape

of the CubeSat and its material, allowing the possibility to adjestesign of aluminum

CubeSat accordinglirhe maximunvon Mises stress values are less than the yieddgn

of AlISi1l0OMg, and it shows the acceptable reason for using this material in terms of its
design. The deformation values also play a crucialincecepting the shape of the design,

and its material. TheresultsinTalde 6 i ndi cate that the CubesS
both designs, although obvioustiie thinner wall results in greater mass saving. The value

of the applied loads was theghest that might be predicted for launch scenarios, so this
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result is a conservative approach. dddition, the calculated mass of both Cubes is
significantly less than 1 kg, which is an important factor for accepting this layout of 1U
CubeSat. The last part to confirm the feasibility of both designs of the Cube$ads

CubeSat's natural frequenclesing above the mission specified values.
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CHAPTER 4 INVESTIGATION AND VALIDATION

One of the verification methods that will always be zgidi in satellite design is doing a
series of validation tests. Two types of testing can be readily done for a CubeSat: internal
and verificatiortesting The first one is completed based on the operational purpose of the
satellite, but theerification testing consists of thermal and vibration tests. Therefore, these
tests help to realize different development stages of the satellite, through the life cycle of a
project: acceptace capability, and during the launch or in orbit; elementsthaf
equipment; in different types of testing, engineering, structural, thermal and others. Below

the most used tests are illustrated in more digtajl

4.1 FunctionalTesting

Checking the satellite in terms of being able to perform all of the programmed duties
properly, against its software designdaoperation, is viewed as a functional tggt
Functional tests are focused upon the basic mission, with the aim of guaranteeing the
survivability of the satellite, such as communications, grodistributions, and defect
handling. Due to the lack of a suitable environment to simulate space situations on the
earth, a variety of tasks such as orbital positioning and attitude control cannot be readily
guantified. So, as a consequence, having aptete verification of orbital function is
inevitable.Functional tests are applie@éfore and after all main tests, in order to check

operation and potentially improve the satellji,
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42 Thermal

A successful mission in the harsh environment of space can potentially be guaranteed by
proper thermal design and its testing/validat{@0], along with the functional tests
outlined previously. For testing the thermal campaign, a theralum facility has been
necessary [2]. The thermahcuum is the favoured environment to verify the effectiveness

of the thermal design of a CubeSat [4QjisTchamber can provide the environment needs

in terms of the vacuum and temperature conditions for completing the thermal cycling tests
and thermal bakeut, which are the two different tests that are typically required. In
thermal cycling, different tenguatures are applied in different cycles, to simulate the space
conditions. In the thermal bake out test, the mass loss of satellite is evaluated to assess

potential outgassing, and this should not be more than 1% of the whole mass in the satellite

2].

Figure4.1 Thermalvacuumchambeif2].

4.3 Vibration

Shock and vibration are the two common kirmdsdynamic testing that are applied for

satellite design. Although the vibration test is necessary for all launches, shock testing is
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not always required [14]. The engineeng vibration testing is dividednto harmonic
vibration Gubject tasinewave and random vibration testing. For understanding the natural
vibration of any structureharmonicvibration testing ould help. A vehicle on a roadhe
wings of an airplane inturbulentair flows and deploying a CubeSate subjected to
vibrations which are not repetitive and predictable likee harmonicvibration. The main
objective of testig the random vibration in industry is smbjecta Device Under Time
(DST) to failure. For environmental vibration, random vibration testing would be the best
option due to being more realistic than sine testing. Buapipdicationof this test is not
perfect, while it still needs tdeuseal in some formn qualification procedure$2].

Figure4.2 shows an electromechanical shaker table, and the satellite, in @byt out
vibration tests in the-direction[14]. For performing vibration in different directions, the

shaker table/satellite orientation must be rotated 90 degrees inahd ydirections.

Figure4.2 Kind of Cube%t mounted to the shaker taplet].

Also, the natural frequency of the space structures, such as a CubeSat, is oneapdrthe
modal characteristics; the first natural frequency, which is usually defined by the launch

carrier, must be greater than a particular quaatity it ismentioned in 3.3.1.2].
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4.3.1 Testrequirements

Years of preparatioarerequiral for satellite development projects. Having a sufficient
safety margin for spacecraft is crucial to dimenalostability and sustaied loading
circumstances during the launch time. In each launch step the load contribution must be
defined for desigrpurposes Thereis a combination oftwo load case for CubeSat
structure whichis listedin Table4-1 [49].

