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Sammanfattning	
	
	
FLARE	 Suit	 är	 en	 enhet	 som	 används	 för	 att	 skydda	 astronauter	 från	 intensiv	
partikelstrålning	 när	 de	 reser	 ut	 ur	magnetosfären	 på	 framtida	 Deep	 Space-uppdrag.	
Denna	dräkt	kan	skydda	mot	solpartiklar	som	på	grund	av	sin	höga	densitet	kan	orsaka	
akut	strålningssjuka	och	leda	till	överdriven	förstöring	av	inre	organ	(mag-tarmkanalen,	
nervsystemet,	 blodbildande	 benmärg)	 och	 i	 värsta	 fall	 till	 döden.	 Dessa	 symtom	 blir	
mycket	starkare	utanför	jordens	magnetosfär,	vid	månen	eller	på	väg	till	Mars.	
	
För	tillfället	studeras	FLARE-dräkten	som	ett	komplement	inombords	till	det	befintliga	
skyddet	 från	 rymdfarkostens	 struktur,	 men	 även	 för	 rymdpromenader	 utanför	
rymdfarkoster	 och	 på	 andra	 planeter	 kan	 övervägas.	 FLARE	 består	 av	 en	 uppblåsbar	
dräkt	som	fylls	med	vatten	när	det	behövs.	Under	uppskjutning	är	dräkten	tom	och	lätt	
tack	 vare	 att	 den	 vid	 användning	 utnyttjar	 vattnet	 som	 redan	 finns	 ombord	 på	
människobärande	 rymdskepp.	 Den	 fylls	 på	 några	 minuter,	 och	 att	 använda	 sig	 av	
individuella	 skyddsdräkter	 är	 betydligt	mer	materialsnålt	 än	 att	 täcka	 farkosten	 med	
paneler.	Dessutom	ger	vatten	högt	skydd	per	massa.		Efter	hydrogenerade	bornanorör	(H-
BNNT)	och	högdensitetspolyeten	 (HDPE)	är	vatten	det	 tredje	högsta	 skyddsmaterialet	
mot	solstrålning.	I	framtiden	kan	vatten	även	komma	att	kompletteras	med	salt	vilket	kan	
hjälpa	 mot	 (neutronerna	 i)	 sekundära	 partiklar	 då	 salt	 har	 en	 hög	
neutronblockeringseffektivitet.	 Slutligen	 har	 FLARE	 en	 helt	 adaptiv	 flerskikts-	 och	
formändringsdesign	 som	 möjliggör	 anpassning	 i	 realtid,	 beroende	 på	 solstrålningens	
intensitet,	antalet	involverade	astronauter,	tidsramen	och	vattenförsörjningen.	
	
Den	 preliminära	 utformningen	 av	 FLARE-dräkten	 beskrivs	 och	 strålningssimuleringar	
utförs	 i	 en	 1D-miljö	 inom	 Columbus-modulen,	 vilket	 visar	 en	 minskning	 av	
strålningsexponeringen	med	50	procent,	med	3,5	till	4	centimeter	vatten,	beroende	på	
salthalten.	 Därefter	 byggs	 en	 3D-miljö,	 som	 inte	 är	 testad	 än.	 För	 denna	 miljö	 har	
bedömningar	av	relevanta	3D-modeller	gjorts,	Columbus-modulen	har	konstruerats	och	
designval	anpassade	för	mänsklig	morfologi	har	gjorts.	Matlab-koder	har	skrivits	också	
för	 att	 bygga	 och	 forma	 en	 3D-dräkt	 ovanpå	 den	 mänskliga	 modellen,	 följt	 av	 olika	
strålskyddsstrategier.	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	

Abstract	
	
The	FLARE	Suit	is	a	device	that	aims	to	protect	astronauts	from	intense	solar	radiation	
when	travelling	out	of	the	magnetosphere	on	future	Deep	Space	missions.	This	suit	is	an	
emergency	solution	against	solar	particles	that,	due	to	their	high	density,	can	cause	acute	
radiation	sickness	and	lead	to	excessive	destruction	of	internal	organs	(gastro-intestinal	
system,	 nervous	 system,	 blood	 forming	 bone	marrow)	 and	 eventually	 to	 death.	 These	
symptoms	will	be	a	lot	stronger	out	of	the	Earth’s	magnetosphere,	towards	the	Moon	or	
Mars.	

	
For	 now,	 the	 FLARE	 Suit	 is	 being	 studied	 in	 the	 intra-vehicular	 environment	 as	 a	
supplement	 to	 already	 existing	 shielding	 provided	 by	 the	 spacecraft’s	 structure,	 but	
extravehicular	activities	in	space	and	on	other	planets	can	be	considered.	It	consists	of	a	
bladder-suit	that	is	to	be	filled	with	water	when	needed,	the	water	being	already	present	
on	any	human	carrying	spacecraft.	The	suit	can	be	deployed	within	a	few	minutes,	be	very	
lightweight	at	launch	due	to	the	resource	utilisation	of	on-board	water,	and	does	not	use	
a	lot	of	material	compared	to	a	fully	shielded	module	since	it	is	fitted	to	the	individual	
human	body.	Furthermore,	water	has	been	shown	to	provide	a	decent	shielding	per	mass	
capability,	the	third	most	shielding	efficient	material	after	hydrogenated	boron	nanotubes	
(H-BNNT)	 and	 high-density	 polyethylene	 (HDPE).	 Water	 could	 eventually	 be	
complemented	with	 salt	which	 shows	high	neutron	blocking	efficiency	and	could	help	
shield	from	neutrons	(present	in	secondary	particles).	Finally,	it	has	a	fully	adaptive	multi-
layered	 and	 shape	 changing	 design	 which	 allows	 for	 real-time	 scenario	 adaptation	
depending	on	the	intensity	of	the	solar	radiation,	the	number	of	astronauts	involved,	the	
time	frame	and	the	water	supplies.	
	
Preliminary	design	of	the	FLARE	suit	is	showcased	and	radiation	simulations	are	being	
performed	in	a	1D	environment	within	the	Columbus	module,	highlighting	a	fifty	percent	
reduction	in	radiation	exposure	with	3.5	to	4	centimetres	of	water,	depending	on	the	salt	
content.	 Afterwards,	 a	 3D	 environment	 is	 being	 built,	 however	 not	 tested.	 For	 this,	
selection	of	a	relevant	3D	human	model,	construction	of	the	Columbus	module	and	design	
choices	on	human	morphology	have	been	made.	Matlab	codes	also	were	written	to	build	
and	shape	the	3D	suit	on	top	of	the	human	model,	following	diverse	radiation	shielding	
strategies.	
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1	-	Introduction	
	
The	European	Astronaut	Centre	(EAC)	based	on	the	site	of	the	German	Aerospace	Center	
(DLR)	 near	 Cologne,	 Germany,	 is	 the	 centre	 responsible	 for	 astronaut	 selection	 and	
training	 in	 Europe	 under	 the	 leadership	 of	 the	 European	 Space	 Agency	 (ESA).	 Here,	
astronauts	are	taught	and	prepared	for	operations	on	the	European	payloads	on	board	
the	ISS,	including	ESA’s	Columbus	laboratory.	The	EAC	is	also	home	to	a	medicine	office,	
a	mission	control	centre,	a	neutral	buoyancy	facility	(NBF)	and	to	many	more	activities	
linked	 to	 the	 improvement	 of	 training	 and	 mission	 design	 within	 the	 human	 space	
programmes	(Pangea	Cave	missions	are	an	example).	The	last	astronaut	selection	dates	
back	to	2009	and	fourteen	astronauts	are	currently	members	of	the	European	Astronaut	
Corp.	
	

A	more	recent	mission	of	 the	EAC	 is	 to	assess	the	possibility	of	 the	establishment	of	a	
Moon	base,	which	is	being	done	by	the	research	group	SpaceShip	EAC	founded	in	2012,	
composed	mostly	of	students	and	young	graduates.	They	try	to	lay	the	ground	work	of	the	
envisioned	 Moon	 base	 by	 specifically	 targeting	 low	 technology	 readiness	 level	
innovations	 (low	 TRL),	 pushing	 them	 forward	 for	 when	 ESA	 as	 a	 whole	 has	 enough	
resources	to	make	such	a	mission	happen.	The	eight	larger	topics	tackled	by	SpaceShip	
EAC	 researchers	 are	 related	 to	modern	 human	 and	 robotic	 exploration:	 Life	 Support,	
Habitability	and	Systems	Architecture;	Robotics	and	Human	Factors;	Simulation,	Virtual	
Reality	 and	 Analogue;	 Energy	 Production	 and	 Storage;	 Radiation	 Shielding;	 In-situ	
Resource	Utilization	(ISRU);	Materials	and	Additive	Manufacturing;	Exercise	Hardware	
and	Countermeasure	Concepts.		
	

																											 	
	

In	 a	 very	 immediate	 future,	 the	 EAC	 will	 see	 an	 expansion	 of	 its	 Moon	 research	 and	
training	facilities	with	the	acquisition	of	a	Moon	simulation	dome	called	Luna,	which	will	
harbour	 the	 largest	 Moon	 soil	 simulant	 surface	 area	 in	 the	 world	 [1].	 Luna	 will	 be	
combined	to	a	simulation	habitat	and	will	be	operated	through	varying	lighting	conditions	
to	better	mimic	the	environmental	conditions	of	a	Moon	establishment.	
	

