


 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  111 /  7102

,ngiseD noissiM ecapS dipaR  
 tnemyolpeD dna noitazilaeR

 älitseK ittnA

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

cilbup a ta ,gnireenignE lacirtcelE fo loohcS ytisrevinU otlaA  
eht no gnidliub SAUT eht fo 2SA llah erutcel eht ta dleh noitanimaxe  

 .00.21 ta 7102 enuJ fo ht9

 ytisrevinU otlaA
 gnireenignE lacirtcelE fo loohcS

 gnireenigneonaN dna scinortcelE fo tnemtrapeD
 ygolonhceT ecapS



 rosseforp gnisivrepuS
 dnalniF ,oopsE ,ytisrevinU otlaA ,oillaK asE rosseforP

 
 rosivda sisehT

 dnalniF ,iknisleH ,iknisleH fo ytisrevinU ,älekseL ukkraM
 

 srenimaxe yranimilerP
 sdnalrehteN ehT ,tfleD ,.V.B seigolonhceT noirepyH ,nelegnE nevetS .rD

 dnalniF ,iknisleH ,iknisleH fo ytisrevinU ,aleproK oppeS .rD
 

 tnenoppO
 dnalreztiwS ,nreB ,secneicS yratenalP & hcraeseR ecapS ,nreB fo ytisrevinU ,zruW reteP .rD .forP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  111 /  7102

 
 ©  älitseK ittnA

 
 NBSI 1-7747-06-259-879  )detnirp( 
 NBSI 4-6747-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  4-6747-06-259-879
 

 yO aifarginU
 iknisleH  7102

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 älitseK ittnA

 noitatressid larotcod eht fo emaN
 tnemyolpeD dna noitazilaeR ,ngiseD noissiM ecapS dipaR

 rehsilbuP  gnireenignE lacirtcelE fo loohcS

 tinU  gnireenigneonaN dna scinortcelE fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  111 /  7102

 hcraeser fo dleiF  ygolonhceT ecapS

 dettimbus tpircsunaM  7102 hcraM 61  ecnefed eht fo etaD  7102 enuJ 9

 )etad( detnarg hsilbup ot noissimreP  7102 yaM 21  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
morf gnignar ,ytinamuh rof seitilibissop gnitsixe fo egnar a thguorb sah ygolonhcet ecapS  
yratenalp dna dioretsa sa hcus sgniht ot gnisnes etomer dna noitacinummoc ,noitagivan  

.snosaer fo rebmun a ot eud dellats trap ni sah tnempoleveD .noitazinoloc sa llew sa gnitcepsorp  
ot draob gniward morf noissim ecaps a etarelecca yllaitnetop ot woh sehcraeser siseht sihT  

,noitazidradnats seilppa hcihw ,tpecnoc etilletas llams tnecer ylriaf eht si desu loot ehT .tnemyolped  
evorpmi ot snoisnemid lacisyhp s'etilletas eht sesaerced dna stnenopmoc flehs-eht-ffo-laicremmoc  
tneserper denibmoc hcihw ,sretpahc niam eerht otni dedivid si siseht ehT .seitinutroppo hcnual sti  

eht htiw snigeb tI .siseht eht gnirud koot hcraeser eht taht htap tnempoleved llarevo eht  
1-otlaA eht sebircsed dna ,taSebuC eht ,mroftalp etilletas llams ralupop tsom eht fo noitcudortni  

s'etilletas eht erehw ,taSebuC 1-otlaA eht fo noissim eht stneserp 1 noitacilbuP .tcejorp taSebuC  
cfiitneics a osla tub ,snoitartsnomed ygolonhcet mrofrep ot ylno ton dennalp era sdaolyap eerht  

ehT .snoitcnuf levon dna lufesu mrofrep ot ytilibapac s'taSebuC a fo elpmaxe na gnivig ,ngiapmac  
a fo tnemeganam eht otni thgisni emos sa llew sa detneserp era tcejorp eht morf denrael snossel  

eht gnirud depoleved taSebuC eht rof metsysbus elpmaxe na dna tcejorp etilletas llams tneduts  
deedni ro ,staSebuC fo snoitacilppa lufesu tsom eht fo eno taht etacidni stluser tcejorp ehT .tcejorp  
dnoces eht ni detneserp hcraeser eht ot sdael sihT .noitalletsnoc a ni meht gnisu si ,setilletas llams  
fo emit tisiver tsaf a rof elbatius snoitalletsnoc fo egnar a sezylana hcihw )2 noitacilbuP( retpahc  
hcnual sa hcus ,deiduts osla erew smelborp niam eht fo emoS .snoiger ralop eht ni ssel ro sruoh owt  

ehT .stnemeriuqer noisluporp sa llew sa ,noitalletsnoc eht fo noitcurtsnoc dna seitinutroppo  
,dedeen si noisluporp ecitcarp ni ,seitinutroppo hcnual yradnoces htiw taht saw nward noisulcnoc  

desaercni na rof egnahcxe ni dedeen Vatled fo tsoc eht etaivella nac noissecerp larutan taht dna  
sa gnirutcafunam evitidda htiw seunitnoc retpahc ehT .noitalletsnoc eht tcurtsnoc ot dedeen emit  

driht eht ot dael sihT .tnempoleved noissim noitalletsnoc yllaicepse etarelecca ot yaw laitnetop a  
evitidda gninibmoc yb stnenopmoc edarg-ecaps fo erutcafunam - siseht eht fo cipot hcraeser rojam  

ni ,3 noitacilbuP ni detneserp si dohtem levon sihT .noitisoped reyal cimota dna gnirutcafunam  
ylmrofinu elacs-retemonan a htiw detaoc era stnenopmoc derutcafunam evitidda citsalp hcihw  

,dohtem eht htiw gnissagtuo gnisaerced ni stfieneb eht detagitsevni hcraeser ehT .mlfi gnimrofnoc  
eht ni tnemevorpmi na osla tub ,gnissagtuo ni tnemevorpmi elbissop a etacidni stluser eht dna  
ni tpmetta tsrfi eht tsuj si revewoh hcraeser sihT .tnenopmoc detnirp eht fo ytirgetni larutcurts  

cimota dna gnirutcafunam evitidda htob sa ,dohtem eht fo laitnetop eht dnatsrednu ot gninnigeb  
dluoc htob gninibmoc os dna ,snoitacilppa fo yarra egral yrev a evah sevlesmeht yb noitisoped reyal  

 .yarra regral neve na ezilaer ylbissop

 sdrowyeK cimota ,gnirutcafunam dipar ,ngised dipar ,snoitalletsnoc ,1-otlaA ,tfarcecapS ,etilletaS  
 gnirutcafunam evitidda ,noitisoped reyal

 )detnirp( NBSI  1-7747-06-259-879  )fdp( NBSI  4-6747-06-259-879

 L-NSSI  4394-9971  )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  7102

 segaP  541  nru :NBSI:NRU/fi.nru//:ptth  4-6747-06-259-879





 ämletsiviiT
  otlaA 67000 ,00011 LP ,otsipoily-otlaA  if.otlaa.www

 äjikeT
 älitseK ittnA

 imin najriksötiäV
 ottonööttyäk aj sutuetot ,ulettinnuus näväthetsuurava aepoN

 ajisiakluJ  uluokaekrok nakiinketökhäS

 ökkiskY  sotial nakiinketonan aj nakiinortkelE

 ajraS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  111 /  7102

 alasumiktuT  akkiinketsuuravA

 mvp neskutiojrikisäK  7102.30.61  äviäpsötiäV  7102.60.90

 äviäpsimätnöym navulusiakluJ  7102.50.21  ileiK  itnalgnE

 aifargonoM  ajriksötiävilekkitrA  ajriksötiäveessE

 ämletsiviiT
aj oitaakinummok ,oitaagivaN .ellannuksimhi äjytöyh aisuu atiesu tunoul no akkiinketsuuravA  

nedium apoj aj neidioretsa äätniis assitnosiroh attum ,aipmutut oj tavo sutiotrakokuak  
niattiso niknetiuk no allala sytiheK .itniosinolok aj nenimätnydöyh neissruser nejotteenalp  

atsillodham isilo allavat ällim naamiktut yyttiksek ajriksötiäv ämäT .ätsiys ire atsiesu tunutsadih  
aitpesnok attuu nesilleethus näätetyäk anulaköyT .atraaksytihek noissimsuurava aattuepon  
äätneneip äkes ajettnenopmok atiimlav ,atoitaasidradnats äättyäk itpesnoK .atsitiilletasneip  

neemlok utteaj no ajriksötiäV.aiskuusillodhamusiakual nes neeskaatnarap nook nitiilletas  
aakla öyT .auklop aamestilav neskumiktutsötiäv tavatsude ässedhy aktoj ,neeseelappakääp  