Table4-1 Load combination

Random vibration Level of NASA qualification
Load case 1 - —
Acceleration Longitudinal 7G Lateral 4G
Load case 2 Shock The F'payload on side of-POD

Thevalue of stress,(  used for calculating the safety factor load case 1 is the sum

of the stress extracted from random vibration analysidfastress fronthe quasistatic
loading which is deterministicln load case 1 onlthe maximunvon Mises stress value

is takeninto account for calculatinthe safety factorThe operation of engine as well as
noise generated by satellite produces the random vibyatfooh causes significant stress
state As the von Misses stress caused by random vibratiemot beentaken into account

in calculation of safety factor in this thesigs a result ahigh safety factor has been
producedIn other word, considering the summation of acceleration and random vibration

loads would produce higher von Mises stress and thereforeea SOH49].
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CHAPTER 5 SIMULATION RESULTS (FEA) AND
COMPARISON WITH THE CURRENT RESULTS

51 The UWE-4

In 1999, California Polytechnic State University (CalPoly) drafted the first CubeSat Design
Specifications (CDS). This study aims to create a more efficient and straightfofwgrd (
CubeSat and analyze it under the mentioned criteria in its journey to the low earth orbit in
space during the launch. In Chapter 3, the output of the software proves the CubeSat's
design stability; however, in the validation process, the comparistite giresent study

with another current research can dieperformed. The mechanical requirements in the
CDS are:

1- Similarity of thermal expansion in the CubeSat material and the deployer material
(Al 7075).

2- Having smooth, flat and hard anodized rails ides to minimize friction and/or
preventing cold welding from the launch conditions, especially during release from
the deployer

3- Tolerances in the design of CubeSat are based on PD specifications

The UWE4 is a CubeSahatis designed in CAD and is considered to be simpler and
more efficient. This CubeSat is also compared with its previous version, in terms of being
more accurate in fabrication. In this study for doing FEA, the actual ndempleted

by SolidWorks to import to NX for completion diie final analysi$53].
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Figure5.1 Anatomy of UWEA4.

Figure5.1is a subsystem containing:
1- Communication system,
2- OBDH (Onboard Data Handling),

3

ADCS (Attitude Determination and Control System),

4- Batteries, screws, spacers,

5- PPU (Power Processing Unit) and Uister (if needed).
The omparison should be started from the design of the CubeSathersidhievement of
the results from software evaluation, although some of the conditions may not be similar
during the respective journeys of two CubeSats (or theistoaction materials), which
consequently may lead to some differences between the results. Bifjushows the
technical drawing of the 1U CubeSat in this study, Rigdre5.2 shows the initial design

of UWE-4.
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Figure5.2 Drawing of 1U CubeSat specificati¢b3].

There are small differences in thize of the columns and the total length of CubeSat in
the zdirection (1.5 mm) in comparison with the CubeSat which is completed in Chapter 3
(Figureb.3). It should be noted that the design of a CubeSat can be affected by the shape of

the PD.

Figure5.3 1U CubeSat design this study

The next step in the process of modelling is managing the properties for all components.
The characteristics of nodes and elements can be defined in terms of the material properties

in the FEM. The material properties for tidsbeSat are listed ifable5-1.
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Table5-1 Material properties.

Material Density (— Youngs Poissoiis Yield
Modulus Ratio Strength (MPa)
(GPA)
Aluminum 2711 68.9 0.33 276
Alloy
(Al6061-T6)

For getting the accurate design in FEA, around the location of hioéespecific shape of

elementsspidermestes (which are shown iFigure5.4) can be usedrhese regions have

more stress during loading

Figure5.4 Mesh representation around the holes ( spitesh [53].

Figure5.5 shows the FEM of UWHE CubeSat.

Figure5.5 FEM mesh olUWE-4 CubeSaf53].