As	part	of	this	push	towards	a	return	on	the	Moon,	radiation	shielding	seems	to	remain	
one	 of	 the	 great	 unknowns.	No	 definite	 solution,	 other	 than	 taking	 the	 risk	 of	 a	 deep	
exposure	or	not	sending	humans	to	space,	can	be	found	today.	One	can	only	reduce	the	
radiation	exposure	to	an	amount	that	is	as	low	as	reasonably	achievable	(ALARA)	and	try	
to	shorten	the	mission	time	thanks	to	faster	spaceships	and	shorter	stays	on	other	planets.	
In	 the	 process	 of	 reducing	 radiation	 exposure	 through	 shielding	 technology	 however,	
several	 routes	 can	 be	 taken.	 This	 paper	 follows	 one	 of	 the	 principals	 of	 research	 at	
SpaceShip	EAC:	resource	utilisation,	 its	ultimate	goal	being	to	gauge	the	relevance	of	a	
bladder-suit	 filled	with	 reusable	water	 in	 future	human	deep	space	operations	 (called	
here	 ‘FLARE’	suit	 for	 ‘Fluidic	Laminated	Attire	for	Radiation	Events’).	The	 feasibility	of	
this	innovative	solution	against	solar	radiation	is	being	assessed	first	through	engineering	
considerations,	then	followed	up	with	evidences	of	efficiency	via	computer	simulations.	
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2	-	Background	
	
2.1	Why	shield	from	solar	radiation?	
	

2.1.1	Context	
	
Mankind	 is	 most	 familiar	with	 two	 types	 of	 space	 radiation:	 trapped	 particles	 of	 the	
magnetosphere	and	solar	 flares.	The	 first	one	was	 indeed	brought	 to	 the	public	as	 the	
astronauts	of	the	Apollo	era	went	on	to	the	Moon	and	had	to	cross	the	Van	Allen	Belts,	two	
concentric	regions	respectively	in	Low	to	Medium	Earth	Orbit	for	the	first	one	(LEO-MEO)	
and	High	Earth	Orbit	for	the	second	one	(HEO)	where	charged	particles	created	through	
collisions	in	the	upper	atmosphere	preferably	end	up	after	interacting	with	the	Earth’s	
magnetic	 field	 lines.	Geiger	counters	had	already	been	 invented	at	 the	time	and	 it	was	
measured	that	astronauts	going	to	the	Moon	would	definitely	experience	some	radiation	
exposure,	but	nothing	lethal	in	the	considered	time	frame	[2].	The	second	one	usually	is	
linked	to	telecommunication	issues	as	radiation	can	be	as	harmful	for	electronics	as	for	
humans,	 and	 the	 one	 satellites	 in	 geostationary	 orbits	which	 are	 on	 the	 path	 of	 solar	
particles	 become	 easy	 targets	 when	 a	 flare	 occurs.	 This	 type	 or	 radiation	 is	 more	
commonly	 found	 far	 from	 the	 Earth’s	 vicinity,	 in	 what	 is	 called	 the	 Deep	 Space	
Environment,	 a	 region	 that	 includes	 all	 that	 exists	 except	 the	 Earth	 itself	 up	 to	 the	
boundary	limit	of	its	magnetosphere.		
	
However,	a	third	type	of	radiation	is	to	be	considered	as	people	will	start	exploring	further	
regions	of	our	 solar	 system	and	beyond:	Galactic	Cosmic	Rays	 (GCRs).	These	particles	
come	from	outside	our	solar	system	and	make	up	the	highest	radiation	threat	 in	Deep	
Space.	They	and	the	solar	particles	are	the	two	in	competition	when	it	comes	to	knowing	
which	one	to	preferably	shield	against	in	the	scope	of	this	study.	
	
	

2.1.2	Quantifying	the	risks	
	
Galactic	Cosmic	Rays	are	made	up	of	highly	energetic	particles	that	can	be	sorted	in	three	
main	groups:	mostly	protons,	but	also	alpha	particles	 (He4)	and	heavy	atoms	 (Z	>	2).	
These	particles	are	found	to	travel	nearly	at	the	speed	of	light,	explaining	their	enormous	
energy	levels	(E=mc^2)	[3].	Supernovae	are	events	which	could	realistically	generate	such	
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energetic	bursts	of	particles	and	are	considered	as	such	[4].	The	rarity	of	supernovae	and	
their	distance	from	our	solar	system	could	explain	the	scarcity	of	GCR.	Therefore,	Galactic	
Cosmic	Rays	 could	be	described	as	a	 constant	 flux	of	highly	energetic	particles	of	 low	
particle	density.	
	
Solar	 particles,	 on	 the	 contrary,	 would	 be	 described	 in	 their	 most	 harmful	 “form”	 as	
seldom	encountered	mildly	energetic	particles	of	high	particle	density.	 “Form”	 is	used	
here	to	differentiate	solar	wind,	a	constant	flux	of	low	density	and	low	energy	particles,	
from	solar	flares	(also	called	Solar	Particle	Events,	SPE)	which	is	the	form	considered	here	
and	in	the	remaining	of	this	study.	Solar	flares	are	created	through	Coronal	Mass	Ejections	
(CME),	the	process	through	which	the	Sun	expels	large	quantities	of	particles	in	the	form	
of	extremely	hot	and	densified	plasma	able	to	rip	off	part	of	the	Sun’s	magnetic	field,	a	
process	that	can	occur	as	regions	of	the	Sun’s	magnetic	field	start	to	protrude.	CME	can	
appear	once	every	week	up	to	several	a	day	following	the	Sun’s	cycles	[5].	
	
	

2.1.3	Particle	penetration	in	materials:	comparing	GCRs	and	SPEs	
	
In	 order	 to	 assess	 the	 possible	 harm	 to	 a	 spaceship	 and	 its	 space	 travellers,	 several	
experimental	 and	 simulation	 studies	 have	 been	 carried	 out	 [11]	 [17].	 They	 try,	 by	
comparing	 materials	 and	 particle	 energy	 levels,	 to	 figure	 out	 how	 much	 material	 is	
necessary	in	order	to	completely	stop	the	incoming	particles.		
	
When	displaying	the	radiation	shielding	properties	of	materials,	different	parameters	can	
be	considered.	One	could	simply	graph	the	radiation	protection	as	a	function	of	material	
thickness,	but	in	a	spacecraft,	it	is	not	so	much	the	volume	that	needs	to	be	reduced	but	
rather	 the	mass.	 In	 that	 case,	 one	would	 need	 to	 graph	 the	 radiation	 protection	 as	 a	
function	 of	 surface	 density	 (Figure	 1).	 This	 reveals	 consequent	 radiation	 shielding	
capabilities	among	common	materials	such	as	water	and	polyethylene	(used	in	common	
plastic	bags).		
	

	
	

Figure	1	–	Dose	reduction	from	SPE	for	usual	spacecraft	structure	and	EVA	suit	
materials.	Results	displayed	as	percentage	of	reduction	for	two	different	surface	

densities	[17].		
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A	reason	for	this	is	the	hydrogen	content	of	such	materials,	which	is	a	high	percentage	of	
the	total	molecule’s	structure.	The	hydrogen	atom	is	constituted	of	only	a	proton	and	an	
electron	 which,	 if	 ionized,	 would	 be	 a	 simple	 proton.	 Luckily,	 protons	 are	 the	 main	
constituent	 of	 primary	 radiation.	 Running	 them	 into	 a	 particle	 of	 similar	 size	 would	
dissipate	the	most	energy,	therefore	highlighting	the	efficiency	of	hydrogen	atoms	against	
solar	and	cosmic	radiation.	[6]	
	
Unfortunately,	primary	radiation	is	not	the	only	concern	here.	When	bumping	into	other	
heavier	atoms	(which	are	relevant	of	spacecraft	structures	and	of	the	very	atoms	of	our	
bodies),	 solar	 and	 cosmic	 particles	 have	 high	 enough	 energies	 to	 strip	 atoms	 of	 their	
elements,	creating	downhill	showers	of	newly	ionized	particles.	These	showers,	mostly	
neutrons,	are	called	secondary	radiation.	 In	 the	end,	 it	 is	a	certain	mix	of	primary	and	
secondary	radiation	that	reaches	the	organs	and	deposits	a	radiation	dose.	
	
Hydrogen	atoms	(protons)	and	secondary	radiation	(neutrons)	fortunately	bear	a	similar	
size,	 therefore	 enabling	 hydrogen-rich	 materials	 to	 shield	 against	 both	 protons	 and	
neutrons.	Hydrogen	would	also	not	generate	any	 free	neutron	due	 to	 its	 composition,	
nullifying	the	risk	for	secondary	radiation.	[6]	
	
	

2.1.4	Solar	cycles	vs.	GCRs	
	
As	has	already	been	stated,	the	Sun’s	activity	follows	a	cycle.	This	eleven-year	cycle	first	
sees	a	time	of	low	Sun	activity	where	the	Sun’s	magnetosphere	is	quite	stable	and	uniform.	
This	period	in	time	is	usually	noticed	by	the	scarcity	of	sunspots,	dark	regions	on	the	Sun’s	
surface	that	are	relevant	of	a	protruding	magnetic	 field	 loop	out	of	 the	surface.	On	the	
contrary,	as	the	Sun’s	activity	comes	to	a	peak	(solar	maximum),	the	number	of	sunspots	
increases	and	the	Sun	bears	more	and	more	instability	in	its	magnetic	field.	This	in	turn	
increases	the	risk	for	outbursts	and	solar	flares.	After	the	peak	and	a	sufficient	discharge	
of	particles,	 the	Sun	naturally	 comes	back	 to	 its	original	 state	and	 the	 cycle	 can	begin	
anew.	Aurorae,	which	are	a	manifestation	of	the	Sun’s	activity	in	the	upper	layers	of	the	
Earth’s	magnetosphere,	become	more	frequent	as	the	cycle	approaches	its	peak	and	are	
another	measurement	tool.	What	this	means	is	that	the	space	environment	around	the	
Earth	changes	over	the	duration	of	the	Sun’s	cycle.	More	generally,	the	environment	in	the	
entire	solar	system	changes	due	to	these	radiated	particles.	
According	to	measurements,	this	increase	in	solar	particles	in	the	interplanetary	medium	
has	an	effect	on	GCR:	 they	are	partially	blocked	and	fewer	cosmic	particles	are	able	 to	
reach	 the	 central	regions	of	 the	solar	system,	 the	Earth	 included	[7].	This	relationship	
between	solar	flares	and	GCR	could	become	a	mission	defining	factor.	
	
	

2.1.5	Strategy.	
	
More	secure	deep	space	exploration	missions	can	now	be	defined.	If	one	were	to	travel	
towards	the	Moon	or	Mars,	they	would	choose	to	preferably	shield	against	solar	particles	
which	were	 shown	 to	be	 stopped	 ‘easily’	by	 sufficient	material.	Therefore,	 they	would	
need	to	travel	at	a	time	when	GCRs	are	at	their	lowest	density.	The	perfect	timing	seems	
to	be	during	a	solar	maximum,	when	the	Sun’s	activity	is	able	to	block	part	of	the	incoming	
GCRs,	but	when	higher	energy	CMEs	have	more	probability	to	occur.	Travelling	exactly	on	
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the	path	of	a	solar	flare	is	quite	rare	and	no	constant	shielding	would	be	required,	but	
possibilities	 to	 build	 a	 shelter	 rapidly	 should	be	 included.	 Thanks	 to	 this	mission	 and	
spacecraft	configuration	(solar	maximum	with	storable	shelter),	it	is	possible	to	not	suffer	
from	immediate	and	long-term	health	consequences	when	travelling	through	Deep	Space.	
	