taSebuC 1-otlaA ällämeletise aaktaj aj ,nitaSebuC ,nipyytittilletasneip nammiutisous ällämelettise  
aj tirtemarap tesinket nes eelettise aj nimmekrat ääväthet 1-otlaA aava 1 usiakluJ .aitkejorp  

aattirous aj asseduurava adiortsnomed sutiokrat no aigolonket neimroukytöyH .tamroukytöyh  
aj aisuu naamattuvaas yytsyp taSebuC ätte neattioso ,ajnapmaksuattim nenilleeteit söym älliin  

assitkejorp aj ,näälletise teskumekok tutipo atsitkejorp 1-otlaA .aiskolut aisiotniikneleim itsesilleteit  
ämletsejräj ikkremise aj niitnioreganam nitkejorpajileksipo tavatsimytsehäl teduu tytihek  

nikäsneely aj ,neitaSebuC ätte ,nehiis tavisattiiv teskolut nitkejorP .naatava atsitiilletas  
.anoitaalletsnok nenimättyäk nediin no atsiethoksullevos ätsimmisillydöyh isky ,neittiilletasneip  
assusiakluj aneettiovaT .niisyylana nedioitaalletsnok ire yyttiksek )2 usiakluj( elappak neniot netäT  
nedyyvykän neethok ella iat ninnut nedhak naamattuvaas isiutsinno akoj ,oitaalletsnok äätyöl ilo  
,aimlegnoääp noitaalletsnok ätiäre niittiktut assusiakluj iskäsiL .allieula-apan nollapaam najaotsiot  

atsiajissiot ätte ,ittioso sumiktuT .aavattivrat äkes ,atsutsodoum noitaalletsnok ,ausiakual netuk  
aattaas oissekerp neniatnoul ätte aj ,atoisluporp aamo ässönnätyäk naativrat neättyäk ausiakual  
-D3 akniuk aaktaj elappaK .allannih najasunnekar noitaalletsnok nämmedip attennalit aattopleh
neivipos nihioitaalletsnok itsesiytire aattuepon alloj ,ämletenem nenillodham allo aattaas sutsolut  

neivätseksuurava ,usiakluj ipmosi samlok najriksötiäV .ätsytihek nedioissimsuurava  
isuu ämäT .atsutavsaksorrekimota aj atsutsolut-D3 allamionibmok sutsimlav neittnenopmok  

nosatirtemonan naatetionnip teelappak tutetsolut-D3 äniis aj ,3 assusiakluj näälletise ämletenem  
äjytöyh nämletenem naamiosyylana niittytiksek asseskumiktuT .alleettionnip allesilamrofnok  

neesillodham nesimutnuusaak tavisattiiv teskoluT .ässesimätnehäv nesimutnuusaak nilaairetam  
niknetiuk no sumiktuT .neetyyvätsekennekar neeseenytnääsil neetsolut aj neesimenehäv  

-D3 .aiskuusillodhamsullevossuurava nämletenem ääträmmy näässeättiry naautaal neniämmisne
netoj ,atiethoksullevos itlajaal no näässesti allimmelom asseskutavsaksorrekimota aj asseskutsolut  

 .niiskuusillodhamsullevosöttyäk niipmeruus äleiv aathoj aattaas yletsidhy neimletenem

 tanasniavA ,sutsimlav aepon ,ulettinnuus aepon ,toitaalletsnok ,1-otlaA ,sulasuurava ,ittiilletaS  
 sutsolut-D3 ,sutavsaksorrekimota

 )utteniap( NBSI  1-7747-06-259-879  )fdp( NBSI  4-6747-06-259-879

 L-NSSI  4394-9971  )utteniap( NSSI  4394-9971  )fdp( NSSI  2494-9971

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  7102

 äräämuviS  541  nru :NBSI:NRU/fi.nru//:ptth  4-6747-06-259-879





Preface

This thesis work was carried out at the Department of Electronics and

Nanoengineering at the Aalto University School of Electrical Engineer-

ing, Espoo, Finland, and funded primarily by it. The work was funded

initially through Aalto-1 project funding coming from the Aalto MIDE-

programme as well as later on by Aalto School of Electrical engineering

graduate school. Additional funding support was provided by Finnish

Academy of Science and Letters, as well as the Finnish Society of Sci-

ence and Letters.

First I’d like to thank Professors Esa Kallio and Martti Hallikainen for

the excellent supervision and guidance during this work and while com-

pleting it. They gave me the space to forge the ideas that made this work

possible in these wide ranging, yet interconnected and important topics of

the thesis, and actively supported by sound advice on directions to take,

necessary steps to completion and careful review of the various levels of

my PhD work.

I am grateful to the pre-examiners of this thesis, Dr. Steven Engelen and

Dr. Seppo Korpela, for their helpful suggestions and comments on the

work. I would also like to thank Prof. Peter Wurz for accepting to be my

opponent.

I am also deeply grateful to Professor Markku Leskelä from the Labora-

tory of Inorganic Chemistry in University of Helsinki for his support as

my thesis advisor, as well as the world-class atomic layer deposition ex-

perts Prof. Mikko Ritala, Dr. Ville Miikkulainen and MSc. Mikko Kaipio,

propulsion 91specialist MSc. Kalle Nordling as well as additive manufac-

turing expert Dr. Mika Salmi for support and interest in the combination

of additive manufacturing and atomic layer deposition.

I’d also like to thank all colleagues, but especially MSc. Tuomas Tikka

and Asst. Prof. Jaan Praks, and students working with the Aalto-1 Cube-

i



Preface

Sat and its payloads - together we made this satellite and its successor

projects possible.

Last and most important, I’d like to thank my fiancée Riikka and my

mother Dora for supporting me during all these years. Your love and end-

less support is what made this work possible.

May 23, 2017,

Antti Kestilä

ii



Contents

Preface i

Contents iii

List of Publications v

Author’s Contribution vii

List of Abbreviations xi

1. Introduction 1

1.1 Background and context . . . . . . . . . . . . . . . . . . . . . 1

1.2 Aim and scope . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2. The Small Satellite Concept 5

2.1 The CubeSat as a case study . . . . . . . . . . . . . . . . . . . 5

2.1.1 The lessons learned . . . . . . . . . . . . . . . . . . . . 8

2.1.2 New project and technical management aspects ben-

eficial for rapid space missions . . . . . . . . . . . . . 10

3. Constellation Missions 13

3.1 The importance of orbits . . . . . . . . . . . . . . . . . . . . . 13

3.2 Constellation benefits . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Constellation requirements . . . . . . . . . . . . . . . . . . . 15

3.3.1 Launch opportunities . . . . . . . . . . . . . . . . . . . 15

3.3.2 Propulsion . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3.3 Ground segment . . . . . . . . . . . . . . . . . . . . . . 17

3.3.4 Repeatable manufacturing process . . . . . . . . . . . 18

4. Small satellite rapid development and manufacturing 19

iii



Contents

4.1 Additive manufacturing as part of a new approach to space

technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 The challenge of space as an environment . . . . . . . 20

4.1.2 Atomic layer deposition . . . . . . . . . . . . . . . . . 21

4.1.3 Combination of ALD and AM . . . . . . . . . . . . . . 23

5. Summary of Publications 25

5.1 Publication I: Aalto-1 nanosatellite - technical description

and mission objectives . . . . . . . . . . . . . . . . . . . . . . 25

5.2 Publication II: Small Satellite Remote Sensing Constella-

tion for Fast Polar Coverage . . . . . . . . . . . . . . . . . . . 26

5.3 Publication III: Towards space-grade 3D-printed, ALD-coated

small satellite propulsion components for fluidics . . . . . . 27

5.4 Publication IV: Aalto-1 Earth Observation CubeSat Mission

- Educational outcomes . . . . . . . . . . . . . . . . . . . . . . 27

5.5 Publication V: The Aalto-1 nanosatellite navigation subsys-

tem: development results and planned operations . . . . . . 28

5.6 Publication VI: Online documentation approach for assisted

system engineering and assessment in student projects. . . . 28

5.7 Publication VII: Particle Swarm Optimization with Rotation

Axis Fitting for Magnetometer Calibration . . . . . . . . . . 29

6. Concluding remarks 31

References 35

Publications 41

iv



List of Publications

This thesis consists of an overview and of the following publications which

are referred to in the text by their Roman numerals.

I Kestilä Antti, Tikka Tuomas, Peitso Pyry, Rantanen Jesperi, Näsilä

Antti, Nordling Kalle, Saari Heikki, Vainio Rami, Janhunen Pekka.

