 THE POWER OF COLLABORATION
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Conrad Kent, Gerardo Martinez-Avila, John Radey, Sophia Yu
Advisor: Benjamin Rupp

Mentor: Dr. Ou Ma
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| What‘comes after‘ the ISs is 'gOne"‘?"
) Where can SC|ent|sts do space research?_ L I

e How can we mcrease the TRL of ISAM’? ' o assembly

Self-Assembled
Science Station
(SASS):

a persistent,

ARMADAS
(building

nom
blocks) autonomous,

reconfigurable,
self-assembling
research station

Commercial

science use
case

Credit: NASA
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Gerardo Martinez-Avila ,Sophia ya  DylanRoach ~ John Radey

Self-Assembled Science Station



2.4 Program Management Milestones

Select program manager August 2025

B Cose capabilities November 2025
8 Defined system requirements January 2026

e Completed trade studies In progress

| Finalized conceptual design In progress

ll Developed a path to PDR

In progress

Self-Assembled Science Station



ARMADAS Concept Bl sal ‘

30000x Normal Speed

-
'}.‘: - - ‘
% - 9
2:- - - . - . b . I,‘ - .

Credit to NASA
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Persistent Payload Station Concept

- Pointed at Earth

* Experimental and Earth Observation
-payloads make up billions of dollars of -
the space market

= >$1.5 b|II|on in CubeSat market by the
mid 2030s

 _ >$7 billion in Earth Observatron market
by mid 2030s :

e Billions spent on 1SS every?year

~ * The SASS Concept is aimed at a
. specific niche of these markets and
~ would be on the order of hundreds of .
- mrlhons of dollars.

GEO .
Does not require

SASS Payload dedicated bus
“Niche

https://www.q randviewre‘search .com/industry-analysis/cubesat-market-report
https://oig.nasa.gov/wp-content/uploads/2024/02/1G-22-005.pdf

https://lwww.grandviewresearch.com/industry-analysis/earth-observation-market-report Self-ASSGmbled SCienCG Station



https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://www.grandviewresearch.com/industry-analysis/cubesat-market-report
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf
https://oig.nasa.gov/wp-content/uploads/2024/02/IG-22-005.pdf

Concept of Operations

Components 1 Credit: NASA

Credit: NASA

IS -

Voxels: Structural, Routing, or Solar

Cassettes

Self-Assembled Science Station



j Concept of Operatlons

'Components 2 o Snasa

Credit: NASA

dit: N hrup Grumman
> W

Logistics Arms - External " Internal - Station Core
(Dual-arm - Assembly Assembly
manipulator) Arms - Arms

Self-Assembled Science Station



" Concept of Operatlons

: Components 3

-
~ Small Experiments _Shiel'd.ed" Experiments ~ Large Experiments
~ BU CubeSat sized =~ 12U CubeSatsized ~ ~ Arkisys Bosun Locker
- 6 kg payload o 20kgpayload . - - ~ (Medium) sized
=30 W . i <60 W - 100 kg payload

<100 W

Self-Assembled Science Station



'{ Concept of Operatlons

: In/tlal Construct/on 1

< Initial launch includes all components for
. the first set of experlments

© Assume Iaunch aboard reusable Falcon 9.
(<4 ton mass) :

Lo Voxels are ‘folded and packed mto
"cassettes"

- ”_’ Temporary soIar panel communlcatlons :
- equipment, and dual arm manlpulator
are deployed (MET 1 hour) '

. System reaches GEO dualarm |
~ manipulator deploys flrst SOLL Earm
(MET 1 week) |

Self-Assembled Science Station



Concept of Operatlons

In/tlal Construct/on 2
s DuaI -arm manlpulator removes voxels from
cassettes hands them to SOLL-E arms '

o MMIC | bots boIt voxels to structure bunt |nto core

o The central structure is f|n|shed work beglns on
~ solar panels (MET 2 weeks)

o Rotator jomts (purple) for tracklng sun
o DuaI -arms move assembly bots
@ The solar panels are completed (MET 4 months)

e Electrlcal routlng will be pre bunt into some of the
voxels aIIowrng modular DC and data busses

Self-Assembled Science Station



Concept of Operatlons

In/tlal Construct/on 3

* The structure IS flnlshed experlments are
_placed on the earth- -facing side of the station
(MET 5 months) '

* After assembly arrhs are lnactlve freelng up
: ~ power for hlgh bandW|dth communications

2 Experlments can be used for radlatlon studles

~ Earth observation, or anything else that reqU|res
a high-orbit but does not necessntate a free- ~
fIylng payload ' :

Self-Assembled Science Station



Concept of Operatlons
Resupply

. Resupply missions brlng station- keeplng fuel

and new experrments to swap out Wlth old onesl'

® This aIIows new customers to use the station
| wh|Ie Iaunchlng a m|n|mal amount (s} GEO

l’ Replacement robots and soIar panel sectlons
are brought up as needed ‘

Self-Assembled Science Station



Concept of Operations
| WhyAssembly? ‘

. Swapplng customer payloads and degraded solar panel sectlons IS burlt-ln to the system
archltecture , -

i Potentlal volume savmgs modularlty, and risk mltlgatlon strategies VS. deployables
e More pomts of fallure but also more optlons to address fallures

e Preperes-teehnology for larger assembly missions which could not be done WIthOUt assembly

Self-Assembled Science Station



©SMIC

_J}| . CONSORTIUM FOR SPACE MOBILITY
AND ISAM CAPABILITIES .