	
2.2	The	advent	of	radiation	shielding	space	suits	
	

2.2.1	The	cost	of	human	space	exploration	
	
The	current	understanding	of	physics	and	the	technological	possibilities	of	the	present	
time	allow	for	large	cargos	to	be	moved	around	the	globe	by	road,	rail,	boat,	airplane,	but	
no	rocket	can	carry	half	of	its	mass	in	payload	due	to	the	rocket	equation.	About	ninety	
percent	of	the	rocket’s	mass	is	lost	in	fuel	and	structure,	allowing	for	only	ten	percent	to	
be	 used	 as	 payload,	 therefore	 driving	 the	 total	 cost	 of	 launching	 anything	 into	 space	
upward.	Current	and	near	future	space	launch	systems	see	their	launch	cost	go	from	2700	
euros	 (SpaceX	 Falcon9)	 to	 10	000	 euros	 (NASA	 SLS)	 per	 kilogram	 [8]	 based	 on	 the	
reusability	 and	 payload	 capacity	 of	 their	 launcher.	 This	 means,	 in	 the	 context	 of	 the	
present	 study	 on	 solar	 radiation	 shielding,	 that	mass	 reduction	 is	 a	 key	 factor	 in	 the	
introduction	 of	 technical	 solutions.	 Ways	 to	 diminish	 the	 mass	 are	 either	 based	 on	
material	choice	or	system’s	volume.	
	
As	 introduced	 in	 1.1.3,	 the	 hydrogen	 content	 of	 a	material	 gives	 it	 its	 solar	 radiation	
shielding	efficiency	and	 liquid	hydrogen,	water	and	polyethylene	were	revealed	as	 top	
candidates.	However,	there	is	no	possibility	to	render	structures	capable	of	withstanding	
launch	stresses	with	these	materials.	Therefore,	one	would	have	to	embed	these	materials	
within	an	already	existing	structure	to	create	their	spacecraft.	One	could	otherwise	decide	
to	count	on	the	aircraft’s	structure	only:	sadly,	commonly	used	structural	materials	such	
as	 aluminium	 alloys	 perform	 poorly	 against	 radiation,	 even	 generating	 secondary	
radiations	 in	 the	 process.	 The	 only	 solution	 to	 combining	 structural	 and	 shielding	
properties	for	now	(Figure	2)	is	to	go	towards	more	‘exotic’	and	experimental	materials.	
A	 perfect	 candidate,	 showcased	 in	 Figure	 3,	 seems	 to	 be	 the	 boron	 nitride	 nanotube	
(BNNT)	 [9]	which	 can	 be	 hydrogenated	 to	 increase	 its	 shielding	 properties	 (HBNNT).	
BNNT	is	already	being	used	in	heat	shields	and	could	become	a	well	spread	lightweight	
structural	 and	 shielding	 material	 in	 the	 foreseeable	 future.	 Evidence	 of	 its	 radiation	
shielding	 capability	 could	 not	 be	 found	 for	 solar	 particles	 in	 literature	 but	 shows	
promising	capabilities	against	GCR	already	[10]	[11].	
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Figure	2	-	Materials	used	for	radiation	shielding,	structure,	and	both	[11]	
	

			 	
	

Figure	3	–	Aspect	of	BNNT:	comes	out	as	a	cotton	structure	which	can	be	spun	into	
BNNT	yarns	[9].	

	
	

Obviously,	even	the	best	shielding	material	needs	to	be	meticulously	implemented	as	to	
not	increase	the	mass	of	the	spacecraft	significantly.	One	could	in	this	case	try	to	reduce	
the	number	or	size	of	the	shielded	modules,	if	and	only	if	the	material	in	itself	imposes	
mass	drawbacks.	First,	the	crew	compartments	and	sleeping	quarters	would	have	to	be	
shielded	and,	then	only,	other	modules.	This	would	allow	the	crew	to	be	protected	for	at	
least	a	few	hours	a	day,	probably	even	cutting	by	half	the	radiation	exposure	due	to	GCR,	
or	give	them	full	protection	in	case	of	a	solar	flare	by	acting	as	a	shelter.	In	the	latter	case,	
shrinking	the	shelter	further	down	to	fit	a	human	body,	i.e.	transforming	it	into	a	suit,	not	
only	decreases	the	volume	to	a	minimum	but	makes	it	possible	for	astronauts	to	move	
around	 the	 station	 and	 still	 be	 protected.	 Thus,	 they	 would	 have	 the	 opportunity	 to	
answer	 other	 problems	 inside	 the	 spacecraft	 and	 possibly	 plan	 for	 evacuation	 while	
continuously	being	protected	in	the	process.	
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Therefore,	 suits	would	be	preferred	over	 fully	 shielded	modules	 to	protect	 from	solar	
radiation,	as	they	offer	a	lightweight	solution	against	this	threat.	Shielded	modules	might	
have	a	future	in	radiation	protection	if	a	strong,	lightweight,	structural	and	hydrogen	rich	
material	is	developed.	It	however	would	have	to	be	efficient	not	only	against	solar	flares	
but	also	against	cosmic	rays	to	make	the	best	use	of	this	constant	instalment	within	the	
spacecraft.	Otherwise,	permanently	deploying	a	structure	of	such	volume	and	mass	for	
protection	against	solar	flares	would	be	too	heavy	on	the	launch	budget.		
	
	

2.2.2	Which	necessary	features	should	be	present	in	a	suit?	
	
First	and	foremost,	a	radiation	shielding	suit	is	a	piece	of	garment	and	does	not	need	to	
be	pressurized	as	one	would	think	of	an	ordinary	spacesuit;	this	is	simply	an	additional	
layer.	It	is	worn	over	the	body	and	will	confront	the	user	to	changes	in	the	way	he/she	
moves	 and	 to	 thermal	 changes	 as	well.	 In	 addition,	 a	 piece	 of	 clothing	 has	 a	 defined	
textural	comfort,	practicability,	and	ease	of	deployment	(donning/doffing).	In	the	case	of	
a	radiation	shielding	suit,	 the	radiation	protection	should	be	considered	and	 impair	as	
little	as	possible	the	other	garment	requirements.	
	
Astronauts	in	a	spaceship	cruising	through	space	experience	weightlessness.	This	gives	
their	body	a	different	natural	position	than	the	one	they	would	have	on	Earth,	but	also	
provides	them	with	different	ways	to	move	around	and	perform	everyday	actions.	For	
instance,	astronauts	letting	loose	of	restraints	and	bar	handles	in	the	ISS	tend	to	see	their	
legs	move	upwards	as	their	knees	bend	a	little.	This	position	is	the	reference	in	spaceflight	
and	is	considered	as	the	minimum	effort	position.	Therefore,	space	suits	need	to	account	
for	 this	 in	 their	design.	Furthermore,	astronauts	would	use	their	arms	a	 lot	more	than	
their	 legs	 to	move	 from	one	place	 to	 the	other,	 leaving	 their	 legs	 and	 feet	 only	 to	 the	
actions	of	grabbing	onto	restraints.	For	this	reason,	mobility	and	flexibility	of	the	upper	
limbs	 is	 highly	 desirable.	 But	 this	 would	 not	 be	 the	 only	 flexibility	 requirement:	 if	
astronauts	are	required	to	stay	 in	 tiny	places	such	as	a	shelter	or	a	crew	module,	 they	
would	need	overall	flexibility	of	their	suit.	As	a	consequence,	the	suit	should	not	take	up	
too	much	space,	i.e.	should	not	be	too	thick.	If	necessary,	this	requirement	can	be	set	in	
front	of	the	need	for	light	suits	and	a	heavier	but	thinner	suit	could	be	considered.	
	
Considering	the	deployment	and	practicability	of	suit	changes	during	operations,	the	suit	
should	be	made	easy	to	put	on	(don)	and	take	off	 (doff)	while	giving	the	possibility	of	
having	several	configurations.	In	the	best	case,	the	suit	should	be	put	on	by	the	user	alone,	
without	the	help	of	the	others,	but	teaming	up	can	be	allowed	if	necessary	(example	of	the	
EVA	suits).	The	suit	should	be	set	ready	to	act	against	radiation	as	fast	as	possible	from	
stowage	 retrieval	 to	donning.	An	appreciated	 time	scale	would	be	of	one	hour	 for	 the	
entire	crew,	as	is	expected	in	the	Orion	Module	on	top	of	the	SLS	launcher	[12]	where	the	
crew	would	have	at	most	one	hour	to	reconfigure	its	supplies	into	a	viable	shelter.	In	that	
case,	at	least	one	of	the	crew	members	would	need	to	take	care	of	preparing	the	suits	if	
they	are	required.	In	addition,	bearing	several	configurations	means	that	the	suit	could	
evolve	depending	on	the	operational	needs.	If	the	incoming	radiation	is	gentle,	little	suit	
coverage	could	be	enough,	but	if	the	radiation	exposure	is	stronger	it	could	be	necessary	
to	increase	the	shielding	capability	of	the	suit.	Therefore,	the	suit	should	include	layers	or	
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scalable	volumes	and	possibly	change	shape	as	a	whole.	Only	the	choice	of	materials	and	
available	resources	will	drive	this	design	feature.	
	
Finally,	because	of	the	proximity	to	the	skin,	the	suit	should	be	thermally	comfortable	for	
the	user	after	immediate	and	long-term	use.	This	means	that	the	suit	should	not	be	too	
hot	or	cold	when	donned	and	should	release	enough	heat	to	keep	the	body	temperature	
at	a	comfortable	equilibrium,	meaning	that	it	should	not	accumulate	too	much	of	the	body	
heat	over	time.	A	unit	used	to	assess	the	comfort	of	a	thermal	equilibrium	of	clothes	is	the	
“clo”	[13].	It	represents	the	amount	of	clothing	that	a	person	would	need	in	order	to	feel	
thermally	comfortable	when	the	system	{human	+	environment}	has	reached	a	thermal	
equilibrium.	Everyday	clothes	have	measured	values	of	clo	and	piling	them	together	in	
the	 right	 manner	 can	 lead	 to	 proven	 comfort	 for	 the	 astronaut.	 Based	 on	 thermal	
resistivity	of	materials,	material	 thickness	spread	over	a	certain	area	of	 the	body	[14],	
environmental	 and	 body	 temperatures	 and	 individual’s	 activity	 (power	 consumption),	
the	 clo	 equilibrium	 of	 thermal	 comfort	 can	 be	 assessed.	 For	 example,	 an	 astronaut	
standing	 still	 or	 with	 minimum	 activity	 in	 a	 21°C	 environment	 will	 find	 comfortable	
thermal	equilibrium	at	1.08	clo.	With	its	usual	outfit	(shorts	and	a	t-shirt),	the	astronaut	
is	already	wearing	0.6	clo	worth	of	clothes.	An	additional	0.5	can	therefore	be	given	to	the	
radiation	shielding	suit.	If	the	suit	is	too	thick	or	covers	too	much	of	the	body	area,	this	
requirement	could	be	broken.	However,	solutions	are	available	and	common	in	human	
spaceflight	to	go	against	this	limitation	(see	part	1.2.4).	
	