Aalto-1 nanosatellite - technical description and mission objectives. Geo-

scientific Instrumentation Methods and Data Systems, Volume 2, pages

121 - 130, DOI:10.5194/gi-2-121-2013, February 2013.

II Kestilä Antti, Modrzewski Rafal, Laurila Pekka. Small Satellite Re-

mote Sensing Constellation for Fast Polar Coverage. Journal of Small

Satellites, Volume 5, issue 1, pages 419 - 434, February 2016.

III Kestilä Antti, Nordling Kalle, Miikkulainen Ville, Kaipio Mikko, Tikka

Tuomas, Salmi Mika, Auer Aleksi, Leskelä Markku, Ritala Mikko. To-

wards space-grade 3D-printed, ALD-coated small satellite propulsion

components for fluidics. Additive Manufacturing Elsevier, December

2016.

IV Praks Jaan, Kestilä Antti, Tikka Tuomas, Leppinen Hannu, Khur-

shid Osama, Hallikainen Martti. Aalto-1 Earth Observation CubeSat

Mission - Educational outcomes. In 2015 IEEE International Geoscience

and Remote Sensing Symposium (IGARSS), ISSN:2153-7003, DOI: 10.1109

IGARSS.2015.7326023, 26-31 July 2015.

V Leppinen Hannu, Kestilä Antti, Tikka Tuomas, Praks Jaan. The Aalto-

v



List of Publications

1 nanosatellite navigation subsystem: development results and planned

operations. In 2016 European Navigation Conference (ENC), ISBN: 978-

1-4799-8915-7, DOI: 10.1109/EURONAV.2016.7530545, 30 May-2 June

2016.

VI Praks Jaan, Tikka Tuomas, Kestilä Antti, Hieta Maria. Online docu-

mentation approach for assisted system engineering and assessment in

student projects. In 2015 IEEE Global Engineering Education Confer-

ence (EDUCON), ISSN: 2165-9567, DOI: 10.1109/EDUCON.2015.7096032,

18-20 March 2015.

VII Riwanto Bagus, Tikka Tuomas, Kestilä Antti, Praks Jaan. Particle

Swarm Optimization with Rotation Axis Fitting for Magnetometer Cal-

ibration. Accepted for publication in IEEE Transactions on Aerospace

and Electronic Systems, Volume PP, issue 99, ISSN: 0018-9251, DOI:

10.1109/TAES.2017.2667458, February 2017.

vi



Author’s Contribution

Publication I: “Aalto-1 nanosatellite - technical description and
mission objectives”

The present author is the co-founder of the Aalto-1 project, in addition to

being the project mission designer and system engineer. The present au-

thor was the main contributor and writer of the article, with other authors

contributing specific sections and material. The Aalto-1 project involved

throughout its length almost 100 people all of which contributed to vary-

ing levels during it.

Publication II: “Small Satellite Remote Sensing Constellation for
Fast Polar Coverage”

The original idea resulted from collaboration with all authors. The present

author is the main designer of the constellation design in the publication,

as well as the original co-founder and responsible leader of the ICEYE-

project in Aalto University that worked as a use-case for the publication.

The present author wrote the article and performed all the simulations

and calculations in the publication.

Publication III: “Towards space-grade 3D-printed, ALD-coated small
satellite propulsion components for fluidics”

The present author wrote the article and designed the experiments in it

in collaboration with Nordling, Miikkulainen and Kaipio. The present

author designed and built the flow setup together with Nordling and the

test pieces together with Salmi and Auer. Atomic layer deposition and

vii



Author’s Contribution

mass spectrometry was performed by Miikkulainen and Kaipio.

Publication IV: “Aalto-1 Earth Observation CubeSat Mission -
Educational outcomes”

The present author is the co-founder of the Aalto-1 project, as well as

the project mission designer and system engineer. Together with the first

author, the present author was responsible for the educational activity in

the project, supervising the technological and project development by the

different teams during the project. The present author with a contribution

from Leppinen, Tikka and Praks developed the first version of the critical

system engineering online documentation and tracking system necessary

for the Aalto-1 project.

Publication V: “The Aalto-1 nanosatellite navigation subsystem:
development results and planned operations”

The present author is the co-founder of the Aalto-1 project, in addition to

being as the project mission designer and system engineer. The present

author contributed to the part of the publication describing the mission

and operation plan of the navigation system. He also approached the

manufacturer of the GPS receiver for help and hardware during the feasi-

bility phase of the project. The author also performed together with Lep-

pinen and Tikka all engineering and flight model tests of the navigation

subsystem.

Publication VI: “Online documentation approach for assisted
system engineering and assessment in student projects”

The present author is the co-founder of the Aalto-1 project, as well as

the project mission designer and system engineer. The present author

in collaboration with the other authors developed and actively used the

online documentation approach - that eventually formed the later more

mature system - iteratively throughout the duration of the project.

viii



Author’s Contribution

Publication VII: “Particle Swarm Optimization with Rotation Axis
Fitting for Magnetometer Calibration”

The present author is the co-founder of the Aalto-1 project, in addition

to being the project mission designer and system engineer. The author’s

contribution to the publication included designing and performing the test

setup as well as the actual tests jointly with Riwanto and Tikka. The

author, together with Tikka, also contributed to the design of the test

procedures used during the Aalto-1 project.

ix



Author’s Contribution

x



List of Abbreviations

ABS Acrylonitrile butadiene styrene

ALD Atomic layer deposition

AM Additive manufacturing

COTS Commercial-off-the-shelf

LEO Low-earth orbit

PEEK Polyether ether ether ketone

PEKK Polyether ether ketone ketone

PSO Particle swarm optimization

UV Ultraviolet

xi



List of Abbreviations

xii



1. Introduction

1.1 Background and context

The aerospace sector is seeking new directions for future development

through which to solve its current challenges. The main bottleneck, launches,

have created a difficult set of parameters that all space applications and

technology has to survive and operate under [38]. Space as an environ-

ment also poses unique challenges to all human-made objects that need to

survive there, especially in the case of long-term operations. At the same

time the potentials offered by space remain tantalizingly on the horizon.

Applications ranging from remote sensing which has become more famil-

iar, communications and navigation to an almost endless array of more

exotic examples (such as novel deep-space science, asteroid and planetary

exploration and resource exploitation up to colonization) create a pull for

new generations of scientists and engineers to try push our space capabil-

ities further.

This continually prompts searches for new ways to advance activities in

space quicker and cheaper. Activities with small satellites is one such di-

rection.

While having been around since the 60’s [21], the most recent wave of

small satellite missions utilize the new technological developments in dig-

ital electronics miniaturization and radiation tolerance, small satellite

bus, and launch vehicle technology [61], and are thus able to fit into a

smaller form factor as particular digital electronics in themselves can be

fit into progressively smaller volumes. Small satellites in this work are

defined to be all satellites of 500 kg or less mass. In some cases however,

less than 1000 or even 500 kg satellites have been described as "small",

with [45] explaining some common definitions. Below this upper limit are

1



Introduction

several in-between categories, such as microsatellites in the 10 - 200 kg

range and nanosatellites generally in the 1 - 10 kg. The scale continues

with pico (1 kg or less) and even femto (some hundred of grams), but from

experience generally no firmly established convention in naming these

categories exists.

These small satellites also take advantage of standards (in most cases

fairly loose ones), and are able to thus ease their development process, as

their form factor is set and COTS components and subsystems are avail-

able to be added into the satellite in a (ideally) "plug-and-play" fashion.

CalPoly’s CubeSat is the most popular standard, with universities mak-

ing up around half of CubeSat missions by 2013, with 2014 showing a

larger share in commercial missions mainly due to Planet Labs Inc. Flock-

CubeSats [51]. As the name suggests, the standard’s outer form factor is

based on a cube and so can utilize a protective (mostly the main payload

against the CubeSat breaking up during launch) deployment pod system,

the theory being that this helps in finding faster launches. The Cube-

Sat’s popularity has also created a large COTS manufacturer base (see

e.g. [59] for an example selection of companies) from which is possible

to acquire the technology that cannot be currently produced in-house, as

well as other teams with which to share experiences.

1.2 Aim and scope

The goal of this work is to evaluate the possibilities of speeding up space

missions and make them cheaper, and in such a way to optimize those

missions. The number of possible approaches that can be taken are ex-

haustingly large, and so the work will concentrate on a few of the more

major topics found during the course of research, consisting of:

• The CubeSat mission Aalto-1 which works a test case of small satellite

technology and its technological bottlenecks and benefits. The author of

this work was a co-founder, mission designer and system engineer of the

mission.