In this CubeSat, like the CubeSasign,which is developed in Chapter 3, the static,

dynamic, vibration, and loads were applied for simulating the exact conditions of the
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system. In the UWE the maximum static acceleration in the longitudinal direcson

10.5g, and in the lateral direction, the maximum acceleration is 3.5g. The mentioned

acceleration values are provided by ISILaunch Services (the service with the aim of making

the launch of simple satellites easier and simpler). In the present Cube8ats of the

horizontal arrangement, the load for a CubeSat with 1.33 kg mass would be 137 N (10.5g
1.33kg = 137) arrangements of t@mbinedoads are shown in Tables

Table5-2 Scenario®f possilte loads

Vertical Loadingarrangement Vertical Loadingarrangement

Major Major Lateral loading directior|
loading vector| Lateral loading direction Loadingvector
X- Y- Y+ Z+
X+ Y-

Z+ X+ Y+ X+ ;(_; é-f

X- Y+ Y- Z-

X- Y+ Y+ 7+

X Y- Y- Z+

z- X+ Y- X- Y+ z-

X+ Y+ Y- Z-

X+ Z+

X- Z+

Y+ X+ Z-

X- Z-

X+ Z+

X- Z+

Y- X+ Z-

X- Z-

Operating €émperature limitatioms different for onboard components and it depends on
the functions. The below tabéows various components with their operating temperature

ranges.
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Table5-3 Temperature of component's operation

Components Notes Operating | Temperature
Y JO Y JO
Li Po Battery (charge) 0 +45
(discharge) -20 +60
Solar Cells -40 +125
Electronics -40 +85
Main Structures -40 +85

This model is simulated in a vertigabrizontal arrangement and the normal forces are
applied to the contact areas (rails) on@lbeSatFigure5.6 shows the vertical arrangement

of case 1 according fable5-4.

Figure5.6 Normal forces irvertical arrangemenb3].

For staticanalysis,the displacement and vdWlises stress in various scenarios for the
vertical arrangement is summarised in the below table. Each scenario contains the
geometrically distributed normal forces on the rails of CubeSat.

Table5-4 Displacenent andmaximum von Misesstressn a \ertical arrangement

Case | Scenario | Longitudinal | Transversal Maximum Maximum
Axis (10.5g) | Axis (3.4g) | Displacement (mm)| vonMises
Stress (MPa)

1 Z+ X- Y- 0.184 51.19
2 X+ Y- 0.135 54.88
3 X+ Y+ 0.0731 40.06
4 X- Y+ 0.162 41.02
5 Z- X- Y+ 0.0708 19.77
6 X- Y- 0.0871 16.32
7 X+ Y- 0.0595 18.79
8 X+ Y+ 0.0673 22.92
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The figure below showsase 3 of thealue of the maximum displacement of CubeSat in

NX (Figure5.7).

Figure5.7 Maximum displacemerih case 3mm).

Theregion where thenaximum von Mises stresgcurs inUWE-4 is shown irFigure5.8.

Figure5.8 The area of maximum von Mises strélgéra).

The value of maximum displacement deformation and the von Mises fetréssrizontal

arrangemens illustrated inTable5-5.

72



Table5-5 Thesummarizeddisplacements angaximum von Misesstresdn a torizontal

arrangement
Case Scenario Longitudinal Transversal Maximum Maximum
Axis (10.59) Axis (3.49) Displacement| vonMises
(mm) stress (MPa)
1 X+ Y+ Z+ 0.00405 41.22
2 Y- Z+ 0.0391 51.05
3 Y+ Z- 0.0410 65.22
4 Y- Z+ 0.0370 81.88
5 X- Y+ Z+ 0.0931 40.19
6 Y- Z+ 0.0487 38.24
7 Y+ Z- 0.0354 33.86
8 Y- Z+ 0.0289 33.56
9 Y+ X+ Z+ 0.237 115.57
10 X- Z+ 0.262 108.52
11 X+ Z- 0.0311 32.89
12 X- Z+ 0.0319 43.61
13 Y- X+ Z+ 0.1031 63.61
14 X- Z+ 0.1163 42.14
15 X+ Z- 0.0480 54.83
16 X- Z+ 000589 49.23

The listed resultg Table5-5 indicatethe maximum stress is 115.87 MPa, which is smaller

than the yieldstrength(240 MPa) of AA6061 aluminum alloy. So, the structure is capable

of withsgtanding the conditions it will experienaiiring its launchwhen applying the

extreme loading situation, as mentioned above.

Following the information provided in the ISILaunch condition documents, for the flight

model, the payload's fundamental frequency must be above 20 HZ#irsiHH) natural

frequencie®f UWE-4, areshown in Table5-6, which arenigher values than tise specified

in thelaunch vehicle qualificatiodocumen{53].
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Table5-6 Natural frequencies

Natural Natural
Mode | Frequency [Hz]| Mode Frequency
[HZ]
1 286.9 6 556.3
2 336.1 7 701.8
3 442.3 8 799.3
4 449.3 9 805.6
5 488.5 10 820.6

5.2 The 1U CubeSat

Figure5.9 shows a designed 1U CubeSat frame with the matelHaDA5T6 and 2mm

thickness. This model is createsingSolidWorks softwar¢54].