	

2.2.3	State-of-the-art:	AstroRad	and	Perseo		
	
Two	 different	 state-of-the-art	 suit	 technologies	 are	 battling	 to	 shield	 astronauts	 from	
solar	radiations:		
	

• The	“AstroRad”	suit	[15]	from	the	Israelian	company	StemRad	and	the	Israelian	
Space	Agency	(ISA),	supported	by	Lockheed	Martin	and	DLR	on	their	 first	 flight	
test	on	the	NASA	Orion	EM-1	mission	around	the	Moon	in	late	2021	[16].	

	
• The	“PERSEO,	PErsonal	Radiation	Shielding	for	intErplanetary	missiOns”	suit	[17]	

from	the	Italian	Space	Agency	(ASI)	and	NASA,	which	has	recently	been	tested	on	
board	the	International	Space	Station	(ISS)	[18].	
	

AstroRad	is	a	Boron-HDPE	suit	which	weighs	26	kg	[19],	is	a	solid	block	of	material	with	
low	flexibility,	is	claimed	to	reduce	the	effective	radiation	dose	by	a	factor	of	two	inside	a	
spacecraft	[19],	is	easy	to	deploy	(“grab	and	wear”)	and	comes	in	one	only	configuration.		

	
Its	 mass	 and	 radiation	 protection	 were	 supposedly	 highly	 driven	 by	 the	 thermal	
conductivity	of	the	chosen	materials:	from	the	mass	of	the	suit	and	the	surface	area	of	a	
human	torso,	one	could	derive	the	thickness	of	the	suit	(3.5	cm)	and	find	out	that	it	fits	
exactly	 under	 the	 comfortable	 thermal	 limit	 of	 clothing	 (1.08	 clo	 on	 the	 ISS).	 Thus,	
StemRad	might	have	designed	AstroRad	by	 considering	 the	 thermal	 factor	 first,	which	
drove	the	average	material	thickness.	They	then	adapted	the	thickness	over	the	torso	to	
better	 shield	 highly	 sensitive	 organs	 (see	 Figure	 4),	 giving	 a	 factor	 of	 two	 in	 dose	
reduction	 (note	 that	 this	dose	 reduction	might	have	 been	 rounded	up	 since	 they	only	
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claimed	“around	2”,	page	8	in	[19]).	This	type	of	suit	geometry	will	later	be	referred	to	as	
“topographic”	design.	
	
Recent	improvement	of	the	suit	gives	it	more	flexibility	and	better	adaptability:	StemRad	
already	settled	for	having	layers	in	their	suit	which	can	slide	with	little	friction	on	top	of	
each	 other	 and	 offer	 a	wider	 range	 of	movement	 to	 the	 user.	 They	 are	 also	 currently	
working	on	a	retro-engineering	of	nature	with	a	pangolin	scales-like	structure	to	turn	the	
rigid	layers	into	truly	flexible	ones	as	pictured	in	Figure	5	[20].	StemRad	is	also	thinking	
about	 adding	 a	 layer	 of	 water	 in	 a	 bladder-jacket	 as	 final	 layer	 to	 their	 suit	 but	 no	
prototype	is	to	be	seen	at	the	moment,	only	drawings	[15].	The	layered	design	provides	
adaptability	to	the	suit	depending	on	the	intensity	of	the	incoming	radiation.	
	
Thus,	the	main	flaws	of	AstroRad	are	to	be	heavy	and	have	a	mono-purpose	of	its	material	
(no	 recycling	of	 the	Boron-HDPE),	 to	be	barely	 thermally	 comfortable,	 to	be	 rigid	 (for	
now),	to	only	bear	a	single	“jacket”	configuration,	and	to	take	up	a	certain	volume	when	
stored.	StemRad’s	design	process	and	R&D	also	seems	quite	expensive,	especially	with	the	
implementation	of	the	pangolin	scales	design	[20].	However,	the	suit	remains	quite	thin	
and	performs	better	than	a	fully	shielding	module.	
	
Finally,	its	radiation	protection	cannot	go	higher	due	to	the	thermal	constraints,	which	
limits	the	capabilities	of	the	suit.	

	

 
 

Figure	4	-	StemRad’s	topographic	suit	AstroRad	meant	to	better	shield	sensitive	
organs	(first	prototype).	

	

 
	

Figure	5	-	Pangolin	scales	design	to	be	implemented	on	the	new	AstroRad	prototype,	
while	keeping	its	topographical	design.	
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PERSEO	is	a	bladder-suit	to	be	filled	with	water,	which	is	the	based	on	the	same	principle	
as	the	FLARE	Suit	proposed	in	this	study.	Due	to	this	bladder	technology	the	suit	should	
be	rather	flexible	but	little	information	is	given	about	the	engineering	of	the	suit	in	their	
first	research	paper	[17]	while	the	second	one	only	showcases	a	last-minute	adaptation	
for	an	ISS	mission	[18],	which	should	not	be	taken	into	account	engineering	wise;	it	would	
not	be	the	final	design	of	the	PERSEO	suit.	The	only	true	designs	are	seen	from	their	3D	
simulations	in	Figure	6	and	the	choice	of	materials	used	for	the	containment	of	the	water	
elements	 (HDPE,	 aluminium,	 Kevlar)	 [17].	 These	 garment	 materials	 could	 go	 against	
proper	flexibility,	but	the	benefit	of	the	doubt	is	left	to	further	publications.	
	
The	suit	proposed	in	their	simulation	has	a	water	content	of	35	kg	and	a	total	mass	of	37-
38.3	kg,	the	mass	of	garment	being	therefore	2-3.3	kg	[17].	This	is	an	order	of	magnitude	
less	than	AstroRad	at	launch.	

	
In	 terms	of	radiation	protection,	 the	research	on	PERSEO	aimed	for	a	reduction	of	 the	
effective	radiation	dose	by	a	factor	of	two	and	thus	falls	into	the	same	protection	range	as	
AstroRad.	Considering	the	better	shielding	capability	of	HDPE,	the	average	thickness	of	
PERSEO	set	at	4	centimetres	is	consistent	with	thickness	values	obtained	on	AstroRad.	
Furthermore,	the	suit	follows	the	thermal	constraint	while	being	a	little	more	thermally	
comfortable	than	AstroRad	with	a	thickness	at	thermal	equilibrium	of	4.2	centimetres.	
	
To	operate	the	suit,	longer	time	than	AstroRad	is	needed:	one	needs	to	fill	the	suit	before	
wearing	it	and,	based	on	the	volume	of	the	suit	and	the	water	supply	rate	in	the	ISS,	twenty	
minutes	would	be	necessary	for	one	suit	[18]	which,	for	a	typical	crew	of	four	people	on	
the	Orion	module,	would	be	just	over	the	limit	for	deployment	time	duration.	This	stays	
reasonable	but	could	be	improved.	
	
Finally,	PERSEO	can	be	designed	for	extra	vehicular	activity	scenarios	around	a	spacecraft	
where	an	astronaut	would	wear	the	suit	under	his/her	EVA	space	suit	and	thicknesses	of	
water	for	such	a	protective	suit	were	derived	as	well,	expanding	the	scope	of	operations.	
	
	

	
Figure	6	-	PERSEO	suits	harbouring	different	garment	materials	as	developed	for	

radiation	simulation	[17].	
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Therefore,	based	on	their	current	work,	the	main	flaws	of	PERSEO	are	to	only	bear	a	single	
suit	configuration	which	cannot	be	adapted	based	on	the	incoming	radiation	forecast	and	
to	be	barely	thermally	comfortable.	However,	the	suit	remains	quite	thin,	can	probably	be	
stored	in	restricted	volumes,	makes	use	of	on	board	resources	and	performs	better	than	
a	fully	shielding	module.	The	first	flown	prototype	is	shown	in	Figure	7.	
	
	

 
 

Figure 7 - PERSEO suit as designed for its first test on the ISS: the original geometry was 
traded for a simple design as a preliminary step to check the operation time requirements 

when filling and emptying the suit and the overall astronaut’s comfort [18]. 
	
	

2.2.4	What	else	to	consider:	how	can	these	designs	be	expanded?		
	
Considering	 the	 drawbacks	 of	 the	 suit	 designs	 that	 are	 PERSEO	 and	 AstroRad,	 some	
comments	and	improvements	could	be	introduced.	
	
First,	water	can	dissipate	heat	slightly	better	than	HDPE	which	is	an	asset	for	PERSEO,	but	
its	most	important	feature	is	to	be	a	liquid	in	this	case,	meaning	that	one	could	induce	
water	circulation	inside	the	PERSEO	suit	to	bleed	off	part	of	the	heat	continuously.	This	is	
constantly	done	inside	EVA	suits	in	which	the	astronaut	would	otherwise	simply	generate	
too	much	heat	power	compared	to	what	can	be	radiated	into	outer	space.	In	the	PERSEO	
suit,	water	could	be	pulled	from	the	outermost	layers	and	driven	towards	the	innermost	
ones,	continuously	mixing	the	water	and	providing	longer	operational	periods	before	the	
unbearable	 thermal	 equilibrium	 is	 reached.	 Then,	water	 could	 be	 exchanged	with	 the	
spaceship’s	water	system	which	stays	around	ambient	temperature	and	the	cycle	could	
begin	anew.	With	such	a	water	cooling	capability,	a	thicker	amount	of	water	could	then	
be	added	to	the	suit	before	it	becomes	unbearable.	This	means	that	the	water	suit	is	not	
limited	in	terms	of	radiation	shielding	and	can	grow	at	will.	Special	care	must	still	be	put	
into	the	actual	physical	wearability	and	freedom	of	movement	of	the	suit.	
	