• As a result of the Aalto-1 mission, the expansion and study of the small

satellite concept to that of constellations and the orbits that enable those

constellations.
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• As a result of the demands of a constellation, studying the combination

of additive manufacturing and atomic layer deposition as a new rapid

manufacturing method.

The work studies and evaluates how is it possible to design, deploy and

operate a space mission that can contribute a meaningful output with

greatly decreased costs and time periods. With this understanding the

aim is to maximize the benefits gained from new technology, as well as

to concentrate on some of the specific perceived problems and bottlenecks

that currently defines how space missions are designed and performed. It

is then hoped that the understanding gained with small satellites can one

day beneficially translate to larger satellite designs.

The thesis research questions can be formulated as:

• Is it possible to decrease a space mission development timeline using

lower mass, standardized space technology (small satellites), and is the

mission able to then produce novel results?

• What are the main bottlenecks and benefits associated with small satel-

lite technology?

• How influential is orbit design for small satellite space missions?

• Is the combination of additive manufacturing and atomic layer deposi-

tion effective technology for a space mission?

In all publications the centrepiece was the concept of the small satellite -

not only the compact volume and mass that they typically hold, but also

standardization and the different approach to launch opportunities. It

should be noted here already, that in the case of launch opportunities

small satellites do not necessarily have an easier time in getting them.

Each publication was also a continuation of research that went into the

previous publication, creating a path in this large scientific and technical

field which requires further research.
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1.3 Thesis structure

The structure of this work is divided into three major sections - (i) the

Small satellite concept and Aalto-1 CubeSat, (ii) constellations as a re-

sults of the research into Aalto-1, (iii) and enhanced additive manufactur-

ing as a consequence of constellations manufacturing requirements. Each

research topics is a continuation and consequence of the previous. The

thesis is finally closed with a discussion and iteration of the main research

points and their benefits and limitations, as well as suggestions for future

work. The publications themselves are finally included as appendices.
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2. The Small Satellite Concept

This section begins by tackling the research questions posed earlier from

the concept of a single small satellite, the Aalto-1 CubeSat. Publication

1, on which this section is based on, concentrates on explaining the mis-

sion and its goals, as well as its technical details from satellite to ground

segment. However, the project that created the Aalto-1 CubeSat worked

as a test bed for many relevant issues for this thesis, such as an example

technical development (with Aalto-1 navigation subsystem as an exam-

ple) and small satellite project management, which will also be discussed

here.

2.1 The CubeSat as a case study

The most common type of small satellite is CalPoly’s [54] CubeSat stan-

dard conforming type. The CubeSat’s defining feature is it’s Cube-conforming

volume enveloped. It also consists of PC104 computer boards from the

computer industry and their specific stack connectors. The boards and

their stack connectors enable ideally a plug-n-play style construction of

the CubeSat according to selected one or multiple cube configurations,

such as the popular three cube stack.

A CubeSat conforms this way into a so-called deployment pod, which is

essentially a closed-wall container for the CubeSat. This then enables the

one-off verification of withstanding launch conditions of the deployment

pod as well as new, more relaxed verification procedures for the satellite

inside it. If something unexpected would occur, for example the satellite

would break up during launch, the deployment pod would protect the rest

of the launcher’s payloads from harm. Several versions of the deployment

pods have been made (see [8], [20] or [24] for examples).

In addition to physical standards, the CubeSat standard defines several
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Figure 2.1. Aalto-1 was integrated in a QuadPack. The QuadPack is made out of four
three-unit deployment pods, in one combined structure.

operational rules and limitations, such as antenna deployment after 45

minutes of main deployment, again to mostly make the CubeSats accept-

able onboard a launcher or another satellite. See [8] for details on the

CalPoly standard. The CubeSats thus follow a fairly comprehensive stan-

dard in most of their design and development process, which is an impor-

tant factor in speeding up its development.

In order to gain a better picture of the CubeSat standard and what it

entails, the most important requirements for a CubeSat are summarized:

• The most obvious design requirement is to fit the satellite inside the

deployment pod specified by the standard. This means the satellite has

to adopt roughly 10x10x10 cm Cube-shape, and can stack these shapes

according to the availability of qualified deployment pods (one to theree

cubes long satellites, and more recently two by three unit satellites).

The pods themselves can also be stacked together as in the case of the

QuadPack into which Aalto-1 was placed, see Figure 2.1.

• The subsystems inside the satellite have to conform their form factor

according to the PC/104 pc standard.

• The satellite bus electrical interface main conduit throughout the struc-

ture is the stack connector of the PC/104.
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Figure 2.2. The hockey stick-like curve popularity growth of small satellites, with the
less than 10 kg class almost completely consisting of CubeSats. The figure is
from the work of [52].

• Operational requirements demand that the satellite starts its operation

("powers up") and deploys its deployables (such as antennas) half an

hour after release from the deployment pod. The satellite’s communi-

cation system should not start transmitting anything until 45 minutes

after release.

The CubeSat popularity has been led by mainly smaller public entities,

such as universities (indeed as the CubeSat was developed by CalPoly)

and research institutes. The popularity growth has been high with a

hockey stick-like curve forming, see Figure 2.2. [53] points out that their

applications tend to be limited - during past years most missions have

in fact been technology demonstration by Universities and other research

entities with a goal to space-grade their technology for more credible de-

velopment in space use, as well as for education. A few commercial enti-

ties dominate currently most of the commercially targeted small satellite

launches, and the newest application of them has been as credible scien-

tific missions, most recently (and prominently) NASA’s CYGNSS constel-

lation [1] (not CubeSat), the 6U TEMPEST [43] and the planned TROP-

ICS mission [29] (12 three-unit CubeSats). A list of various other scientific

missions can be found in the work of [40], as well as a comprehensive re-

view in [14].

Aalto-1 is a research effort in understanding how to speed up space mis-

sion development and realization, keeping related costs down. The Cube-
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Sat standard was adopted early on during the project, and influenced the

satellite by simplifying many of the design decisions that need to be done,

which can be an especially difficult task for a (mostly) student team with

little prior experience. The rising popularity of the CubeSat and the avail-

ability of COTS parts and even complete subsystems made for an attactive

option. Other research teams around the world experiencing the same

challenges created a community with which to exchange helpful experi-

ences.

The project’s goals were also in line with what CubeSats have been used

for by other missions, namely as technology demonstration "space-grading"

the payload and the in-house built technology of the satellite. The goal

was also to learn and understand the complete technology and process

chains needed for a space mission. Indeed the Aalto-1 project aimed at

not only building (and launching) a satellite, but also constructing the

ground segment, support equipment as well as training personnel for all

steps of designing, building and operating the space mission.

The adoption of the standard and its "ready" design solutions also helped

with the payload development. Much hard work and detailed design went

into the payloads, but their interfacing with the bus and platform struc-

ture in principle was to be more straightforward thanks to a largely fixed

design set offered by the CubeSat standard.

2.1.1 The lessons learned

While publication 1 concentrates and explains in detail the technical and

mission details of Aalto-1, this and the next subsection will describe the

essential lessons learned during the project and the main managerial de-

velopments achieved. Aalto-1’s development process was greatly assisted

by the ready standards provided by the CubeSat standard. While not com-

plete, they nonetheless in the end either provided a ready design to start

from or at least the direction from which to look for answers.

The actual COTS level of the subsystems purchased from outside man-

ufacturers was lacking in many respects, and had several flaws, non-

existent or patchy software and sub-standard quality. In many respects

the satellite’s development was hampered by COTS subsystems arriving

late or patching them up after arrival. The quality of some of the ground

segment equipment, mainly developed based on the radio amateur com-

munity, was also sub-standard.

Overall, subsystems of Aalto-1 built in-house fared better - all in-house
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built subsystems were designed so as to employ COTS components, with

the main consideration for their endurance in the space environment (such

as radiation) being their past references (for example, whether the compo-

nent had been used in previous CubeSat or otherwise missions). Publica-

tion 5 describes the navigation subsystem, which was based on Fastrax’s

GPS receiver and a COTS antenna, which was developed into its Aalto-

1 form mainly with the effort and help of the students and staff of the

project. Help was also received from the original developers and outside

partners during development and testing. The result was a subsystem de-

signed and tested both stand-alone as well as together with the satellite

engineering and flight models.

Generally concerning CubeSats, Aalto-1 payloads, while of good quality

are of course of lesser performance than their larger cousins. This indi-

cates probably one of the main lessons about small satellites: whether it

be with passive or active payload instruments, they all suffer from de-

creased performance. Their usefulness then can come out of their devel-

opment price, such that many more could potentially be deployed instead

of one large satellite. This led to the consideration of what a space mission

with many more of these satellites looks like, and led to the idea that tem-

porality is what these satellites improve in the end. Thus, theoretically,

in applications where many "quick and dirty" images of short in-between

times are needed, many cubesats can be applied and so their inherent per-

formance limitations are compensated by offering - essentially, increased

temporal resolution for decreased spatial resolution.