-.Arjima_ti()nof.Assem-nyahd Operation b > '

& Ul

- Self-Assembled Science Station



Impact
Overall Impact ol A'|SA|\/.A|_|mpact

Space Research Impact

Collaboration between commercial,
academic, government, and international
stakeholders for the advancement of
space science .

- Autonomous assembly
TRL increases

Cost reduction for future
payloads (standard
modularity)

;I\/Iarket replacement for 1SS

Dir‘e_ctly supports NIIP 2..2:1
research facilities

Proposes a use case WhICh fully
_ characterizes the first
autonomously built perS|stent

pIatform (NS 4)

| | Space infrastructure as;sembly'r' :
T standard established forfuture :
facrlities ' ‘

Flight qualify ARAMDAS to be a
standard in-space assembly standard
A |nterface (NIIP_ 2.1.3,3.1.1, NS 4)

Test bed for rapid technology
validation ;

Provides an in-space service to
commercial, academic, and
government clients (NIIP 3.2)

Improve scientific output
| (NS 3)

NIIP = National ISAM Implementation Plan 2022 : _
NS = National Strategy for ISAM 2022 Self-Assembled Science Station



* Alternatlve ConOps

Datacenter Concept

 * Google's Project Suncatcher and other =
studies have proposed datacenters in space.
~ SASS hardware could be dlrectly applled to r

this appllcatron '

o Not extenswely studied for thls prOJect but a
o baS|c anaIyS|s done on cost ‘ :

o Assume sun- synchronous orbit, mdustry
_standard rack ‘power consumption, and hrgh
electnmty price on the ground -

Pl At $400/kg, Iaunchrng only the solar panel .
~voxels in a configuration like SASS would be
more cost effective than paying for ground
7 electr|C|ty in 5 years

i Number of panel voxels needed for one rack
‘pictured

Self-Assembled Science Station



Feasibility
Power and Thermals

. NUmber of experiments was the driving
requirement, number was iterated multiple

times to find a workable payload configuration

e Continuous power requirement of 2250 W,
_ drives solar panel requirement of ~3000 w

~* Panel voxel requirement of ~ ~140 for direct
: sunllght assume ~500 for mass calculations
e Tr|m down during path to PDR

* Thermal Calculations use emissivity and |
. absorptivity of white epoxy and have
requirement of 16.5 m”2

- Eaéily accounted for with experiment side
panels and core structure surface

Self-Assembled Science Station



Feasibility

Bill of Materials & CAD

Falcon 9 Payload

Component # and Description

1a. Standard Voxel

1b. Power Routing Voxel
1c. Solar Panel Voxel

2a. Small Experiment Bay

| 2b. La rge Experiment Bay
2c. Shielded Experiment Bay

3a. Small Experiment

3b. Large Experiment

3c. Shielded Experiment

4. Voxel Cassettes

5. Logistics Arms (Dual Arm Manipulator)
6. External Assembly Arms

3. Comms and Power Module
10. Solar Panel Joints

Mass (kg)

Total for Mission 1 3547.5

)
W o o

Power (W)

Self-Assembled Science Station



Feasibility

Autohomy '

sipriorities
lannin

Credit: htt'ps://doi.org'/10. i_126/30iroboti‘cs._adi2746 : iy .  Credit: NASA/Dominic Hart

SASS is"aﬁ exciting use-case for ARMADAS

Self-Assembled Science Station



; Data Handling and Comms

- Ground Station | o e int il =

LT TTTTTIT
1
/1777]

1111111111/}

 Tracking and Data Relay
Const?llation A

Science Station

Self-Assembled Science Station



'Risks

Likelihood

Syl 7c.1,8a.1

-3 9d.1, 9e.1

SR 7d.1,7e1

~ Consequence

Before Mitigation

* Schedule/cost risks (S...) and

technical risks.

°'_S_cﬁe_dljlé risk mitigatioh s_.t'r_a-tegies:' |

Lk Analysis prior to PDR design
— 2: Prototyping prior to PDR design

. Technlcal rlsk mltlgatlon strategleS' |
=3 Latch detection (Jomt/Iatch Ievel) e

= 4 Runtlme evaluatlon/replace early- |

- 5 Robot deployables aSS|stance

Lik"eﬁlihbod'

4
6a.1,6b.1,
cP7d.1,7e.1,
9d.1, 9e.1
2 7c.1,8a.1

1
i 2 3 4 5
Consequence

- After Mitigation

Self-Assembled Science Station



'Risks

Likelihood

Syl 7c.1,8a.1

-3 9d.1, 9e.1

SR 7d.1,7e1

~ Consequence

Before Mitigation

* Example Risks:

1 2 Power and data routlng

; voxels require unexpected amount

' of development (Mltlgatlon 2)

. 9b 1: Dual-arm manlpulator
damages cassette during voxel
removaI (M|t|gat|on 4) !