Note	 that	 a	 water	 cooling	 vest	 could	 be	 worn	 below	 the	 AstroRad	 suit	 as	 well	 but	 this	
requires	another	piece	of	technology	while	in	the	case	of	PERSEO,	and	consequently	the	case	
of	the	FLARE	suit,	water	circulation	could	be	a	feature	of	the	suit.	
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Second,	water	should	be	considered	as	the	primary	component	and	associated	with	the	
most	 lightweight	bladder-garment	possible.	This	would	give	extreme	storability	 to	 the	
suit	and	increased	flexibility.	However,	it	is	mandatory	that	the	suit	is	protected	against	
accidental	puncture	and	the	perfect	material	for	this	seems	to	be	HBNNT	which	can	be	
processed	 as	 spools	 of	 string	 and	 then	 into	 fabric.	 Not	 only	 would	 they	 be	 puncture	
resistant,	 but	 this	 little	 amount	 could	 better	 the	 radiation	 shielding	 capability	 of	 the	
FLARE	suits.	Unfortunately,	this	material	is	still	rather	experimental	and	expensive,	but	
improvements	are	being	made	in	this	direction.	
	
Nonetheless,	mixing	water	 to	 soluble	 substances	 could	 be	 foreseeable.	 As	 exposed	 in	
section	1.1.3,	secondary	particles	(neutrons)	could	be	generated	if	sufficiently	energetic	
incoming	particles	hit	the	atoms	of	the	spacecraft’s	structure.	In	this	case,	the	reference	
value	for	comparing	atoms	is	the	neutron	absorption	cross-section	which	determines	the	
ability	of	an	atom	to	block	a	neutron.	This	radius	is	highly	sensitive	to	the	energy	of	the	
incoming	neutron	and	atoms	that	are	efficient	at	blocking	low	energy	neutrons	are	usually	
inactive	 against	 high	 energy	 ones.	 When	 looking	 through	 the	 spectrum	 of	 neutron	
energies	 in	Figure	8	[21],	 the	most	 capable	elements	 seem	 to	be	sodium	and	chloride,	
respectively	for	lower	and	higher	energy	neutrons.	Therefore,	salty	water	in	a	suit	worn	
within	a	spacecraft	could	both	shield	efficiently	from	primary	particles	(mostly	protons)	
but	 also	 from	 the	 neutrons	 that	 have	 been	 created	when	 protons	 interacted	with	 the	
spacecraft’s	structure.	
	

	
Figure	8	–	Neutron	blocking	cross	section	of	a	few	relevant	materials	as	a	function	of	the	

energy	of	the	incoming	neutron	particle.	Superimposed	graphs	from	[21].	
	

	
Third,	different	geometries	could	be	envisioned	for	the	FLARE	suit	in	order	to	adapt	to	
the	human	body	over	time	and	over	different	radiation	intensities,	other	than	a	layered	
solution.	The	topographical	design	of	the	AstroRad	suit	seems	possible	to	counter	with	a	
water-filled	suit	as	 it	would	probably	be	easier	 to	increase	the	overall	 thickness	to	 the	
maximum	needed	instead	of	accommodating	each	layer	to	the	organs	underneath.	This	
allows	for	uncertainties	in	the	organs’	placement	and	exchangeability	of	the	suits	between	
crew	members.	However,	if	truly	needed,	topographical	shapes	could	be	implemented	as	
patches	on	top	of	the	suit	instead	of	directly	shaping	the	suit’s	layers.	These	patches	could	
in	addition	be	continuously	adjustable	over	time.	
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Lastly,	a	new	approach	to	operations	with	the	suit	could	be	implemented	in	the	scope	of	
human/machine	collaboration,	a	situation	that	will	be	more	and	more	present	as	human	
spaceflight	evolves	along	with	current	technologies.	
	
	

2.2.5	The	Flare	Suit:	a	viable	design?	
	
Expanding	 the	 results	 of	 AstroRad	 and	 PERSEO	 in	 terms	 of	 comfort	 and	 radiation	
protection,	plus	taking	into	account	new	procedures	and	the	biological	effects,	the	FLARE	
suit	(Fluidic	Laminated	Attire	for	Radiation	Events)	can	be	defined.	
	
The	FLARE	Suit	uses	the	same	principle	as	PERSEO	but	adds	a	few	design	features	(better	
defined	in	context	in	Annexe	1):	
	

• Water	 circulation	 against	 heat	 and	 possible	 higher	 radiation	 protection	 using	
greater	water	thicknesses	(thanks	to	water	circulation).	

	
• Multi-layers	 to	 be	 adaptable	 to	 the	 scenario	 (different	 storm	 intensities,	

operations,	water	levels,	and	crew	number),	like	everyday	clothes	would	do:	a	shirt	
in	summer,	warmer	clothes	in	winter.		

	
• For	the	first	proposed	FLARE	Suit	design:	use	a	simple	jacket	design.	

	
• For	 the	 second	 proposed	 FLARE	 Suit	 design:	 use	 the	 quasi-unidirectional	

behaviour	of	the	incoming	solar	radiation	and	design	a	suit	with	redistribution	of	
the	water	elements	around	the	body,	especially	with	increased	thickness	of	water	
on	one	side	that	will	face	the	incoming	radiations,	a	foreseeable	strategy	for	next-
generation	spacecraft	(Figure	9).	
è The	second	design	can	be	obtained	from	the	 first	design	by	taking	the	 front	

layers	and	putting	them	on	the	back	for	example,	so	that	the	suit	can	rapidly	be	
reconfigured.	

	

          
 
Figure 9 – Strategy of NASA’s Orion module which would orientate itself towards the source 
of solar radiation to take full advantage of its shelter capability, emphasizing the feasibility of 

redistribution of the FLARE suit’s elements over a single side of the body [22]. 
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• Patches	of	extra	suit	material	(Figure	11)	to	adapt	to	the	shift	of	the	internal	organs	
and	the	elongation	of	the	spine	during	extended	space	flights	(if	truly	needed).	

	
• Lightweight	 design,	 the	 main	 materials	 used	 for	 the	 suit	 being	 low	 density	

polyethylene	(LDPE)	and	HBNNT.	The	bladder-garment	made	out	of	LDPE	would	
be	held	in	place	with	external	or	internal	restraints	(respectively	seen	in	pressure	
suits	 and	 inflatable	mattresses)	so	 that	 the	organs	 stay	 shielded	as	designed	 to	
when	astronauts	move	and	transfer	their	momentum	to	the	suit.	Such	a	suit	would	
be	completely	hollow	and	thus	very	lightweight	(estimated	maximum	of	1	kg	for	a	
full	multi-layered	suit).	In	addition,	the	suit	would	flexible	and	relatively	easy	to	
manufacture	(known	technologies).		

	
• Highly	foldable	to	take	up	as	little	space	as	possible	when	stored.	

	
• Addition	of	salt	(NaCl)	in	the	water	in	some	layers	of	the	suit	to	better	shield	from	

secondary	 radiation.	This	 is	 a	 careful	 increase	of	mass	 that	benefits	 the	overall	
effectiveness	of	the	suit,	which	will	still	be	lighter	than	AstroRad:	a	PERSEO	suit	
would	 for	 example	 require	 10,8	 kg	 of	 salt	 to	 be	 fully	 saturated,	 which	 is	 only	
around	 40%	 of	 the	 mass	 of	 AstroRad.	 In	 the	 case	 of	 the	 FLARE	 Suit,	 only	 the	
innermost	layers	would	be	saturated,	bringing	this	mass	down.		Furthermore,	in	
the	case	of	a	suit	implementation	for	Mars	missions,	Mars	brines	could	be	used	for	
direct	 salt	 supply.	 Validation	 of	 this	 material	 content	 requires	 radiation	
simulations	(section	3.3.1).		

	
In	practice,	the	multiple	layers	of	the	suit	could	be	organised	as	follows:	first	layers	
of	salted	water	and	second	layers	of	pure	water	as	pictured	in	Figure	10.	The	suit	
shields	 the	 torso	and	pelvis,	 and	 the	head	 in	 the	worst	 cases	 (see	Annexe	2	 for	
further	details	on	targeted	body	regions).		
	
	

	
	

Figure	10	-	Examples	of	FLARE	Suit:	salted	water	layers	in	green,	pure	water	layers	in	
white.	
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Figure	11	-	Final	layer’s	adjustable	“organ	elements”.	
	
	
However,	 the	 salted	water	 poses	 a	 threat	 to	 the	 pipes	 and	 to	water	 quality	 for	
future	use	if	the	water	is	released	back	into	the	spacecraft	after	use	in	the	suit.	For	
this	reason,	a	filter	needs	to	be	inserted	between	the	salt	storage	for	the	suit	and	
the	water	system	of	the	spacecraft.	On	the	way	in,	the	water	would	dissolve	the	salt	
and	spread	it	inside	the	suit.	On	the	way	out,	the	salt	would	be	filtered	from	the	
water	and	gathered	back	to	its	original	storage	place	(Figure	12).	Considered	filters	
could	be	made	out	of	boron	nitride	nanotubes	(BNNT)	or	graphene,	whose	tiny	
intricate	structures	could	hold	the	salt	and	let	go	of	the	water	[9].	This	point	needs	
to	 be	weighted	 along	with	 the	 effectiveness	 of	 the	 radiation	 protection	 of	 salty	
water	to	conclude	on	the	use	of	such	a	technical	solution.	
	

	
	

Figure	12	-	Water	way	in	/	way	out	with	proposed	solution	for	salt	filtering.	
	

	
• EVA	scenario	 for	 the	Moon	and	Mars,	 involving	a	 carriage	of	water	 either	on	 a	

ground	vehicle	or	a	rover.		
	
Other	than	this,	the	FLARE	Suit	will	be	flexible,	allow	for	a	wide	range	of	motion,	and	will	
be	as	rapidly	deployable	as	PERSEO.	
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3	-	Human	models	for	radiation	simulations	
	
3.1	The	need	for	human	phantoms	in	space	radiation	simulations	
	

3.1.1	Complement	previous	work	
	
In	Cologne	where	this	thesis	work	was	conducted,	part	of	the	SpaceShip	EAC	research	is	
focused	on	radiation	shielding.	Since	the	creation	of	this	research	group	in	2012,	one	of	
the	primary	goals	has	been	to	reuse	as	much	of	the	resources	of	the	Moon	as	possible,	
which	is	called	In-Situ	Resource	Utilisation	(ISRU).	The	Moon	soil	(scientific	term	being	
“regolith”)	would	for	example	be	processed	via	microwaves	or	concentrated	sunlight	and	
sintered	into	solid	rock	layers	(Figure	13)	in	order	to	3D-print	Moon	habitats	[23].	This	
would	be	done	by	robots	prior	to	human	arrival	on	ground.		
	