Figure5.9 1U CubeSat framgs4].

The material properties ofl ¥075T6 is shown inTable5-7.

Table5-7 Material properties

Material Yield Strength (MPa) Density (gt 6 Poisson Ratio
Al-7075T6 505 2.81 0.33

During launch thegreatest stress occurs and the result of von digess is shown in

Figure5.10.
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Figure5.10 Stress analysi®4].

Thevalue ofmaximum von Mises stress in this CubeS&46.56 p 1Pa and it is much
smaller than the yield strength (509 11 Pa). Sethe survivabilityin this analysishows

a significant margin of safety like the analysis in chapter 3.

WRES (wev)
1.107=-00%

10 Se-004
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- BX00e-005
- 1.20e-005
- GAle-0X
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- A7 Je-005
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145005
0.216e-008
1000003

Figure5.11 Displacement analys[§4].
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The scale bowing structuti@ Figure 5.11 shows the maximum value alfisplacement

(.1 p it mm) on the top face during launch.

The value of maximum von Mises stress and maximum deformation in the abovesnodel
bigger than the values, mentioned in Chapter 3, in the designed CubeSat with AM method
and AlSi10Mg material inhis study So,theoretically the designed CubeSat in this study

would bebetter.
5.3 The 3U CubeSat

For further validating the study in this thesis, showing the results for the case of a 3U
CubeSat can also help with this claim. In this 3U CubeSatpAbT6 has been used due

to having a higher yield strengtfQs x 16 Pg . I n this design 6Pumpl
has been selected due to having some advantages, such as lowering the mass. In the static
analysis, the lower legs of the four bases fated on the geometric center of the 3U
CubeSatvith the limit subjected to 50 g load@he von Mises stress results dhastrated

in Figure5.12 [55].

winn M e 1 PHmAZ)
Hiimang

l 8,92, 880
L 8,111,120

- o, 0, 55

. B8,89.9200

L I56M280

L 20,057.0M00
14085 8820

L 19284, 160

L M350

26023820
I 4811455
e

Figure5.12 Von Mises stress results of 3U Cube®dm?) [55].
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The maximum von Mises stress under the woase scenario in this analysis is
approximately 0.57 x POPa (red colour), which is significantly lower than the yield
strength (505 x 10Pa) of aluminum alloy 707%6. In Figure5.13, the deformation has
happened in the center of the CubeSat, like the two previous CukieSats) and UWE

4). The critical are@n deformationvaluesshowsto occurin the centeof Cube&sat (Figure

5.13), although there is no threat due to having strong enough material.

URES [mm)

S5.ETE-1
3.3BE-1
4.40E-1
34ZE-1

(===
1.95E-1
1.46E-1
9.7BE-2
1.00E-1

Figure5.13 Displacemenvalueson the CubeSdmm) [55].

TheFEA results ofthis studyandthe previous one in sectiorl4confirm that the designed

CubeSat in the'8Chapter can withstand in the launclvieonment[38].
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CHAPTER 6 CONCLUSIONSAND RECOMMENDATION S
FOR FUTURE WORK

6.1 Conclusiors

While the overall final aim of this thesis was to use the AISilOMg and additive
manufacturing method to fabricate a CubeSat, this has been restricted due to University
closure arising from the COVH29 pandemic. As a consequence, TO and FEA have been
the focus required to simulate the model. During the course of this study, it was supposed
necessary to manufacture a detailed database in regard to the additive manufacturing
method(s) for the aluminum alloy(s). The following conclusions can be drawn, based on

the theoretical investigation carried out in this thesis:

1- The possibility of manufacturing thin wal2mm) AlSi10Mg alloys with LPBF is
confirmed, due to having adequate process parameters, although the behaviour of
aluminum depends on fabricating theralnum with the parallel or perpendicular
wall during LPBF.

2- It was also discovered that tetrahedral elements are preferred to be used for
modelling the CubeSatds TO because of
geometry.

3- Theresults of the TGupporth e CubeSat 6s el i minated are
the CubeSat. However, in terms of actual construction, the sharp edges, generated
as a result of TO, must be converted to more rounded/smooth ones, due to having
concentrated stress in the former state.