* 7a.1 : SOLL-E arm fails to Iatoh_' to', -
voxel properly, fault is not detected -

immediately (Mitigation: 3)

‘E‘*'Lik'elihood

4
6a.1,6b.1,
cP7d.1,7e.1,
9d.1, 9e.1
2 7c.1,8a.1

1
i 2 3 4 5
Consequence

- After Mitigation

Self-Assembled Science Station



Technology Gaps

* Robot coordination:
‘— Internal and external_ assembly robots collaborate with the dual-arms

— Automated path'_planni’ng and robust verification at each step
5 e Smért 'deciSiqn-makin_g- for attitude correction under robot movement
L Correcting every small vmoveme'nt would be overwhelming

—'_-‘-Sensiti\‘/e experimental payl_oads .Ljsed"fo'r Earth obse'rv_a"t'ibh‘

'_"A"'ModUIar- data and bOWer. transfer between voxels

— Pulling wires is impractical for this many power sources and sinks

Self-Assembled Science Station



Advancing High Value Missions

‘The Self-Assembled Science Station advances multiple missions.

- objectives oUtIines by COSMIC and the Federal government.

__ 1 Prowdlng in-space services
2.Flight qualifying ISAM hardware

3 Developlng autonomous space
technology

4 Improvmg natlonal solentlflo output

IN-SPACE SERVICING, ASSEMBLY, AND
MANUFACTURING NATIONAL STRATEGY

Product of the

IN-SPACE SERVICING, ASSEMBLY, AND MANUFACTURING
INTERAGENCY WORKING GROUP

of the
NATIONAL SCIENCE & TECHNOLOGY COUNCIL

Self-Assembled Science Station



Most Innovative Concepts Considered

* Shorter crawling arms vs. dual arm rail eystem‘
= Pro: Increased modularlty, logistics operations can happen anywhere on the statron
— Con: Large torque/force on voxels, lncreased autonomy complexity
S Ralls are aIready proven W|th Iarge manlpulator arms (CANADARM)
i Permanent experrment holdlng voxels vs experlments pre-built into voxels
L - Swapping cubesat- format experlments into bays would decrease cost/mass of each experlment

— AII robots are already made to handIe voxels un- voxeled expenments would reqU|re extra manrpulators

e Studylng the volume-savings of orlgaml foldlng voxels demonstrates how useful they could be in’ burldlng
smaIIer space structures

— Assembllng voxels from their basic parts (which could be packed tlghter) is |mpract|cal for the SASS robots

Self-Assembled Science Station



Biggest Challenges Encountered

Three Biggest Challenges:

1

‘Scope and Goals: Determining output has been a constant struggle. Most of us work day-to-day on low

level technical challenges, we found scoping out a high-level concept diffiCuIt.

_ Suggestlon Determlne scope and goal as first step after picking a basic concept.

. Motivation and Commitment: This has been an exciting change-of-pace from other research activities.

Discussing concepts, performing informal trade studies, and sizing our architecture were easily self-
motivated. With other commltments it was difficult to pr|or|t|ze the detailed work .on this prOJect

: Suggestlon It makes sense that this is a capstone competlt/on mostly desrgned for a class sett/ng, but we had fun and
appreciate the opportun/ty : | s o

. ARMADAS Specmcatlons ARMADAS is an active research concept, not a- specmcatton There are several
'_ concepts for voxels, and it was difficult to parse what level of development each concept Was in.

‘Suggestion: A dlsamblguatlon hub for ARMADAS and other NASA assembly projects.

Self-Assembled Science Station
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Paper

Our paper "Automated
~ Construction of an

- Unmanned Scientific Space
~ Platform" is planned to be

~ sent as an extended abstract
" to SciTech 2027.

Automated Construction of an Unmanned Scientific Spa
Platform

5. Hudson?, J. Radey
innaii, OH, 45221

nyg facilities that currently exists in outer space. The experiments previously seni
have helped increase sci understanding of how ohjects interact di
s compared to normal atmospheric condi the Earth®s surface. With the
resurgence of the focus on space settlement, a new experimental platform would greatly aid

capabilities.

L. Nomenclature

al angular deflection rate

lemperature
= of eclipse

IL Introduction
complex
launch of the an

ember 2000 and currently accommaodat

a e portfo
remaote

 Gradual
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Future Work

Simulate momentum canceling and
stabilization techniques to account

for robot agents and dual arm rail
system motion. | ‘

. Design a foldable Voxel with data -
~ and power transfer capability.
.. Compete for federally/commercially

funded research and advance ISAM
- concept/capabilities.

C3 Competition:

- Literature Review

- Feasibility Study

- Preliminary Calculations
- Simulations

- ConOps

- Publication(s)

- Team building

Industry Advisers
Academic Advisers

NASA
Airforce
Research Space Force
Dept. of Education

ETC.