The temporality benefits potentially offered by small satellites have to be

weighed for their pros vs. cons. On one hand the possibility of getting

more images from one particular target is certainly tempting and seen as

useful, and might find different applications; on the other hand, this is

achieved with smaller satellites which results in smaller apertures, more

difficult power budgets as well as storage and downlink of the payload

data, which increases along with the increase in temporal resolution. For

active imaging instruments CubeSats become infeasible, and depending

on the instrument, even significantly larger bus platforms might not be

sufficient. A review of applications and challenges is given by [47]. More

ground stations are thus needed to handle the larger downflux of data

coming from the expected constellations.

For communications, small satellite constellations face similar problems

as remote sensing, and are limited again mainly by aperture, power and
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downlink [2]. Concrete examples of systems using small satellites for

communication and data relay planned or implemented are rarer, with

OneWeb reportedly planning to use less than 200 kg satellites [19]. More

exotic communication solution technology demonstrations with CubeSats

include inter-satellite link constellations [34].

The Aalto-1 CubeSat project also gave valuable lessons on the launch is-

sues facing small satellites. If small satellites in this context are grouped

as satellites requiring piggyback ride to an orbit (parameters of which are

chosen by the primary payload of the launch, with generally little if at

all influence by the secondaries [12]), then in theory launch opportunities

are abundant as often launchers tend to have spare mass. In practice

however, things fall short of this, as the piggybacking satellites are going

to space only when their primary is going, and do not have more than

a few suitable launch opportunities per year. Also less urgent primary

payloads due to crowded launch rosters tend to lose their position in the

queue. Aalto-1 is a good example, as it had to endure more than a year

and a half of launch delays, as the satellite’s launcher SpaceX suffered

failures and prioritized down the primary satellite with which Aalto -1

was supposed piggyback (this happened several times). An alternative to

piggyback launches is a custom launch with a dedicated small launcher

system where the small satellite is the primary. This won’t decrease fi-

nancial launch costs (on the contrary), and from a technical point of view

such a launch system is less efficient.

2.1.2 New project and technical management aspects beneficial
for rapid space missions

The project management and organizational structure around the satel-

lite and associated ground segment was under constant development through-

out the project. Publications 4 and 6 describe this. Early on many common

industry practices were discovered to be unsuitable for the task of build-

ing a CubeSat with a student force. Throughout the project, more than

a hundred people were involved (with only a few staff) and at any given

time during the project there were 5 - 10 people actively engaged. The

most influential force on the change of practices was the student team in

flux, with new students constantly arriving at the project and old ones

graduating from the university, often taking the knowledge and experi-

ence gained during the project with them. This put stress on how issues

such as documentation and in-team communication was to be handled, as
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well as between the external payload and subsystem manufacturers.

A rigid release version system, with paper-based documentation, was ini-

tially tried along with a wiki-based community approach for day-to-day

communication. However, as outdated documentation was constantly be-

ing used by the teams (internal and external manufacturers), critical in-

formation was not always reaching the right persons. As a solution to

this, all satellite and ground segment relevant interfaces, mission goals

and requirements (mission and technical) and system technical budgets

were all transferred to an online cloud-based service (mainly Google Drive

excel sheets) so as to be found and editable by the relevant team members.

Generally all relevant information and documentation used and created

in the project was uploaded to the Google Drive for easy sharing. In the

continuation Aalto-2 project this system was developed further to include

direct derivation from the mission statement and goal, the mission and

technical requirements all to be contained in the same online document.

The verification and testing process of the Aalto-1 satellite was also sig-

nificantly different from larger traditional space missions. The normally

rigorous test campaigns were alleviated thanks to partly relying on some

COTS subsystems, and new testing approaches could be more readily ap-

plied. Though the satellite was built and tested with a separate engi-

neering model and flight model approach, there was no clear cut starting

time for a test phase during the project but rather each subsystem was

iteratively tested by itself, as part of the engineering model and, finally,

in accceptance tests as the flight model. The satellite due to its standard

form factor and small size was from a practical point of view easier to test,

as it could be readily transferred to the test site and associated test equip-

ment. As an example, Publication 7 depicts the magnetic overview of the

complete engineering model CubeSat in a magmetometer cage using an

improved algorithmic approach in the test data processing.

The CubeSat onboard computer is running a Linux-forked operating sys-

tem. This introduced both challenges and opportunities - the satellite’s

software development was initially made slightly easier thanks to it, and

during late-development a direct ssh-connection to the satellite helped in

"last-minute" development. Overall, however, no significant development

advantages came from using Linux in the satellite’s onboard computer.
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3. Constellation Missions

As was the case with Aalto-1, smaller satellites tend to have a poorer

performance due to their smaller size, especially when aperture sizes and

power production matters, and so their most useful application boils down

to using several of them in a concerted effort to improve either remote

sensing temporal resolution or planetary coverage. This led to the consid-

eration that the small satellites should be viewed as pieces of a larger sys-

tem, and so the question arose of how effective small satellites can be in a

constellation. If each satellite in the constellation would have an identical

payload and bus, its function and performance would be the same, thus

creating the situation where one satellite would appear to be in many lo-

cations at the same time. It would also be easier and less expensive to

manufacture.

The constellation concept in turn created several interesting questions

with which to evaluate the feasibility and benefits of the concept. The

most important of these was the effect of the orbits chosen, and whether

concentrating on a certain area on the planet would be beneficial, leading

to Publication 2. The chosen application in this publication was remote

sensing.

3.1 The importance of orbits

Arguably the most important element of a constellation is the orbits of

its constituent satellites keeping in mind its intended application target.

Whether it be communication or remote sensing, the orbit of each satellite

should be chosen carefully with respect to the whole, considering also that

all the constellation’s orbits evolve in time. Publication 2 concentrates on

a remote sensing constellation in Earth’s polar regions and lays in detail

the requirements and choices leading to a certain type of constellation or-
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bit configuration in terms of maximizing revisit time at the target regions.

The constellation orbit parameters need to be finetuned in the end to

achieve a certain set of goals, such as better revisit time for remote sens-

ing applications. As an example, the constellation often needs to be either

symmetric for global coverage or in some cases concentrates into a certain

area by utilizing, for example elliptic orbits [57], or in the case of a com-

munication constellation, needs to have essentially global coverage and

good line-of-sight between the element satellites.

3.2 Constellation benefits

The main benefits for a constellation considered during the study per-

formed in Publication 2 were for imaging applications the possibility of

"quick and dirty" imagery (irrespective of imaging instrument) either for

some specific locations, or with a larger constellation, eventually any-

where on Earth. While such imagery has a certain demand, as coarser

and more frequent satellite imagery can be used to identify areas of con-

cern and then dynamically “zoom in” on the critical regions by using high-

spatial-resolution image data [60], the imagery will be by definition (thanks

to smaller satellites having smaller apertures) of poorer quality. Also

important factors such as how much each satellite needs to recharge its

available power and how much data it needs to downlink per image taken.

This makes the constellation’s true capabilities being limited, as now each

satellite has to wait either to recharge enough or for a suitable data down-

link opportunity, both functions not being in the small satellite areas of

strength either.

While not covered by publication 2, another often envisioned application

for small satellites is in a communication constellation. The argument of

size vs. performance applies here as well - smaller antenna apertures and

solar panels make for a weaker signal and less bits transferred. Most of a

communication constellation aims for global seamless coverage and so re-

quires a significant number of satellites (notable examples being Iridium,

and more recently the wireless internet plans of OneWeb with their thou-

sands of satellites [19]). Thus if a standardized small satellite is able to

satisfy the requirements of a communication constellation, then the over-

all constellation price tag will drop due to the inherently smaller size and

standard manufacturing of each satellite.

The inherent limitations of smaller satellites also force looking into other
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benefits that the space environment can offer. One example is the pro-

posed "quantum internet" or quantum communication satellite constel-

lation enabling theoretically unbreakable encryption [6], which uses the

lack of atmosphere (or any other obstruction) between the constellation

satellites to avoid decoherence of their quantum entangled signal [58].

3.3 Constellation requirements

When considering the benefits a constellation can bring to a certain ap-

plication, a few main requirements that drive the cost, complexity and

capabilities of a small satellite (or in fact any) constellation were iden-

tified: getting the satellites to their exact orbits, as well as downlinking

produced/transferred data down through the bottleneck the ground seg-

ment forms. In addition, the need for a repeatable manufacturing process

for complex parts and systems was also identified as an element, that

although not absolutely essential (and not discussed in Publication 2),

might in practice be necessary to keep costs down.