					

	
	

Figure	13	-	Moon	regolith	simulant	EAC-1	on	the	left,	solar-sintered	regolith	on	the	right.	
	
In	 the	 best-case	 scenario,	 the	 regolith	 would	 provide	 both	 structure	 and	 radiation	
protection.	The	latter	has	been	assessed	in-house	by	simulating	a	simple	inflatable	Moon	
habitat	 covered	 in	 regolith,	 somewhat	 similar	 to	 the	 one	 in	 Figure	 14,	 in	 which	 two	
humans	were	standing	[24].	Due	to	the	early	research	stage	and	the	lack	of	accessible	3D-
human	models	 at	 EAC	 at	 that	 time,	water	 cylinders	were	 used	 to	model	 the	 humans	
(Figure	15).	This	initiative	provided	enough	details	to	compare	different	thicknesses	of	
regolith	in	terms	of	their	radiation	shielding	effect,	but	no	specific	human	factors	could	be	
concluded.	For	 this	 reason	alone,	 it	would	be	advantageous	 to	use	a	3D-human	model	
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(called	“phantom”)	in	order	to	go	further	with	the	development	of	Moon	habitats	at	ESA.	
Both	studies	on	Moon	habitats	 covered	 in	 regolith	 conducted	at	 SpaceShip	EAC	prone	
towards	the	use	of	phantoms	[24]	[25].	
	

	
	
Figure	14	-	CAD	design	of	an	inflatable	Moon	habitat	covered	in	regolith	–	the	habitat	is	

blown	from	the	module	on	the	right	which	acts	as	an	airlock.	
	

	
Figure	15	-	Excerpt	from	both	previous	SpaceShip	EAC	GCR	radiation	simulation	of	a	

Moon	habitat	covered	in	regolith.	The	human	phantoms	are	replaced	by	water	cylinders	
seen	as	rectangles	in	the	left	picture	[24]	and	circles	in	the	right	one	[25].	

	
	

3.1.2	Accommodate	a	fitted	suit	design	and	improve	medical	accuracy	
	
In	 addition	 to	 complementing	 previous	work	 carried	 out	 on	 space	 habitats,	 a	 human	
phantom	would	be	useful	and	even	necessary	when	designing	a	suit.	Indeed,	the	suit	could	
be	 created	 to	 fit	 the	 body	 and	 better	 assessment	 of	 the	 amount	 of	material	 could	 be	
performed.	The	 interactions	between	 incoming	particles,	 the	suit	 and	 the	body	organs	
could	also	be	better	simulated	due	to	the	addition	of	fully	organized	organs	and	relative	
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placement	of	suit	volumes	over	these	organs.		Furthermore,	the	effect	of	organs	shielding	
each	other	and	the	body	orientation	 in	regard	to	the	 incoming	solar	particles	could	be	
studied	 and	 discussed.	 Then,	 radiation	 exposure	 would	 be	 accessible	 for	 each	 organ	
separately	and	the	acute	or	long-term	radiation	effects	could	be	decomposed	to	general	
body	 regions	 (see	part	2.2.3).	Therefore,	 to	simulate	 the	 suit	designed	 in	 the	previous	
paragraphs,	a	3D	human	phantom	is	required.	
	
	

3.1.3	 Go	 beyond	 the	 accuracy	 of	 previous	 research	 on	 space	 radiation	
shielding	suits	
	
Among	 the	 two	 state-of-the-art	 suits	 that	 are	 PERSEO	 and	 AstroRad,	 only	 Perseo	 has	
disclosed	 their	 radiation	 simulations	 and	 the	utilised	 phantom.	 From	 their	 first	 paper	
[17],	 it	 can	be	noticed	 that	 the	ORNL	stylised	phantom	 is	being	used	on	 the	 radiation	
simulation	software	Geant4	 [36].	 Stylized	phantoms	make	use	of	simple	3D	geometric	
shapes	 in	order	 to	 represent	 the	organs	which	 is	quite	 restrictive	 considering	 current	
technologies	and	does	not	properly	model	the	true	human	morphology.	Using	a	phantom	
that	takes	root	from	real	life	physiological	data	and	is	able	to	model	the	morphology	at	
the	best	of	accuracy	would	be	recommended	to	go	further	in	the	development	of	the	suit.	
	
With	the	improvements	of	modern	medicine,	it	is	now	possible	to	scan	a	full	body	step	by	
step	in	slices	via	a	process	called	CT	scanning	(computerized	tomography	scanning).	CT	
scanning	uses	computers	and	rotating	X-ray	machines	to	create	cross-sectional	images	of	
the	body.	Pictures	taken	from	different	angles	are	then	sent	to	a	computer	where	they’re	
combined	to	create	 images	of	each	slice.	When	combined,	 the	slices	can	create	the	 full	
image	of	the	entire	body.	These	slices	come	out	with	a	certain	image	resolution	(they	are	
pixelated)	and	can	be	used	to	develop	a	phantom	called	“voxel	phantom”.	These	phantoms	
are	made	up	of	cubic	entities	called	voxels	(volumetric	pixel)	which	come	from	a	thick	
pixelated	slice	from	a	CT	scan.	Each	voxel	is	set	to	one	organ	nature	and	groups	of	voxels	
of	 similar	organ	nature	are	 combined	 to	 create	organs.	These	phantoms	are	 therefore	
more	 accurate	 compared	 to	 the	 stylised	phantoms,	 but	 their	 resolution	 still	 limits	 the	
details	of	the	organ	boundaries.	Therefore,	some	small	details	are	lost	and	organs	have	
non-consistent	boundaries	which	can	sometimes	cut	them	in	half	in	a	narrow	region.	
	
There	is	however	a	way	to	reconstruct	voxel	phantoms	by	hand	and	transform	the	voxels	
into	polygons,	which	offer	better	modelling	of	curves	and	small	details.	One	would	have	
to	 reshape	 the	 organs	 one	 by	 one,	 taking	 consideration	 of	 other	 resources	 (pictures,	
scans)	and	adapting	the	designs	to	closer-to-real	proportions.	These	phantoms	are	the	
next	generation	of	anthropomorphic	phantoms	and	are	being	slowly	 introduced	at	 the	
moment.	
	
Based	on	the	availability	of	open-source	phantoms,	the	voxel	phantom	is	preferred	and	
the	selected	one	is	described	in	the	following	section.	
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Figure	16	-	Stylized	human	phantom	on	the	left	(ORNL	[26]),	voxel	human	phantom	in	
the	middle	(ICRP	110	human	male	phantom	[27])	and	polygon	human	phantom	on	the	

right	(research	work	based	on	ICRP	110	[28]).	
	

	
3.2	Interface	with	the	chosen	human	phantom		
	

3.2.1	The	ICRP	Human	Male	and	Female	Phantoms	
	
The	International	Commission	on	Radiological	Protection	(ICRP)	has	disclosed	their	110th	
publication	“Adult	Reference	Computational	Phantoms”	in	2009	[27],	following	a	need	for	
voxel	human	phantoms	based	on	the	“Basic	Anatomical	and	Physiological	Data	for	Use	in	
Radiological	 Protection	Reference	Values”	 (publication	 ICRP	89	 [34]).	 The	 publication	
ICRP	110	describes	the	characteristics	of	the	developed	computational	voxel	phantoms	
and	their	intended	use.	As	exposed	in	the	previous	paragraph,	these	voxel	phantoms	are	
based	on	real	medical	data	gathered	from	CT	scans,	later	adjusted	to	match	the	references	
values	set	in	publication	ICRP	89.	One	hundred	and	forty-one	organs	can	be	found	in	each	
phantom	definition	and	the	mass	and	volume	for	each	organ	is	registered	in	publication	
ICRP	89	as	well	as	biological	actors	relevant	to	radiation	exposure.	
	
The	publication	ICRP	110	was	published	along	with	two	sets	of	five	files	each	to	create	
both	male	 and	 female	 phantoms.	 In	 details,	 three	 files	 give	 the	 biological	 details	 and	
composition	of	blood	(AM_blood.dat),	organs	(AM_media.dat),	bones	(AM_spongiosa.dat).	
The	fourth	one	provides	the	full	list	of	voxels	generated	to	build	the	3D	human	phantom	
(AM.dat),	and	finally	 the	 last	 file	(AM_organ.dat)	bridges	the	set	of	voxels	 to	 the	set	of	
organs	to	allow	for	allocation	of	the	materials	to	the	volumes	(see	section	2.2.2).		
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Figure	17	–	ICRP	110	male	voxel	phantom	with	preview	of	the	internal	details.	
	
	

3.2.2	The	FLUKA	software	
	
The	 FLUKA	 software	 is,	 as	 its	 creators	 call	 it,	 “a	 fully	 integrated	 particle	 physics	
MonteCarlo	 simulation	package.	 It	has	many	applications	 in	high	energy	experimental	
physics	 and	 engineering,	 shielding,	 detector	 and	 telescope	 design,	 cosmic	 ray	 studies,	
dosimetry,	medical	physics	and	radio-biology”	[29].	In	practice,	FLUKA	allows	the	user	to	
build	a	geometrical	world	or	environment	 that	 is	defined	as	 the	 space	of	 study	and	 in	
which	particles	are	set	to	interact	with	matter.	In	the	case	of	this	study,	the	geometrical	
environment	 is	 the	 ISS	module	 Columbus	 in	which	 a	 human	 is	 standing,	 the	 particles	
originate	from	the	Sun	and	the	matter	is	the	spacecraft	and	the	human.	
	
In	FLUKA,	the	construction	of	the	environment	is	done	via	cards	that	are	placed	one	after	
another	and	act	as	functions	in	a	basic	computer	program.	Each	card	requires	some	input	
value	or	 file	and	delivers	 its	results	 to	 the	rest	of	 the	code.	The	cards	have	to	 follow	a	
predefined	order	for	the	simulations	to	be	run	[30].	
	
The	FLUKA	environment	has	to	be	set	as	follows:	
	

- Voxel	Geometry	
In	this	section,	the	user	introduces	a	Voxel	card	which	requires	a	.vxl	file	input.	When	a	
voxel	card	is	introduced,	the	region	in	space	where	the	voxel	sits	becomes	allocated	(see	
“spatial	 regions”	 below).	 Voxels	 are	 introduced	 directly	 in	 FLUKA	 when	 a	 voxel	 CAD	
design	has	been	performed	outside	of	the	software	and	would	require	too	long	time	or	
would	be	too	difficult	to	reproduce.	
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- Structural	Geometry	
Based	 on	 basic	 3D	 and	 2D	 shapes	 provided	 within	 FLUKA	 (cubes,	 spheres,	 cuboids,	
cylinders,	ellipsoids,	planes,	etc),	the	user	sets	boundaries	to	the	domain.	These	elements	
are	non-volumetric	and	only	act	as	shells	in	order	to	border	spatial	regions.	
	