4- Currently, in the aerospace equipment, the additive manufacturing method has not

really been used yet for satellite construction. In this study, the results obtained in
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the NISA software by using FEA have confirmed the possibility of fabrication of
the ClbeSat, at least theoretically.

5- In terms of simulation of two CubeSats with 2 mm and 4 mm thickness: both of
them could withstand in the defined environmental condition, although the weight
saving available with 2 mm promotes the suggested use of thissionen

6- Although, it was observed that the stress concentration by enhancing the thickness
will decrease. This decrease is attributed to the facbthimicreasing the thickness
of CubeSatits strength grows, and consequently, the mass of the CubeSat is

increased.

6.2 Recommendatiorsfor Future Work

The study discussed through this thesis, relates to applying FEA aspects of TO and chassis
design, with the ultimate aim of using the additivanmfacturing method for building a
CubeSat with the aluminum alloy AlSi10Mg. This has involaegview of a wide quantity

of literature on 3D printing that affects the mechanical properties, which will &ave
potential implication on the fabricated Cube3e a next stage it is desirable to conduct a
property evaluation of AlSi10Mg fabricated by LPBF additive manufacturing, and then
actually build some preliminary CubeSat designs for mechanical property evaluation; this
may be conducted at a reduced scleexamplehalf-size models (1:2 scale ratid)he
suggested approacthould be ablkd to design the CubeSat and fabricate the model
design(s) in suitablaluminum alloys by the additive manufacturing method then doing

the thermal and vibration tesia the CubeSaf he resultsnustbevalidated bycompaing

the experimental andheoretical resultswhich areillustrated in Chapter3. Rigorous

approval of this method and the procedure can help to fystberote the use of additive
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manufacturing approaches for satellite applications. Subsequently, the design of more
complicated models can be undertaken, with the ultimate aim of having more beneficial

use of CubeSain the aerospace industry.
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APPENDIX A

RENDITION OF THE TO OF CUBESAT BY NISA
Introduction

NISA (Numerically Integrated elements for System Analysejtwareis a proven
software for Finite Element Analysis, used for solving the most complicated engineering
problems. NISA cartonduct various type of numerical analysisch asanalysis linear
static, nonlinear direct transienand het transfer analysisBoth isoperimetricfinite
elements and conventional elements with higher order displacement function are available
in NISA. Other elements like 3D composite solid, sandwich shell etalspavailable as
well.
In NISA, the large number of material madsuch as isotropic, orthotropic and laminated
composite, elastoplastic material and also materials with temperature dependent properties.
are available
NISA softwaresuite also includesthe pe- and posiprocessing modulefDISPLAY)
program
TheNISAsoft warebs benef i tgsalityindastrial applidagonseand pi n g
having an optinized fabricated designthe resuls will be in theNISAOPT family of
programs, SECOPT, STROPT and SHAPE. SECOPT optinsizgess section beam
Optimization of structures of fixed shape isndby STROPT and SHAPE is for twand
threedimensional continuum structlrshapeptimization.
Below are some of the cabilities which are offered b$HAPE

- Shape optimization of largsolid, shell, or planastructuresfor linear response

under static loadingvithout boundary parametrization
- As a separate selection, arsadyofstructural reaction,
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- Shape optimization has two principal modes: limiting the shape variation with the
current BCs, andllowing for creating new boundaries,
- There are not any restrictions on stress and strain constraints
- Defining of fabrication constraints, followed by frésg special elements or
nodes at the outset.
For conducting TO, NISAequires two types of files: NIS and OPT file. Below both of
the files for the Cubpresumablyare explained.
NISA file

Design of the initial shape starts in the display shown below:

— 4+ @ / [Afitopege I Pageview i

- DISPLAY IV : - [Dispi¥1]

Rl B £t Yow Geomelry FIM frpsiSitc Cpbes Meliews fodt JeShw Wndow Toos b PI- 18 ;
?D?B.«C%mﬂ“f}lw /

R[S RD & (w0 @AM SO0

iha- O € 0E0 B3 —E +

SsE% DoE&vD -1 Iy
iENL LG REARD D %™ Ee GRAPHICAL AREA

7 Erites WORKSPACE SF
WINDOW 5h

B owe [H2as /— E;TN';S:D / INFORMATION WINDOW

* |GRD_TRS. 1. .2-0-0-0_1 * [ Databass mutiaksation i prpgeess .
! Drataboaat imtialization eomphied successflly
REVERSE COLORE: swicthed OFF for ell future plots.