C3 Deliverables

SBIR/STTR Grants
Industry partnerships
Contract work
Patents

Commercialization
ETC.
Industry Partners
Academic Partners

Self-Assembled Science Station



; C o n c I u S I O n kA o ' : : S : ’ NG ) i riiind Fe SPACE MOBILITY
; : S ' i ; ' AND ISAM CAPABILITIES

Y

- _° The team has evaluated a m|SS|on wh|ch has a constralned budget whlle st|ll ralsmg the TRL of several key
components The mission would demonstrate the power of assembled structures in space wh|Ie - ;
S|multaneously addressmg a clear present and marketable need. ' L

. The team has |dent|f|ed challenges and l'ISkS which requlre further study

Self-Assembled Science Station



Questions

- Questions?

Self-Assembled Science Station
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Component # and Description

. Standard Voxel Action # and Description
. Power Routing Voxel 1. Main Structure Launch

2. Temporary Solar Panel Deployment

- 3. Basic Command Antenna Deployment

- Small Experiment Bay B | 4. Whole Station Orbital Maneuver

. Large Experiment Bay 5. Dual Arm Manipulator Activation

6a. Dual Arm Grasps and Moves External Arm
6b. Dual Arm Releases External Arm

7a. External Arm Attaches to Voxel

. Large Experiment 7b. External Arm Detaches from Voxel

. Shielded Experiment . 7c. External Arm Moves on Voxel Grid

: 7d. External Arm Places Voxel for Assembly

— - 7e. External Arm Removes Voxel from External Arm Backpack
. Logistics Armis (Dual Armn Manipulator) 8a. Interior Arm Moves on Voxel Grid

. solar PanelVoxel

. Shielded Experiment Bay

. amall Experiment

. Voxel Cassettes

. External Assembly Arms 8b. Interior Arm Connects Voxel to Grid

8c. Interior Arm Connects Rotator to Grid

9a. Dual Arm Grasps and Moves Cassette

- Prop and Avionics (and docking) Module 9b. Dual Arm Removes One Voxel from Cassette
. Comms and Power Module ' 9c. Dual Arm Moves Voxel

10. Solar Panel loints 9d. Dual Arm Hands Voxel to External Arm

Internal Assembly Arms

Self-Assembled Science Station



Se. Dual Arm Places Voxel in External Arm Backpack * 1a2:Temporary Solar Panel Deployment and basic command antenna
10. Dual Arm Grasps and Mowves Rotator deployment

s |nvolves: Component 8. and 9. (Prop, Avionics, Comms, Power)
* 1:Assembly »  Actions: 2. (TSP Deploy), 3. (BCA Deploy)
¢ la: Launchand transfer
* lal:Launch
+  |nvnlves: All Components (except Resupply Vehicle)
«  Actions 1. (Launch)

Action 2., 3.

r : 1 * 1ad:Transfer
FEEN » [nvnlves: Component 9. (Prop)
M 1 M i ¢ Actions: 4. (Orbital Maneuver]
™ s * {ad: Correction
* |nvnlves: Component 9. (Prop)
#  Actions: 4. (Orbital Mansuver)
— o 1b: Central structure construction
' = 1b1: Dual Arm Manipulator Unpacking and Activation
* |nvnlves: Component 5. (Dual Arm)
#  Actions: 5. (Dual Arm Activate)

L E

Action 1.

Self-Assembled Science Station



Action 5.

»  1b2: Exterior Assembly Robot Placement and Activation
* |nunlves: Component 5. (Dual Armj, 6. (External Arm), 9. (Prop
Module), 1. (Voxel)
s Actions: 6a. (Dual Arm Grasps and Mowves External Arm), 6b. (Dual
Arm Releases External Arm), 7a. (External Arm
Connects/disconnects to voxels)

ActionBa. (1)

1b2 is repeated.

= 1b3: First Voxel Unpacking

« nvolves: Component 5. (Dual Arm), 4. (Woxel Cassetie), 1. (Voxel)

* Actions: 9a. (Grasp Ca

258

Action 8a. (2), 6b., 7a.

tte), 9b. (Remove Voxel from Cassetie)

Action 9a. (1)

Self-Assembled Science Station



« Actions: B¢, (Move Voxel), 9d. (Hand Voxel to External Assembly],
7d. (External Assembly Place Voxel), Bb. {Internal Azsembly
Connect Voxel)

-

Action 9a. (2) Action 2c., 9d.

4

/

F Action Sb.

Action 7d., 8b.