- Spatial	Regions	
From	the	structural	geometry,	regions	can	be	created	through	union	and	intersection	for	
the	most	part.	The	user	selects	some	of	the	different	shapes	introduced	and	the	united	or	
intersected	region	becomes	a	rigid	body.	Usually,	the	user	has	to	construct	the	elements	
of	 interest	 this	way	 (here	 the	Columbus	module)	but	also	the	near	environment	 (here	
vacuum)	and	the	region	out	of	the	domain	of	simulation.	In	the	latter	region,	no	calculation	
will	 be	 performed	 and	 the	 domain	 will	 be	 considered	 as	 out	 of	 the	 frame	 of	 the	
experiment.	
	

- Compounds	and	Materials	
Since	 matter	 is	 involved	 in	 the	 physics	 interaction	 of	 particles,	 the	 materials	 present	
within	 the	 added	 regions	 have	 to	 be	 set	 and	 the	 possible	 compounds	 as	well.	 FLUKA	
gathers	most	of	the	elements	from	the	periodic	table	and	recognizes	the	addition	of	non-
available	ones.	Materials	can	then	be	created	by	mixing	elements	in	weight	or	ratio	and	
compounds	are	built	from	ratios	of	materials.	
	

- Material	Allocation	
Once	the	geometries	have	been	set	to	be	volumetric	and	the	materials	have	been	defined,	
the	 material	 allocation	 allows	 FLUKA	 to	 finally	 display	 the	 regions	 in	 3D	 space.	 This	
process	requires	regions	to	be	mated	to	one	material	or	compound.	
	

- Sensors	
Placed	over	regions	or	boundaries,	the	sensors	allow	a	simulation	to	gather	results.	When	
placed	over	a	region,	sensors	can	calculate	the	radiation	exposure	in	terms	of	radiation	
dose	whereas	when	placed	over	a	boundary,	sensors	can	count	the	number	or	particles	
crossing	it.	Seventy-nine	sensors	are	available	in	a	single	FLUKA	simulation.	
	

- Source	of	radiation	
Finally,	there	would	not	be	any	particle	simulation	without	a	source	of	radiation.	In	the	
case	of	this	study,	the	source	is	an	input	Fortran	code	generated	via	Matlab	which	uses	
Monte	 Carlo	 algorithms	 in	 order	 to	 randomize	 the	 direction,	 energy	 and	 ion	 of	 the	
incoming	radiation.	This	code	was	taken	from	previous	work	on	radiation	at	the	EAC.	
	
	
As	seen	here,	it	is	impossible	to	measure	the	radiation	exposure	of	each	organ	separately	
within	a	single	simulation	since	only	seventy-nine	sensors	are	available	across	the	entire	
simulation	environment	whereas	a	hundred	and	forty-one	organs	were	identified	in	the	
ICRP	phantoms.	Two	solutions	can	be	envisioned:	run	twice	as	many	simulations	while	
splitting	the	organ	labels	in	two	groups,	or	merge	some	similar	organs	under	one	same	
sensor	and	not	consider	the	organs	that	are	not	relevant	for	acute	radiation	syndromes.	
The	second	option	is	preferred	since	it	would	limit	the	simulation	run	time	and	reduce	
the	 discussion	 on	 organ	 exposure	 to	 relevant	 targets	 afterwards.	 For	 this,	 detailed	
understanding	of	the	biological	factors	is	necessary.		
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3.2.3	Biological	factors	and	organ	groups	
	
Space	radiations	can	come	in	different	shapes	as	stated	in	the	introduction.	Some	are	a	
constant	flux	of	particles	while	others	are	seldom,	some	are	highly	energetic	while	others	
are	only	mildly	energetic.	In	this	section	it	is	the	duration	of	the	radiation	exposure	that	
counts	 as	 astronauts	 can	 suffer	 from	 rather	 acute	 or	 long-term	 effects	 which	 are	
drastically	different	to	the	body.	
	

	
	

Figure	18	–	Equivalent	dose	required	per	organ	group	in	order	to	trigger	specific	
radiation	sickness	effects	[18].	

	
	
The	acute	effects	are	bound	to	a	sudden	high-density	exposure	and	usually	lead	to	what	
is	called	radiation	sickness.	The	targeted	person	would	experience	near	immediate	effects	
throughout	their	body,	in	regions	that	depend	on	the	intensity	of	the	radiation	exposure	
(Figure	18).	Six	main	organ	groups	are	threatened	 in	case	of	acute	radiation	exposure,	
hereafter	ranked	from	weakest	to	strongest	against	radiation:	the	gastrointestinal	tract	&	
respiratory	system,	the	circulatory	system,	the	blood	forming	organs,	the	central	nervous	
system,	the	eye	lens	and	the	skin.	In	reality,	only	the	four	firsts	have	the	most	risk	to	occur	
within	a	spacecraft	due	to	the	somewhat	reduced	radiation	levels.	Note	that	the	following	
symptoms	 were	 never	 experienced	 by	 any	 astronauts	 during	 a	 mission	 and	 are	 only	
extrapolations	of	what	acute	space	radiation	sickness	could	generate	based	on	historical	
data	on	massive	radiation	exposures	(Hiroshima,	Nagasaki,	Chernobyl,	Fukushima).	
	
The	 gastrointestinal	 tract	 gathers	 the	 oral	 cavity	 (Figure	 19),	 pharynx,	 tongue,	
oesophagus,	 stomach,	 small	 intestine,	 colon,	 rectum,	 pancreas,	 liver,	 duodenum,	 gall	
bladder,	and	associated	glands.	The	respiratory	system	gathers	the	nasal	cavity,	larynx,	
trachea,	lungs,	bronchi	and	diaphragm.	Within	the	gastrointestinal	tract	and	respiratory	
system,	 being	 exposed	 to	 acute	 radiation	means	 destruction	 of	 the	 organ	 tissues	 and	
intense	bleeding	that	leads	to	blood	vomiting	and	defecation.	It	could	be	compared	to	a	
very	intense	internal	sunburn.	In	the	advent	of	such	effects,	the	person	would	rapidly	lose	
lots	of	water	and	blood	and	could	have	difficulties	to	breathe.	The	damaged	tissues	would	
then	become	an	easy	pray	for	infections	but	ultimately,	the	bleeding	in	itself	could	trigger	
a	shock	reaction	to	the	body,	eventually	leading	to	death.		
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Figure	19	-	Gastrointestinal	tract	(left)	and	respiratory	system	(right).	[32]	[33]	
	
The	 circulatory	 system	 would	 suffer	 from	 the	 same	 effects	 and	 consequences	 as	 the	
gastrointestinal	tract	and	respiratory	system	as	blood	would	not	be	able	to	flow	normally	
within	the	damaged	veins	and	arteries,	plus	 the	blood	would	suffer	 from	a	 loss	 in	 red	
blood	cells	which	originally	prevent	diseases.	
	
The	blood	forming	organs,	which	refers	to	the	active	red	bone	marrow	inside	our	bones,	
is	the	creation	site	of	red	blood	cells.	Not	every	bone	carries	a	region	of	active	red	bone	
marrow	and	most	of	it	is	located	in	the	pelvis	(19,5%),	followed	by	the	thoracic	vertebrae	
(15,3%),	the	ribs	(15,2%),	the	lumbar	vertebrae	(11,7%)	and	then	the	sacrum	(9,4%)	at	
age	 25	 [34].	 If	 a	 sufficient	 amount	 of	 these	 sites	 is	 damaged,	 the	 already	 circulating	
damaged	red	blood	cells	cannot	be	replaced	and	the	immune	system	will	eventually	fail	
indefinitely.	 This	 case	 of	 acute	 radiation	 sickness	 cannot	 be	 reversed	 as	 for	 the	 two	
previous	 ones	 (in	 theory,	 if	 the	 bleeding	 is	 not	 too	 intense)	 and	 the	 astronaut	would	
succumb	from	accumulated	illness	in	only	a	few	days.	
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Figure	20	-	Increasing	levels	of	shielding	over	the	blood	forming	organs.	
	
The	 central	nervous	system	gathers	 the	brain,	 spinal	 cord	and	 the	nerves.	 If	 sufficient	
acute	 radiation	 exposure	 is	 encountered,	 the	 astronaut	 could	 lose	 consciousness	 and	
experience	repeated	seizures,	once	again	eventually	leading	to	death	in	just	a	few	hours.	
	
The	lens	would	suffer	from	cataract	and	impair	the	astronaut’s	vision	(Figure	21).	
	
	

	
	

Figure	21	-	Healthy	eye	with	clear	lens					–					Lens	clouded	by	cataract.	
	
The	skin,	the	largest	organ	of	the	human	body,	would	be	the	last	to	suffer	from	radiation	
exposure	as	it	requires	one	and	half	times	as	much	radiation	as	for	the	lens	and	six	times	
as	much	as	the	blood	forming	organs	[18].	In	case	of	radiation	exposure,	the	skin	would	
suffer	from	gradual	sunburn	of	ever	increasing	intensity,	leading	to	rash,	skin	peal	and	
lacerations,	causing	in	the	latter	case	a	similar	effect	than	for	the	gastrointestinal	tract	and	



 29 

respiratory	 system.	 The	 skin	 cells	 being	 stronger	 in	 comparison	 to	 the	 internal	 organ	
tissues,	these	effects	only	appear	when	radiation	levels	skyrocket.	
	
These	regions	form	the	core	of	organs	that	would	react	in	a	so-called	radiation	sickness	
effect.	Other	organs,	even	if	not	as	predominantly	dangerous	on	a	short	time	scale,	would	
suffer	from	the	acute	radiation	levels.	For	this	reason,	they	were	added	to	the	organs	to	
be	recorded	during	the	computer	simulations.	Among	them:	the	urinary	system,	genital	
organs,	breasts,	glands,	the	immune	system	and	muscles.	
	
Left	 over	 are	 then	 the	 peripheral	 parts	 of	 the	 limbs	which	 do	 not	 contain	 any	 of	 the	
important	organs	and	very	little	red	bone	marrow	(<1%),	inactive	bone	in	the	rest	of	the	
body	 (i.e.	 other	 that	 red	 bone	 marrow),	 organ	 contents	 except	 blood	 (they	 are	 soon	
evacuated	by	the	body),	and	residual	tissue.	
	