For creating the simple cube, the nodes of all corners of Cube are created in the following
manner:
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Geometry FEM  Analsis/Static  Graphics Miscellaneous Post  SekfShow  Window Tools Help

= = | [
Lire ' Creakte on Geom  * Warkplane. .. . m % @ Q @
Patch ¢ Creake on Prim OO WS YO & "
Hyperpateh L Creake on EEM L4 . .

= Grid - XYZ Co-ordinates ¢
Circle 4 Mowve +
= a MOV IZ LCS Typs LCSID [ Outguti0s |

put D=

Rectangls s Copy. 4 04040 Catesian |+ -
Cube 4 Misc, Dptions 4
aphere L ’ Create ] ’ Cancsl ] [ Reset ” Help ]
Cwlinder 3

8
YRR
2
2 27
d Pcl s i
20 2
a2
El &
a0
F a1
E] 3 a2 d0
<z 43
H
ER
H

Then some patches are created as follows.

IR oispLAY IV - [Displv1]

i e Edt view | Geomety FEM AnalysisiStbc Graphics Miscelaneous Post Set/Show Window Took Help
Fz B Rectangle Nl Cube @ Sphere [J Cyiinder g Cone @) Torus g Pyramid Nl Wedge @ Rod 1y ics -
ivefr 97

Cirde
Rectangle.

Cube
Sphere
Cylinder
Cone

Torus
Pyramid
Wedge

Rod

LCS systems
Workplane

DNurbs Curves
Nurbs Surfaces
Trimmed Surfaces

Create on Geom
Create on Brim.

3
3
3
3

Py omMeRs@RES
) ET—

A 3 Comner Grids
B S < Corner Grids

§iE} 16 Grids

| i Grid-FEM

TR A 3 Comner Nodes
Modify » | & 4 Comner Nodes
Move » [ 15 Nodes
e " E 2uies
Misc. Qptions. v | BB 3Edges

[ 4Edges

S| 2 - Menu
& | 2 G File
H |y o i
A View
£ £ 5 Geom
X & @M
By gy @ Analys
48 _S ;raph‘l
El jscel

ﬁ L) Post
o3| B} @ Sersh
= Windo
K2 2 G Tools
& g Help
Sl

e

N

=

v

E

a2

[t

A

& |

=

]

[

EE 3Ruled Lines
B <4 Ruled Lines
4%, N Ruled Lines

A Glide Lines
@) Normal Option
& Extrude Lines
&P Begier Patch

S ac
ER workplane

By using patches, hypgatches can be created following the direction below:
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I DISPLAY IV s - [CAWsers'fetemeh mutteghienDesktopd-%.D85]

ln e #x | Geomety FEM AraVSSSUOc GEAEhCs Mpotlnecus Bom SAUSROW ACow  Jous ek

P S Show Gonetry el F2 | ecergz I fbe @ whee [} Crinds g cone @m Y Foond Mfgecpe % Ead Taics -
0o Iansa vlnouA@\:'\ nFr?n

iGrd pri oM

=

&

=

-

S ot
S

WP

#

=

(53

=

™~

-

&

0 E 0 RS

At this stage, the shape is ready to make elements by meshing. Meshing for TO is ideally

hexahedal, following the approach below:

n DISPLAY IV : - [Ch\Users\fatemeh mottaghian\Desktop'4-X.DBS]
nF|Ie Edit View Geometry | FEM Analysis/Static Graphics Miscellaneous Post SetfShow Window Tools Help

® Grid % Lne U Patch Show FEM ToolBar F3 ledﬁnale ‘Cube @& Sohere B Cylinder 44 Cone &) Torus °

PE—

EE i, = -

é E . -/ # & lk MNodes 4 FAM option 4 ' Triangular...
=G”d iGrid-Geometry Elements v FZM option v 4% Quadrilateral...
..... o

0 Data Groups . Automesh. .. Ctrl+A & Wedge...

i 2| . Menu Adv. Surface Mesher...  Cirl4M &7 Hexahedron...
& | £ | rie srucurdc e o | 4 T
= ¥ | - Edit Modal Dynamic BC 4 Delete Mesh 48] search table...
2zl . - View 3D-Fluid (Incomp.} BC b ] Delete table...
el B Geometry 3D-Fluid (Compr.) BC ¢