3.3.1 Launch opportunities

In practice, the small satellite concept has only to a certain degree sped

up and made access to space easier. Chronic launch delays and even indi-

vidual launch failures (such as that by Orbital Science’s Antares, and two

SpaceX Falcon 9 failures ) affect the amount of small satellites launched

per year, as seen in the dip of launched CubeSats in the perido 2014-2016,

causing a large backlog and a record expected launch year for 2017, see

Figure 3.1. Piggybacking spacecraft are lower in priority for launchers,

and are more likely to be fit as an additional ballast rather than the value

they offer as customers. The launch services providers have few incentives

and no clear business case to provide secondary payload services even if

their customers were to allow it [30]. In the case of Aalto-1 CubeSat pig-

gybacking with more than 80 other small satellite onboard the SHERPA

dispenser system [18] , the primary payload of the launch - a Taiwanese

weather satellite - was constantly delayed and put back down the launch

queue and along with it went the CubeSats.

The orbits offered by piggyback launches are chosen based on the need

of the primary payload. Secondary payloads have to then live with this

orbit. If it’s a more popular orbit such as, for example, a sun-synchronous
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Figure 3.1. The number of launched satellites with 1-50 kg mass actually dropped in
2016, due to chronic launch delays and launcher failures. Adopted from [13],
and they expect the numbers again to increase.

low-Earth orbit, then many small satellites performing simple technology

demonstrations (or other mission in which an exact orbit is not critical)

accept it and jump aboard. If a secondary payload (often small) satellite

wants to get to a specific orbit which is different from a primary’s tar-

get orbit, as is the case with constellations, then what remains is some

situation-specific deployment strategy or propulsion onboard the satel-

lites themselves [11]. The satellite has to carry its own propulsion, either

as an integrated part of it and the mission, or as a last-stage temporary

attachment. Then additional mass needs to be added as a payload from

the launcher’s perspective. The satellites can also simply ignore finalizing

their orbits with respect to the remaining constellation adn form "ad hoc"

constellations with non-optimal performance as suggested by [27].

Another approach is to use individual, more tailored launches, which

launch fewer or just one small satellite payload, but have a more fre-

quent launch rate. In practice, this means smaller space launchers. Al-

though several different small launcher systems targeting the small satel-

lite market have been developed or are in development (ranging from air

launches to converted ICBM submarine missiles) their "per kilogram to

LEO orbit" for a maximum LEO capacity prices are generally even higher

than that available for larger, more collective launches [7]. While techno-

logically these types of launcher systems might be able to get their pay-

load small satellite to a LEO orbit close to its wishes, such as inclination

and node, higher than LEO orbits remain out of reach. This inherent inef-
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ficiency narrows down the applications of these small launchers, making

the whole concept useful only for a niche of missions to LEO which have

high relative but low absolute launch costs, rather than a long-term solu-

tion for space applications and development.

In addition, if the target orbit of the small satellite is low enough, it will

need propulsion after deployment to compensate and maintain this orbit

due mainly to atmospheric drag [26].

3.3.2 Propulsion

As mentioned earlier, low enough orbits require propulsion for long-term

missions. Propulsion is also needed to reach the target orbit after the

launcher has deployed the satellite, so that the constellation satellites are

correctly placed with respect to each other. The total impulse require-

ments for this can be quite high as discussed in Publication 2 and can

make the resulting requirements for an onboard propulsion system de-

manding. Such a system will be necessary for a constellation that uses

piggyback launches, adding to the power demands and complexity of the

satellite (especially in the case of electric propulsion)(for a good overview

see [4]). For satellites using smaller custom launches, the target orbit

and the perturbing forces in that orbit determine the level of propulsion

required.

3.3.3 Ground segment

Publication 2 did not cover in detail the ground segment, but with re-

search into this area, it became clear that the demands on the ground

segment also increase with a constellation of satellites. For example, if

the constellation aims for speedy imaging, the ground segment coverage

can become a bottleneck, as the satellite has to wait to be in view of the

ground station to downlink the images it has taken.

[49] describes well the major points that make the ground segment cov-

erage such a complex topic in itself - as an example of the myriad pa-

rameters that matter, satellite inclination, altitude, ground segment lat-

itude and amount of ground stations significantly affect the percentage

of ground segment coverage and daily access times [50]. [33] shows a

few higher throughput constellation examples. The situation tends to be

worse for communication constellations as their application works by of-

fering, ideally, seamless communication. Inter-satellite communication
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links have been proposed as a possible solution, see [42] for a review of

some systems studied.

3.3.4 Repeatable manufacturing process

Each satellite should have (at least roughly) similar properties in order

for a constellation to have a fast revisit time or a large coverage, or at

least similar properties when in a dedicated subsection of a constellation.

If each satellite has its own bus configuration or payload, each satellite

will create a differing product and thus application. Besides the process

of design (discussed with a CubeSat as an example earlier in Chapter 2),

the manufacturing process and standardization play an important role in

being able to manufacture several small satellites with identical (or at

least similar) designs. This requirement of having the capability of man-

ufacturing complex systems with repeatable quality led to the considera-

tion of additive manufacturing during this work, as it has been studied in

the past as a potential method for cheap and fast complex parts suitable

and revolutionary for space technology. The next chapter deals with the

results of research into combining additive manufacturing and another

revolutionary manufacturing method, atomic layer deposition.
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4.1 Additive manufacturing as part of a new approach to space
technology

Additive manufacturing (AM) has been considered widely in the recent

past to be able to produce customized and complex systems (or in the long-

term possibly even complete spacecraft) relatively cheaper and faster than

more traditional manufacturing methods [10] especially in the aerospace

sector [46], and is capable of manufacturing these complex systems with

a steady and often better design quality (no joints between different parts

for example). [39] and [35] give a range of example use-cases, from or-

gan printing to aircraft. AM thus represents an interesting approach to

answering the requirement of repeatable manufacturing for small satel-

lite constellations. As most components in aerospace tend to be complex

and with low manufacturing volumes, typical manufacturing times in the

aerospace industry can take from weeks to even months. With additive

manufacturing, on the other hand, the amount of time needed can be de-

creased to days. An extensive review of the benefits (and costs) of additive

manufacturing can be found in [55]. With good planning, parallel develop-

ment and testing, a satellite can be reliably built and deployed from these

components. Small satellite development times drop, in theory at least,

as the size and complexity of the mission lessens (but not necessarily that

of the satellite), with typical development times from conception to launch

of around 3 to 5 years according to [17] for 3-50 kg satellites, for CubeSats

1.7 to 3.8 years according to [44], while according to [48] "single-sensor"

small satellite platforms have a development time of 24 to 36 months. If,

for the sake of argument, a CubeSat is taken as a reference size again

and three years is taken as a reference time for "from the design board to
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launch" development, the quick prototyping of complex parts in a satellite

(as well as manufacturing their flight versions) with additive manufactur-

ing could shave off a significant amount of time and cost from prototyping

and manufacture of those satellite systems that are applicable to additive

manufacturing. The same logic applies to any sized missions.

When comparing the different methods and selection of materials within

AM, plastic AM is still the most popular and affordable. While metal

AM has obvious benefits for high-temperature and force applications such

as rocket nozzles (see e.g.[28]), for other components plastic is sufficient,

being more lightweight, faster and cheaper to produce. Materials like

polyether ether ketone (PEEK) and polyether ether ketone ketone (PEKK)

are rising in popularity specifically for aerospace applications, but the

most commonly used material in the general plastic AM community is

still acrylonitrile butadiene styrene (ABS) [37]. All of these plastics how-

ever tend to have a limited endurance to the challenges of the space envi-

ronment.

These ideas formed the basis for publication 3, where the aim was to study

a novel method of potentially improving for space-use cheap AM plastic,

such as ABS, using atomic layer deposition.

Other interesting materials for AM aerospace applications include:

• Metal, including aluminum, titanium, brass, bronze, steel, silver, gold

and platinum. Ceramics are also possible.

• Combinations of plastic and other materials, such as magnetic and con-

ducting materials.

• Flame-retardant polyamides [36].

• Self-assembling "4D printing" materials [56].

4.1.1 The challenge of space as an environment

Space as an environment is very challenging for plastics. Threats like ul-

traviolet (UV), high vacuum, atomic oxygen (and other species) and high

launch loads damage the material throughout the mission. UV and atomic

species degrade the material gradually, outgassing due to vacuum can

cause problems to payload lenses, solar panels and other sensitive sur-
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faces, and forces endured by the material during launch can break it. A

good review is done by [16].