1b3 and 1b4 are repeated for other side.
* 1b4: Voxel Placement
* |pwolves: Component 5. (Dual Arm), 1. (Voxel), 8. (External
Assembly], 7. {Internal Assembly), 9. {Prop]

¥ 1b5: Subsequent Voxel Placement
¢ Inwnlves: Component 5. (Dual Arm), 1. (Woxel), 4. (Voxel Cassette],
6. (External Assembly), 7. (Internal Assembly), 9. (Prop)

Self-Assembled Science Station



= Actions: 9a. (Grasp Cassette), 9b. (Remove Voxel from Cassetie],
8c. (Move Voxell,_8d. (Hand Voxel to External Assembly), 7d.
[External Assembly Place Voxel), 8b. (Internal Assembly Connect
Voxel), Ba. (Internal Assembly Move)

o 1c: Solar panel construction
* 1c’l: Rotator Placement
s nwnlves: Component 5. (Dual Arm), 10, (SP Joints), 1. Voxel), 7.
{Internal Assembly)

 Actions: 10. (Dual Arm Moves Rotator), 8c. (Interior Arm Connects

Vioxel to Grid)

Actions: 10., 8c.

-
e

1c2: Internal Assembly Placement on Sclar Panel
* |nvolves: Component 5. (Dual Arm), 1. (Voxel), 7. (Internal
Assembly)
s Actions: 9c. (Dual Arm Moves Voxel), 8a. (Intericr Arm Moves on
Voxel Grid), &c. (Interior Arm Connects Rotator to Grid)

Actions: 9c.

|
»

L
'\T
\ A Actions: 8a., 9c., 8c.

1c3: External Assembly Placement on Solar Panel
¢« |nvolves: Component 5. (Dual Arm), 8. (External Arm), 1. (Voxel)
*  Actions: 6a. (Dual Arm Grasps and Mowves External Arm), 6b. (Dual
Arm Releases External Arm), 7a. (External Arm

Connects/disconnects to voxels)

Self-Assembled Science Station




Actions: éa., 6b., Ta.

¥ cd: Subsequent Solar Panel Construction
¢ |nwolves: Component 5. (Dual Arm), 1. (Woxel), 4. (Woxel Cassette),
6. (External Assembly), 7. (Internal Assembly], 9. (Prop)

o 1d: Experiment hay construction

* Actions: 9a. (Grasp Cassette), 9b. (Remove Voxel from Cassetie),
8c. (Move Voxell,_8d. (Hand Voxel to External Assembly), 7d.
([External Assembly Place Voxel), 8b. (Internal Assembly Connect
Voxel), 8a. {Internal Assembly Move}

" 1d1: Experiment Structure Construction
¢ |nwnlves: Component 5. (Dual &rm), 1. (Voxel), 4. (Voxel Cassetie],
6. (External Assembly), 7. (Internal Assembly)}, 9. (Prop)

« Actions: 9a. (Grasp Cassette), 9b. (Remove Voxel from Cassetie),
8c. (Move Voxell,_8d. (Hand Woxel to External Assembly), 7d.
[External Azssembly Place Voxel), 8b. (Internal Assembly Connect
Voxel), Ba. (Internal Assembly Move}

o !
o e
-
3223 R
B ;:'Ef'._' $
- 3
o ﬁ"' S v-‘i:&ﬁﬂ. ¥ .
T rpras i e
ot :F':'- 11':'-:," el
1., T : .
. T "1’... i
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T R
l.,."-l.-""-.l—{'-q-"':'-*_ "‘_1'

BEPFAT FOR OTHER SIDE, DEACTIVATE TEMPORARY SOLAR PAMNEL (Mot sure what this will
look like, do we just fold it back up? Canwe fold it up? Who knows.) SeH-'_Assemb'ed SCience Station



ut
tions ablished
ed from main body and brought to the
experime
1}, 3. (Experiment), 5. (Logistics Arn al Arm
Manipulator}, 6. (External Assembly Arms), 7. (Internal :mibly
Arms)

Z2a: Berthing and Refueling

iobotic capture of resupply vehicle

botic berthing of resupply vehicle

rapping
XpEeriments are rem upply vehicle and stored on
yre of the station

ation and moved to the
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MITIGATION STRATEGIES:
Schedule:
1: Thorough analysis before finalized PDR design

2: R&D and prototyping befere finalized POR design

SCHEDULE RISKS

Component schedule risks:

1: Voxels

*51.1: Origami voxel structure cannot achieve assumed strength to weight ratio

Many assumpticns were made about the strength of the crigami folding voxels. The
number of voxels may be much higher than expected or each voxel may be much heavier
than expected.

MITIGATION: 1
Likelihood: 3

Consequence (Schedule): 4-»3

*$1.2: Power and data routing systems take more development than expected

Each voxel connection would need at least two contacts for DC power and at least four
contacts for an ethernet connection. This could take a lot of additional work to be made
reliable enough.

MITIGATION: 2
Likelihood: 4

Conseguence (Schedule): 3-»2

51.3: Solar panel voxels produce less power than expected

Solar panels were assumed to be 11in by 11in and perfectly fill that space with
photovoltaic cells. This is likely to not be the case, but margin was already put into the
calculations by assuming low panel performance.

MITIGATION: 1
Likelihood: 4

Consequence (Schedule): 2->1

2: Experiment Bays

52.1: Thermal management of experiment bays takes more development than
expected

Mot likely based on thermal calculations, the power consumption is relatively low for the
size of the station.

MITIGATION: none
Likelihood: 2

Conseqguence (Schedule): 2

3: Experiments
53.1: Customer needs do not match designed experiment bays

This would require a redesign and a resize of all components. This is already assumed as
part of our path to PDR.