X| E| mrem Emag BC g
@ - Analysis/Static Heat - [I1 BC 4
EI,E —| @ Graphics Piezo-Electric BC 4

) = - | | [P

Finally, as an example, the shape shown below is creatédeanchakes an empty CubeSat
chassis, according to the thickness and size of the mesh, elements of the inside of the

CubeSat can thus be eliminaté&tien the material of the Cube should be defined:
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n DISPLAY IV : - [Displ¥1]
n File Edit View Geometry FEM | Analysis/Static Graphics Miscellaneous Post SetfShow Window Tools Help

s Grid Sy lne §y Patch i Select 'h Cube @@ Sphere [] Cyinder gy Cone Torus gy Pyramid I Wedge % Rod Fs1CS ~

EC PR TIEY Fpiiiios RN 13 1] TE Y3 TN T
1Grid EGnd-Geometry — : Grid-Primitive  Grid-FEM
= IR Executive...

Dw 2 .~ Menu Title...
= E - File Property...
H |y oo M
- View MATDIR 1.
< E - Geometry MATDIR 2...
X E GoFEM Sets....
& [ Analysis/Static Lamangle. ..
B"La = Graphics Lamseguence 2...
2 - Miscellaneous Multipoint Constraints...

ﬁ g - Post Beam Data
C»] E} & Set/Show Beam Section. ..

T - Window Moying Load. ..
k' é Tools Moving Path...
& ; - Help Load Case...

Load Combination. ..

g‘ il Print Control...
D& Post Contral...
D\S Body Force...
& Regions...

K Stress Filter...

e Stress Filter (Composites)...
@ Fourier Control....

@ Fourier Coeffidents...

Al

The information about the materglch ad Modulus of elasticity and Poisson raéin be
inserted in the below icon:

n File Edit Wiew Geometry FEM Analysis/Static Graphics Miscelaneous Post SetfShow Window Tools Help
i % Une 4 Patch & Hyperpatch (3 Cirde B Rectangle YJ Cube @ Sphere [J Cylinder gb Cone @) Torus Wy Pyramid M Wedge %3 Rod L icS -
B RBNVEY XS DR oM B lsOwES |irlhdd

i Grid-Geometry £ Grid-Primitive £ Grid-FEM
..... s
0O n Material ? X
L Z -~ Menu
= Ew File MAT,FORM
=P Edit Static1 | Static2
! MATERIAL ID [Unique
rar View Wadulas of elasticity Poissons Ratio 1D For Material]
x| 2 Geometry BX 00 = NUxy (0.0 -
S EFEM MATERIAL NAME [For |ibComphlz
et Analysis/Static Reference Only)
GR| —, FGraphics BY |00 4 e v Ad out
& E Miscellaneous
] Post EZ 00 - NUYZ [0.0 - Copy Paste
= Set/Show
= Window Delete Reset
k? g Tools Shear Modulus Themal Expn. Coeff
& 5 [ Help Gxr |00 ad ALPX |0.0 e Material Library
=}
™| Rl e o8 = ey oo = Library Fils Save Al
5 Shaow Data Save This
® GYZ 00 v ALPZ 00 -
4
i Weid B
& e Bements - Select Delet=
&
[ g
g Mass Density : DENS 0.0 i oK Cancel Help
2
-
|
=
]
o

89



Thenin the last partthe BC can be applied under the four conditions outlined. In the final

shape below, the mesh (elements) and BC (yellow colour) are shown:

OPT file

In the optimization process, the information of OPT is entered in the OPT file. In this file
at the very least, one stress must be specified, and in this specific file, the maximum von
Mises file is entered. In this particular shape belocantrol commandare writtenin the

OPT file. The format of inputting the data in the OPT file must be according to the
NI SA/ OPT userd6s manual

LIMIT = 300 (300 is themaximum number oteratiors)

STEPS=1010 isthe maximum number of desigBTEPS for tis specific shape

BREAK = OFF QOFF means the unnecessary ribs or bars in optimum design will be
allowed to remain)

BOUND =ON  ON means the new internal boundaries canbeshade)

CNSTRESSis the number of elements and it can be found from the fiSand the
number of elements in this file are 10880.

VMS is the value of maximumon Mise stress and in this specific study, it is-45e
CNFABRICATIONAL ARE the frozen nodes and elements which should be defined in

the OPT file to prevent them fromaking shape modificatigrior instancein the CubeSat
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