4.1.2 Atomic layer deposition

The aim of this subsection is to introduce Atomic layer deposition (ALD)

to the reader as Publication 3 contains less details about the actual pro-

cess. ALD is a vapor phase technique that is able to deposit a uniform

thin film over an object, in such a way that the coating is of very similar

quality throughout the entire surface of the object. ALD film thickness

can also be controlled down to the Angstrom level. The different layers

in the film can also be controlled, so that even several different material

layers can be used to compose the coating film. The phases of the tech-

nique with which the film is build are described in Figure 4.1. A good

review of ALD is done by [15]. Essentially, each layer is built by a satu-

Figure 4.1. (a) The process begins from the bare substance, which has either natural
functionalization or treated to have such. (b) Next, a reactant, precursor A,
is released in a pulse into the chamber and starts to react with the surface
substrate, until (c) the surface is covered, reaction stops and reaction by-
products and excess precursors are purged with inert gas (such as N2 or
argon). (d) Precursor B is released in a pulse and reacts with the surface
made out of precursor A, after which (e) again the excess precursor B and
by-products are purged. In (f), (a)-(e) are repeated until the coating is of a
desired thickness. Adopted from [23].
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rating, cyclical and self-limiting procedure of great precision. Compared

to other coating methods, ALD also operates often at significantly lower

temperatures. This is beneficial for additive manufactured plastic ma-

terials, as they typically have glass temperatures less than 200◦. When

combining AM and ALD, the question of process temperature is critical, as

ALD becomes more efficient and more coating materials become available

at higher temperatures. However, for plastic AM the opposite occurs and

materials availability shrinks. If the process happens serially, wherein

the AM is first produced and then coated, ALD at higher temperatures

risks melting the AM plastic being coated. This balance is essential in

this method and requires the designer to carefully choose the materials

used, as they are to a certain extent dependent on each other.

A wide range of materials suitable for ALD exist such as can be seen

in [31]. The ALD coating study in Publication 3 was performed with alu-

minum oxide as it is relatively well understood and has a low process tem-

perature, but examples of other interesting ALD applications for space

technology include:

• Titanium oxide in combination with aluminum oxide, opaquing the film

for UV light and thus mitigating its effects in Space [32].

• New developments in fuel cell technology, such as by [22].

• ALD has long been considered and used in microelectronics and nan-

otechnology, where fairly intricate nanoscale designs could be produced

with it [25]. With a careful design, this could potentially be developed

into better radiation protection for electronics onboard space missions.

• ALD is used already in a large variety of photovoltaics applications,

ranging from improving their conversion efficiency significantly [5] to

transparent conducting oxide [3] usable as e.g. an environmental pro-

tection. Space missions have throughout its history heavily depended on

photovoltaics as a primary power production method, and so as ALD en-

ables new improvement in photovoltaics it is also natural that it should

contribute to space technology development.
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Many of the materials that can be used in ALD can in principle be com-

bined in order to be able to create composite films with other useful prop-

erties [23].

4.1.3 Combination of ALD and AM

This section is concerned with summarizing the results in Publication 3

and the perceived benefits in combining AM and ALD, with an emphasis

on space technology.

The benefits found during the study were indications of structural in-

tegrity and possible decreased outgassing for increased temperatures of

the test pieces. The fluidics test piece also seemed to have improved flow

properties. With further research and development, this can then present

the possibility of a practical method for relatively fast "space grading"

of additive manufactured parts, speeding the manufacturing process of

(small or otherwise) satellites.

If AM can speed up development and manufacturing of space systems,

then the choice of material can be a limiting factor if the material is vul-

nerable to the space environment. If ALD in turn can effectively broaden

the choice of materials, then the development and manufacturing process

will accelerate even further by using the technically simplest application

of ALD, a gas diffusion barrier. Faster ALD methods, such as ultrafast

ALD [41] (or more specific methods such as [9]), can further this.

Furthermore, it is not far fetched to expect that in the longer run it would

be possible to combine, respectively, the micro and nanometer-level pre-

cision of AM and ALD as one process, and in so doing open a whole new

range of opportunities and applications, many of which might be benefi-

cial for space technology.
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5. Summary of Publications

This chapter summarizes the publications in this work.

5.1 Publication I: Aalto-1 nanosatellite - technical description and
mission objectives

The aim of the publication was to describe in detail the satellite’s goals,

mission and technical specifications. The publication was the first com-

prehensive peer-reviewed publication on the Aalto-1 CubeSat. Another

publication will be written by the author of the mission first results once

the satellite has been launched and operations begin.

The satellite was primarily a research and educational tool, but also aimed

for real-world results by demonstrating the technology of the three pay-

loads of the satellite. The Finnish Technical Research Center’s hyper-

spectral imager is relatively advanced in technological terms compared

to its peers, and enables multi-channel spectral imagery in the 500-900

nm range while still being able to easily fit into a CubeSat. Another pay-

load was the CubeSat-fitting radiation monitor jointly developed by the

universities of Helsinki and Turku. This monitor is based on the technol-

ogy developed during BepiColombo, and measures a range of radiation in

orbit, concentrating especially on interesting radiation phenomena such

as the South Atlantic Anomaly. The third payload was a plasma brake,

developed by and based on the Finnish Meteorological Institute’s e-sail

technology. The payload seeks to demonstrate that the technology behind

the e-sail is capable of deorbiting a satellite.

All of these payloads had their own requirements especially with atti-

tude control, and so the mission was planned to be performed in steps.

After commissioning, the satellite will run the spectral imager and radi-

ation monitor 6 to 12 months with an attitude pose pointing the imager
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towards nadir. After that, the plasma brake operations begin, with a pe-

riod of careful untethering and spinning up the satellite around with a

rotation axis through the transferred common center of mass when the

brake’s reel is out. The plasma brake then slows down the satellite’s ve-

locity with the Coulomb drag it aims to generate when operational.

The satellite communicates will be performed using two channels, UHF

and S-band, the latter used primarily as a one-way downlink of collected

payload data during the mission. The satellite communicates with Aalto

University’s own ground segment, which was also built by the Aalto-1

project during the course of the project. The satellite is capable of per-

forming its missions in a variety of low-earth orbits from 500 - 900 km

altitude, with basically a polar orbit being the only requirement.

As a result, the study outlined how the CubeSat Aalto-1 will be capable of

not only a technology demonstration of three very different payloads, but

also of running a comprehensive science campaign with those different

payloads.

5.2 Publication II: Small Satellite Remote Sensing Constellation for
Fast Polar Coverage

The goal of this publication was to study suitable orbit configurations for

constellations making possible fast coverage of the polar regions with two

hours or less revisit time. The constellation was designed to concentrate

on the 60 to 85◦latitude, and considered several orbit configurations with

a number of satellites in each. The results indicated that a Walker Delta

configuration performs best. The number of satellites needed depends on

the altitude of the constellation: at a 1000 km altitude, four satellites are

needed; at 725 km, six satellites; and at 450 km, eight. It was found that

the altitude choice depends on the requirements of the imaging instru-

ment. When using secondary payload opportunities, the satellite needs

an onboard propulsion system capable of delivering relatively high ΔV in

order to get the constellation satellites to their intended orbit parameters

from the initial orbit in which they are left by the launcher. The publica-

tion also suggested that differential orbits based on natural precession are

relatively cheap ΔV alternatives to launcher selection and large propul-

sion systems, but require significantly more time to form the constellation.
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5.3 Publication III: Towards space-grade 3D-printed, ALD-coated
small satellite propulsion components for fluidics

This publication aimed at studying how manufacturing of complex sys-

tems and components could be performed more effectively and with novel

results by employing additive manufacturing (AM) and atomic layer de-

position(ALD) in a method that combines both. In-space propulsion was

used as the test case, and simple mass flow restrictor components were de-

signed which employ the venturi-effect to restrict the flow of mass through

them. These and simpler, smaller test pieces were made from several plas-

tic materials suitable for use in additive manufacturing, and were coated

with aluminum oxide in order to see the potential of the coating as a gas

diffusion barrier, as well as whether it affects the properties of the flow

going through the restrictors. Out of four commonly used plastics in ad-

ditive manufacturing, two turned out to be suitable for ALD, acrylonitrile

butadiene styrene (ABS) and polyamide PA 2200. The test were made

with a simple bang-bang flow controller and a mass spectrometer, and

a scanning electron microscope and energy-dispersive x-ray spectroscopy

confirmed that the coating had formed.

As a result, for ABS there were indications of increased structural in-

tegrity as well as some slight indications of decreased outgassing at higher

temperatures. The flow properties of ABS and PA 2200 were also im-

proved, likely due to the ABS print smaller cracks being patched up and

the PA 2200 print surface smoothing out during the coating process.