MITIGATION: 1
Likelihood: 4

Consequence (Schedule): 2->1

4: Cassettes
54.1: Cassettes must be heavier and more complex than expected

The cassettes are assumed to be made of thin aluminum and just used to hold the voxels
together during launch. They must be partially intemally actuated, unless a mole clever
solution is found for removal by the dual arms. They may need to be heavier than expected.

MITIGATION: 2

Likelihood: 3

Conseguence (Schedule): 4->2

54.2: Cassette actuation requires additional end-effectors on dual-arms

This would require significant increases 1o the complexity of the dual-arms and their
autonomy. Unlikely,_as internal actuation should make up most of the work.

MITIGATION: 2
Likelihood: 2

Conseguence [(Schedule): 4->2

5: Logistics Arms
55.1: Logistics arms cannot be made as light as proposed for use in GEO

Logistics arms are sized based on Canadarm development and necessary reach for this
project. It may be the case that the technology used in Canadarm needs toc be made
heavier/more protected towork outside of LED. Because there are only two arms, this
should not he a major impact.

MITIGATION: none
Likelihood: 2

Conseguence (Schedule): 2

55.2: Logistics arms must use more power than expected

Logistics arms electricity use is sized based on Canadarm. Seems unlikely.
MITIGATION: none

Likelihood: 1

Consequence [Schedule): 2

6: External Assembly Arms

Self-Assembled Science Station



56.1: SOLL-E design cannot be radiation and vacuum hardened easily

The SOLL-E design was made with vacuum and radiation operation in mind, but it is a very
lowe TRL prototype, significant complications are likely.

MITIGATION: 2
Likelihood: 3

Conseguence (Schedule): 4-=2

7: Internal Assembly Arms

§7.1: MMIC-| design cannot be radiation and vacuum hardened easily
Same logic as 56.1

MITIGATION: 2

Likelihood: 3

Consequence (Schedule): 4->2

8: Prop, Avionics, and Docking Module

9: Comms and Power Module

10: Solar Panel Joints
510.1: Solar Panel Joint development is more complex than expected

These joints should be simple, with the only major complications being 1: the connection
between the voxel grid and a slip-ring or limited joint-angle wiring system and 2: a powered
motor which can slowly and smoothly turn the solar panels.

MITIGATION: none
Likelihood: 1

Conseguence (Schedule): 2

510.2: Solar panels as designed would induce too much torque in the system, must
use a different method of simultaneously tracking earth and sun.

Only did a basic analysis on torque, though this risk seems unlikely as the panels only need
to rotate at 0.005 degrees/second.

MITIGATION: none
Likelihood: 1

Consegquence (Schedule): 3

TECHNICAL RISKS

Technical risk mitigation strategies:

3: Latch detection at the end-effector and joint level

4: Runtime performance evaluation and early replacement
Action-Based Risks:

2a.1: Temporary Sclar Panel Fails to Deploy

Deployables failures are commen, several studies have been done to show how a robotic
arm could assist a solar panel deployment. If the craft has enough battery power 1o move
one of the logistic arms to unlatch/assist the solar panel, this risk could be mitigated after
the failure, reducing overall impact.

Additionally, using a commercially widespread bus/solar panel for the basis of the core of
the station could mitigate most similar risks significantly.

MITIGATION: &
Likelinood: 1

Consequence (Technical): 5-=2

3a.1: Command Antenna Fails to Deploy

Similar reasoning as 2.1, fault detection and failure modes for the robotic arms to assist
the antenna unlatch could help.

MITIGATION: 5
Likelihood: 1

Conseguence (Technical): 5->2

6a.1/6b.1: Dual Arm fails to latch or unlatch from external arm properly, fault is
detected and resolved

Robust latch detection sensing will be reguired on each component, and it is assumed
latch failure resolution will be reguired many times during the lifespan of the station. The
inclusion of position sensors and force or current sensing will make fault detection much
more likely, extensive testing will be required to ensure that faults can be resolved
autonomeusly {or by ground crew intenventicn in a worse-case scenario).

Likelihood: 3

Conseguence (Technical): 1

6a.2/6b.2: Dual Arm fails to latch or unlatch from external arm properly, fault is not
detected immediately

Robust sensor packages and testing will make this scenario very unlikely, but it could have
alarge conseguence on mission success if it is not detected properly. In the hest case
scenario, one of the robotic components realizes that the forces it is experiencing are not
aligned with anticipated forces and the task is stopped so a ground crew can intervene and
manually reselve the situation. In the worst case scenario, the dual arm rips the external
arm away from awoxel, or releases it into a free-floating state. Either would be
catastrophic. An additional SOLL-E arm would need to be made available, either because
extra arms were brought along or through a resupply mission.

MITIGATION: 3
Likelihood: 3->1

Conseguence (Technical): 4

7a.1/7b.1: External arm fails to attach or detach from voxel, fault is not detected
immediately:
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Because the external arms move on the discrete grid of voxels, a fully unlatched scenario
is very unlikely after extensive testing.

MITIGATION: 3
Likelihood: 3-=1

Conseguence (Technical): 4

7a.2/7b.2: Latching mechanism is stuck:

After several thousand cycles, the mechanism could significantly degrade and become
stuck. This would require replacement of an arm. As this would only be likely to happen
well into the mission when a resupply would happen according to the nommal ConOps, a
resupply missicn is a less consequential risk mitigation strategy.

MITIGATION: 4
Likelihood: 3-=2

Conseguence (Technical): 3

7c.1: External arm moves erroneocusly on voxel grid:

An alignment of 7c.1 with 7a2.1/7b.1 would need to happen for any sericus consequence to
arise from this risk, otherwise a recalibration of the position sensors on the SOLL-E would
likely need to be done to mitigate further move errors.

MITIGATION: none
Likelihood: 2

Conseguence (Technical): 1

7d.1: External arm erronecusly places voxel for assembly:

With so many meving pieces, a misaligned voxel seems likely. Work would need to stop for
arecalibration, but an alignment with several other risks would need to happen for this to
cause sericus consequence.

MITIGATION: none

Likelinood: 3

Conseguence (Technical): 1

7e.1: External arm erroneously removes voxel from external arm backpack:

Requires localization of two separate robot frames on a flexing grid of voxels. Seems likely,
hut should not have serious consequence unless it aligns with a latching/unlatching error,

MITIGATION: none
Likelihood: 3

Conseguence (Technical): 1

8a.1: Interior arm moves erroneously on voxel grid:

Unlikely as the free play between the interior arm and the grid is minimal, however
positioning errors in the interior arm jeints could make this possible, requiring
recalibration.

MITIGATION: none
Likelihood: 2

Conseguence (Technical): 1

8b.1: Interior arm misalignment of vexel latch actuators:

Again, reduced free play makes this unlikely. Over time the latch actuation could wear
down and need replacement, which likely means replacement of the entire interior
assembly arm.

MITIGATION: 4
Likelihood: 3->2

Conseguence (Technical): 3

9a.1: Dual arm erroneously detaches cassette from storage:

The arm and the cassette are both attached to the same rigid body, but positioning errors
inthe arm could cause a failed grasp or misaligned removal. Because the cassettes will
need to be lightweight and weak structures (as there are so many of them and they serve
no purpose other than storage), they could be ripped apart by an erronsous detachment,
spilling unfolded voxels and creating free-floating debris.

MITIGATION: 4
Likelihood: 3->1

Conseguence [Technical): 4

9b.1: Dual arm damages cassette during voxel removal:

Same reasoning as 3a.1, but with the additional risk of using bgth gf the dual arms at the
same time.

MITIGATION: 4
Likelihood: 4-=2

Conseguence [Technical): £

9b.2: Voxel hecome stuck in cassette:

Because the voxels only have one way to he removed from the cassetie, and because
forces are limited when handling the cassettes to prevent spilling voxels, there is a high
likelihood that they would become stuck during removal and the force reguired to get them
outwould be too high to risk. Low overall conssquence unless it happens to many of the
cassettes, rendering g large number.of voxels unusable.

MITIGATION: none
Likelihood: 4

Conseguence (Technical): 2

9¢.1: Dual arm fails to latch on to a voxel and does not detect the fault before trying to
move it:
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Risks

difference to the voxel, checking latch at joint level may be
difficult due to this. There is a large safety consequence of allowing avoxeltogointo a
free-floating state, but not a lot of conseguence to damaging one voxel othenwise.

MITIGATION: none

Likelinpod: 2

Conseguence (Technical): 3

B S9c.1/9e.1: Handover failure between Dual arm and External arm:

Similar reasoning to 7e.1.

MITIGATION: 4
Likelihood: 5-»3

Conseguence (Technical): 1
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Datacenter

Annual industry average cost to run an Al datacenter rack for one year in a high-electricity-
ost area: 3 34.11

S83MWh, or 85EW continuously

~F o

Each panel can generate [ we need almeost 3000 panels for this. That's 1.6 tons of solar
panels, and we almost certainly need I:|:|c:l-:irgj'-.'u:u:a:.el.-:, let's assume just one layer of
structural vo

Thecost t

synchronous ..-rtn:' F74mil iwhich wiould tak rears to pay off compared to a ground-

d datacenter). If co like in Google's suncatcher study

represent a I.:|L.r|:h cost of 51.1mil per rack’s worth of solar panels. This does notinclude

the rack itself, cooling equipment, or anything 2, That would cost & years to pay off just
the launch co r the solar panels
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ssume we're about 4x slower because there are more robotic operations involy
we're working very slowly in micr ) 50 voxels takes 4 days.

Core structure takes 5 days

Each solar panel wing takes 40 days {

About half a year of construction time e i

Construction Speed
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Explanations next, references at the bottom.