5.4 Publication IV: Aalto-1 Earth Observation CubeSat Mission -
Educational outcomes

This publication summmarized the methods and results of the various ed-

ucational and managerial processes and novelties tried and implemented

during the Aalto-1 project. The size progression towards smaller satellites

and the savings in launch prices coming from that has enabled smaller

countries, and even institutions to join and start their own space technol-

ogy projects more actively. Moreover, the adoption of standards for these

small satellites made the development process feasible for even smaller

student teams.

The popular CubeSat standard, especially in university circles, was fur-

ther encouraged by university trends of more integrative teaching ap-
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proaches. Throughout the duration of the project, students were involved

in tasks requiring multidisciplinary teamwork, understanding of theory,

practical and managerial skills, as well as primarily self-enforced use of

schedules.

The result of the work was documentation practices which are more suit-

able for a small satellite student project compared to more traditional

space projects, with emphasis on online documentation and peer/self-assessment

besides more traditional forms of written documentation and student as-

signments.

5.5 Publication V: The Aalto-1 nanosatellite navigation subsystem:
development results and planned operations

The goal of this publication was to describe in detail the technology and

development behind one of the subsystems of Aalto-1, the navigation sub-

system. The CubeSat relies on two-line elements provided by US Air

Force, which give accuracy normally of around several kilometers. To im-

prove on this, work on a GPS receiver system onboard the satellite was

started.

The resulting subsystem consisted of a GPS receiver from the company

Fastrax and an antenna from Adactus. The subsystem was designed up-

wards from the RF and electronic components themselves in Aalto Uni-

versity, and was tested with a GPS signal simulator with the help of Space

Systems Finland, as well as during environmental and operational tests

onboard the engineering and flight models of the satellite. The system

together with the analysis tools developed for the purpose can determine

the satellite state vector within 5 m and with a 0.05 m/s accuracy.

5.6 Publication VI: Online documentation approach for assisted
system engineering and assessment in student projects.

This publication aimed at describing the online documentation system

created and adopted during the Aalto-1 CubeSat project. A novel system

was needed as earlier, more traditional aerospace project documentation

and management practices were not an ideal match for use in (primarily)

a student project where the membership was in a constant flux, the input

of the workforce was unsure and communication could at times be patchy.

The analysis and development work described in the publication resulted
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in online tools (using such online content sharing platforms as Google

Drive) where up-to-date system engineering information and project docu-

mentation can be effectively shared between the different working teams.

5.7 Publication VII: Particle Swarm Optimization with Rotation Axis
Fitting for Magnetometer Calibration

This publication analysed the use of a novel algorithm used in calibrat-

ing the magnetometer results of the Aalto-1 magnetic tests. It combined

scalar checking with a novel rotation axis fitting objective and avoids the

requirement for perfectly aligned measurement axis This algorithm is

able to improve on the standard particle swarm optimization (PSO) algo-

rithm implementation in the magnetic domain without the need for com-

promising the number of estimated parameters. The simulations show

that the improved algorithm is capable of accurately estimating calibra-

tion parameters under varying ambient magnetic field magnitudes of, as

well as where the algorithm’s accuracy is affected by data quality (such

as small number of data points), unbalanced loci in one side of the sphere,

and noise level.

The experimental test was performed for the engineering model of Aalto-1

nanosatellite at a magnetic test facility operated by the Finnish Meteoro-

logical Institute.
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6. Concluding remarks

This thesis work aimed at a more efficient and speedier development of

space missions using small satellites and their related technology as a tool

for research. It was a cross-sectional study through a complete nanosatel-

lite mission, Aalto-1, and during the project tackled all of its technical and

managerial problems, from the chalkboard design of the satellite to finish-

ing the ground segment and to the project team management. The project

helped in determining better the potential and limitations of small satel-

lite technology. A result of the development of Aalto-1 was the realization

that constellations are a natural application for small satellite technology,

and that this technology in turn opens up a range of new, previously im-

possible applications.

The concept of small satellites within a constellation also presented sev-

eral limitations as well as requirements, which were delved into and eval-

uated during the thesis. This led to deeper research into one of these

requirements - efficient and fast manufacturing. Additive manufacturing

was seen early on as an attractive method of developing and producing

space technology components suitable for all sized space missions. Addi-

tive manufacturing however faced issues of material selection and dura-

bility in space, leading to consideration of combining this method with

another powerful method, namely atomic layer deposition, which can pro-

duce nanometer-level structures and gas diffusion barriers.

The thesis made solid contributions to the research and development of

space technology in several ways. The work was essential to starting and

developing the CubeSat mission Aalto-1, a mission which itself as a mis-

sion achieved novel technological development. The direct technology de-

veloped in Aalto-1 and its continuation project Aalto-2 was spun off later

into a start-up company. The work performed on a constellation design

was a continuation of Aalto-1, which eventually spawned another com-
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mercial spin-off utilizing the technology.

The combination of additive manufacturing and atomic layer deposition

methods was an innovative research topic, as not much previous research

on this specific topic exists. Various polymers and plastic have been coat-

ing with ALD in an effort to create a gas diffusion barrier. None, how-

ever, have concentrated combining micro-scale AM and nano-scale ALD

to study the effect of their combination.

The thesis questions posed at the beginning of this work can be answered

as such:

• Is it possible to decrease a space mission development timeline using

lower mass, standardized space technology (small satellites), and is the

mission able to then produce novel results?. Yes it is. Aalto-1 as a project

was a thorough cross-section of a space mission which, while physically

smaller and thus cheaper, had many of the challenges and complexity of

a traditional large space mission. The project began with almost no re-

sources and little practical experience, and in order to achieve progress

had to redevelop many technical and managerial processes to work effec-

tively in a CubeSat mission. Publications presented in this thesis give

concrete examples of how to decrease the development timeline and im-

prove process efficiency, such as by using the CubeSat standard, COTS

components as well as more flexible and faster communication and doc-

umentation tools.

• What are the main bottlenecks and benefits associated with small satel-

lite technology? The study has shown light on the limitations of small

satellite technology, which are important and have to be considered care-

fully during the whole design process starting with already with the

mission statement. The size of the satellite directly relates to the per-

formance of the payload instrument. The size also affects power produc-

tion and communication apertures. All of these limitations limit also

the range of applications where smaller satellites can be used. Benefits

in turn include faster development time, as well as the possibility for a

more cost effective mission.

• How influential is orbit design for small satellite space missions Orbit

design is important especially for constellations, as all satellites work in

synchrony and with certain parameters dependent on complete constel-
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lation goals, as well as environmental factors (air drag, for instance) that

orbit maintenance. Launch opportunities and strategies with which the

constellation can be built have to also be carefully considered. Constel-

lations are likely to be one of the main applications for small satellite

missions, as while their payload performance decreases with decreasing

size, their temporal resolution in turn increases with larger numbers of

satellites working together.

• Is the combination of additive manufacturing and atomic layer deposi-

tion effective technology for a space mission? Yes, the research into the

combination of additive manufacturing (AM) and atomic layer deposi-

tion (ALD) revealed indications that ALD could potentially protect AM

components from the space environment and launch loads.

The analysis points to several directions which would enable more rapid

space missions. Two of the areas which require further work and which

are closely linked to this thesis are - firstly, further research and devel-

opment of the combination of additive manufacturing and atomic layer

deposition, and secondly how to accelerate and make new technological

development with this new combination. Both additive manufacturing

and atomic layer deposition by themselves have a very broad range of

current and possible future applications, and the range of applications

for their combination can potentially be even broader. The work should

develop new applications that use the possibility of the small-scale com-

plexity that both technologies are inherently capable of creating, and how

that can be effectively combined and used to create applications, particu-

larly in the context of space technology.

This work should be continued again using small satellites as tools thanks

to their relatively affordable costs and quicker development times. As

especially CubeSats can be developed and built relatively quickly, new

technology such as AM components enforced with an ALD coating can be

developed parallel with the rest of the development of the satellite, tak-

ing advantage of the testing and verification procedures a satellite and

its components have to endure in order to be comfortably sent to space.

The technology is already being tested in the Suomi100 CubeSat project,

where one of the components of the satellite is designed for and built with

AM .

Secondly, more work is required in future to study constellations and their
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applications as well as limitations. As small satellites are ideal for use

as constellations, the recent trend in mega-constellations involves hun-

dreds or even thousands of them working together in orbits. This direc-

tion opens even more applications as well as makes some of their current

limitations even more difficult. Thus a working solutions how such con-

stellation systems could efficiently overcome, or atleast lessen, these lim-

itations becomes even more important.

Future research work should also include working with this problem start-

ing from the other side - looking into and developing more refined appli-

cations for small satellites, which better take into consideration the capa-

bilities of that technology.
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