Component # and Description Maszs (kg)  |Power [W) Number

Standard Voxel 0.34

. Power Routing Voxel

. Soler Panel Voxel

. Small Experiment Bay

. Largs Expariment Bay

. Shieldad Experiment Bay

. Small Expeariment

. Largs Expariment

. Shieldad Experimant

. Voxel Cassettes

. Logistics Arma {Dual Arm
Manipulator)

8. External Assembly Arms

7. Internal Assembly Arms

8. Prop and Avicnics (and docking)
Madule

5. Comms and Power Moduls

10. Solar Panel Joints

Mass (kg) Power

Total for Mission 1 35475

CONVERSION TO ACTUAL SOLAR PAMEL REQUIREMENTS
Power required: 2250W

At maximum eclipse, sat can be in the shadow of the earth for around 1 hour. Meed
2250~23Wh for sunlight period and 2250*1Wh for eclipse period. Azsume B0% energy path
efficiency in sunlight and 80% efficiency in eclipse.

P

B i

Require 3000W of solar panel generation

Power and Mass

Looked at a few sources, let's say 300W/m™" 2 to be consarvative for our solar panals. Each
of the voxels have about 0.0778m "2 of solar panel area. Each pansl can ganerate 22W. We
therefore nead about 140 solar panel voxsls. We will never be able to get perfect pointing
because we only have 1DOF for the solar panals. Assumea wa naad more, about double
that. Also bring a lot of replacement panels because they do not weigh much and it's part
of our ConQRs.

Small Experiment Bay: RAFTI module with all its fuel stuffis 1.1kg, assuming it"s around 0.5
kg without all that and the voxel is 0.38kg, round to 1kg.

Large Experiment Bay: 8x voxels and 1x RAFTI, round to 4.5kg.

Shieldad Experiment Bay: Mot sura really, but let’s say 4kg to be safe.

Small Experiment: 8U gubesat, so 8kg and we said 30 watts.

Large Experiment: Bosun locker, 100kg, wea said 100 watts.

Cassettes: hasically going to be the perimeter of a 16.5x16.5x12in cube made of very
lightweight matarial, lat’s say Skg.

Shieldad expariment: Mot sure why our original notes had this with 200 and 12U when the
&l was 30W, | made it 60 in this tabla,

Logistics Arms: The resupply module will likely only be 1-3 tons, which is around 1% of the
weight handling capability of ganadarm. 2. Additionally, the length will only need to be 5m
or so assuming the logistics arms can crawl around the station to where they need to go.
I'm going to assume 300kg for each arm, and S00W =sach for now. Maybe we can find some
better assumptions in the future. Assume 30% duty since they pass voxels, than just sit
there while the SOLL-E's assemble.

External Assembly/SOLL-E Arms: They weigh 4.8kg each. Computa probably takes 10W or
so_the motor torque was a max: of 21Mm on the ground but would be much less in
microgravity. did a quick caloulation assuming & nominal step between blocks of 20s (what

they used in the paper) and made some assumptions about the inertia of one leg hald at its
end. Got a max of 0.01Nm at an average of 1degfs. This equatas to about 2W nominal, 'l
just assume 10W for actual required power.

Internal Assembly/MMIC-1 Bots: They weigh 3.5kg each. Earhunately the paper provides
actual battery specs and endurance, it drains an 11,1V, 1000mAh battery (11.7Wh) in 4
hours. This is a drew of about 3W. "Il just round up to BW.

Comms Madule: From Gerardo's findings, 50kg and 150W.

Power Maodule: Mot sure, let's say 250kg for now.

Prop and Avionics Modula: 1000kg and S00W, eyeballing based on Cygnus and Geostar3

Solar panel joints: | have no idas, we should do some quick math on this.

|55 Referance:
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S0LL-E Reference:

I. -W. Park et al., "S0OLL-E: A Modula Transport and Placement Robot for Autonomous
Aszembly of Discrete Lattice Structures," 2023 IEEE/RS] Intarnational Conference on
Intelligent Robots and Systems {IROS), Detroit, MI, USA, 2023, pp. 1073610741, dai:

10.1102VIRO555552.2023.10341475.

MMIC-I Reference:

Q. Formoso, G. Trinh, D. Catanosao, | -W. Park, C. Gregg and K. Cheung, "MMIC-1: &
Robatic Platform for Assembly Integration and Internal Locomaotion through Mechanical

Mata-Matarial Structures,” 2023 IEEE internationsl Canfarence on Robotics and

Power and Mass

Automation (ICRA), London, United Kingdom, 2023, pp. 7303-7305, doi:
10.1109/ICRA4B891.2023. 107161263,

Self-Assembled Science Station




Feasibility

Mission items Possibility to be built or
designed within 5 years
(1-5)

B Bill of Materials
8 CAD Drawings
| Manufacturing & Testing approach

Technological Development

| Launch/Delivery

 *1 being unlikely withi'ri"“:_'5_'ye-ars
5 Dbeing possible within 5 years
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Team OverVIeW Also: Everyone PLEASE PUT YOUR PHOTO IN THE PRESENTATION OR I'M

USING A MUPPET TO REPRESENT YOU

Gerardo Martinez-Avila John Radey - Dylan Roach Sophia Yu
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