Selecting	only	these	regions	and	merging	similar	organs	into	the	same	sensory	region	in	
FLUKA,	a	decrease	from	141	to	60	sensors	is	obtainable,	just	under	the	software’s	limit	of	
79	sensors.	A	few	additional	sensors	can	therefore	be	added	to	count	incoming	particles	
crossing	on	the	surface	of	the	skin	for	example.	The	used	and	unused	regions	are	listed	in	
detail	in	Annexe	2.	
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4	–	Construction	of	the	simulation	environment	
	
4.	1	The	outside	world	
	

4.1.1	One-dimension	world	
	
To	 be	 able	 to	 rapidly	 gauge	 the	 average	 thickness	 of	 the	 suit	 for	 a	 certain	 radiation	
protection	level,	a	sample	test	has	to	be	performed.	This	test	would	rather	be	set	in	a	1D	
environment,	to	accelerate	the	simulation	process.	
	
In	the	present	test	configuration,	radiation	is	beamed	from	a	single	point	and	direction	
onto	 layers	 of	 material	 representative	 of	 the	 Columbus	 module’s	 structure	 (MMOD	
shielding	and	hull,	Figure	23)	before	reaching	a	varying	thickness	of	water	and	finally	a	
skin	sample	(Figure	22).	The	skin	keeps	a	constant	distance	of	two	meters	with	respect	to	
the	Columbus’	structure	and	the	water	volume	is	always	adjacent	to	the	skin,	whatever	
water	thickness	might	be	chosen	for	a	given	simulation	test	run.	The	skin	is	here	defined	
with	 an	 arbitrary	 thickness	 and	 surface	 area	 to	 provide	 a	 reference	 value	 for	 future	
normalization	of	the	results.	The	radiation	dose	is	measured	over	the	entire	skin	volume	
and	can	only	provide	comparative	results	between	a	shielded	astronaut	and	a	naked	one.	
Confronting	these	comparative	results	to	radiation	doses	measured	in	a	spacecraft	would	
help	define	the	necessary	thickness	for	the	water	suit.	However,	a	first	decision	could	be	
taken	on	 the	 time	variable	 thanks	 to	 this	preliminary	1D	simulation:	 a	dose	 reduction	
percentage	 can	 be	 equated	 to	 a	mission	duration	 increase	 percentage.	 For	 instance,	 a	
water	suit	resulting	in	fifty	percent	dose	reduction	would	enable	astronauts	to	stay	for	
twice	as	long	in	an	unprotected	area	of	the	spacecraft.		
	
	

	
	
Figure	22	–	1D	simulation	setup.	In	reality,	the	beam	has	no	thickness	and	the	particles	

are	generated	from	the	same	entry	point.	
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The	 materials,	 compounds	 and	 thicknesses	 used	 to	 create	 the	 MMOD	 shield	 (Micro-
Meteroid	and	Orbital	Debris)	and	hull	of	the	Columbus	module	are	listed	in	Table	1.	The	
atoms	and	compounds	used	to	create	the	skin	are	listed	in	Table	2.		
	

	
Figure	23	–	Columbus	module’s	structure.	Prim,	Sec,	and	Ter	form	the	first,	second	and	

third	layers	of	the	MMOD	shield	[35].	
	
The	water	layer	varies	between	thicknesses	of	zero	to	twenty	centimetres.	Pure	water	and	
salt-saturated	water	are	being	tested	to	assess	the	increase	in	efficiency	(salt	mass	ratio	
=	23.3%,	achieved	at	-21.1°C,	maximum	saturation	possible).	
	

	
	

Table	1	–	Columbus’	structural	materials	and	content	detail	[35].	
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Note:	NexTel	650	is	a	ceramic	fibre	material	composed	of	Al2O3	(89%),	Zr02	(10%)	and	Y203	
(1%).	
	

	
	

Table	2	-	Skin	content	details	(from	ICRP	110	data	[27]).	
	
Incoming	solar	particles	taken	from	Spenvis’ Xapsos	2000	model	of	October	1989	[31]	are	
being	randomized	thanks	to	a	Matlab-written	Monte	Carlo	algorithm	which	picks	random	
energies	and	ions	for	the	predefined	solar	spectrum.	This	is	performed	five	times	to	gather	
as	many	particles	as	possible	(x5).	A	million	of	these	randomized	particles	are	then	sent	
in	the	direction	of	the	Columbus	module	for	each	water	thickness	(x21),	five	other	times	
to	make	use	of	the	built-in	Monte-Carlo	algorithm	of	Fluka	(x5),	all	this	twice	(one	for	pure	
water,	 the	other	 for	 salted	water).	This	 sums	up	 to	5x5x21x2	=	1050	runs	 in	order	 to	
produce	the	data	showcased	in	section	3.3.1.	
	
	

4.1.2	Three-dimension	world	
	
A	more	precise	simulation	would	take	place	in	a	3D	environment,	including	a	model	of	the	
Columbus	module	and	a	 full	human	phantom	to	gather	proper	data	over	 the	different	
organs	and	better	assess	the	true	biological	impact	of	the	incoming	solar	radiation.	
	
The	3D	Columbus	module	sports	the	same	materials	and	thicknesses	as	the	1D	one.	It	is	
modelled	as	simple	concentric	cylinders	of	diameters	and	heights	listed	in	Table	3.		
	

	
	

Table	3	–	Radius	and	length	of	each	layer	of	the	modelled	Columbus	module	[35].	
	
The	human	phantom,	ICRP	Male	or	Female,	can	be	located	anywhere	in	the	Columbus	and	
in	any	orientation	by	orientating	the	Columbus	itself.	Sixty	dose	sensors	are	introduced	
within	the	organs	selected	as	detailed	in	Annexe	2.	Additional	sensors	can	be	added	to	
count	the	number	of	incoming	particles	if	desired	(not	the	case	here).	
	
The	solar	particles	are	generated	as	for	the	1D	simulations	except	for	their	direction	and	
entrance	point.	They	are	indeed	generated	randomly	(via	Matlab	Monte-Carlo	algorithm)	
on	a	sphere	surrounding	the	Columbus	module,	with	randomized	direction	of	travel.	Note	
that	any	particle	has	to	enter	 the	sphere	after	generation	and	cannot	be	set	 to	directly	
escape	in	this	context.	The	sphere	has	a	radius	of	five	metres.	
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Racks	can	be	implemented	as	well	to	better	represent	the	equipment	present	in	a	module	
dedicated	to	experiments	or	to	supplies	(Figure	24).	
	

	
	
Figure	24	–	Human	phantom	centred	inside	the	Columbus	module	with	and	without	

racks.	The	sphere	where	the	particles	are	generated	is	not	shown	here.	
	
	
4.2	The	voxel	suit	
	

4.2.1	Limitations	in	FLUKA	
	
As	seen	in	part	2.2.2,	it	is	possible	to	create	volumes	and	regions	in	FLUKA	thanks	to	basic	
intersection,	union	or	subtraction.	Therefore,	the	ideal	way	to	create	any	piece	of	clothing	
on	 top	of	 the	 voxel	 phantom	would	 be	 to	 create	 a	 volume	 for	 the	 suit	 (a	 cylinder	 for	
example)	and	to	subtract	the	voxel	geometry,	leaving	only	the	difference:	the	suit	over	the	
phantom.	However,	 this	would	be	misunderstanding	the	reality	of	 the	voxel	 file	which	
does	not	only	showcase	the	human.	Indeed,	the	voxel	file	being	a	3D-matrix,	the	resulting	
cuboid	 (Figure25)	 cannot	 only	 sport	 organ	 voxels:	 a	 large	majority	would	 instead	 be	
empty	 or	 air	 (noted	 0	or	1)	 and	 should	 be	 allocated	 the	material	 air	 or	 vacuum.	 This	
material	allocation,	which	pre-exists	as	the	voxel	 file	 is	 loaded	 into	FLUKA,	 forbids	the	
intended	 cylinder/human	 voxel	 subtraction	 and	 instead	 creates	 a	 cylinder/cuboid	
subtraction.	The	material	added	to	represent	 the	suit	can	never	be	 in	contact	with	the	
human	and	completely	loses	its	purpose.	Thus,	it	is	impossible	to	generate	the	suit	on	top	
of	the	voxel	phantom	with	this	general	method.		
	
Note:	This	method	would	be	totally	useful	when	designing	a	shelter,	a	sleeping	compartment,	
modules	and	infrastructures	in	general,	and	should	be	considered	as	the	preferred	method	
in	those	cases.	
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Figure	25	-	Rendering	of	the	human	female	voxel	phantom	confined	inside	her	cuboid	
space.	

	
Alternative	 solutions	 to	 the	problem	of	 suit	 generation	 in	 the	 simulation	environment	
would	be	to	find	another	open	source	phantom	or	modify	the	voxel	file	to	incorporate	the	
suit.	 The	 first	 solution	 was	 set	 aside	 because	 of	 the	 availability	 or	 lack	 thereof	
documentation	 accompanying	 other	 phantoms,	 plus	 the	 very	 restricted	 use	 of	 other	
phantoms	on	a	global	scale.	The	ICRP	phantoms	seemed	to	be	the	most	used	and	quite	
literally	the	“official”	designated	phantoms	for	use	in	radiation	simulations,	even	if	some	
experimental	 phantoms	 showed	promising	 accuracy	 in	 their	modelling.	Modifying	 the	
initial	voxel	file	was	therefore	guessed	to	be	the	better	solution.	
	
	

4.2.2	Design	in	Matlab	
	
The	procedure	to	redesign	the	initial	ICRP	voxel	phantom	files	was	set	to	be	executed	on	
Matlab,	 for	 ease	 of	 use	 and	 direct	 visualisation	 possibilities	 (3D	 plot	 functions).	 The	
concept	was	 to	open	 the	 raw	voxel	data	 through	Matlab	and	add	suit	 voxels	on	 top	of	
regions	of	the	skin	which	required	it.	The	detailed	procedure	was	designed	as	follows:	
	

- Download	the	raw	.dat	file	from	the	ICRP	110	publication.	This	file	is	a	2D	matrix	
of	arbitrary	dimensions.	

	
- Open	 the	 file	 in	 Matlab	 and	 transform	 it	 into	 a	 3D	 matrix	 with	 dimensions	

consistent	 with	 the	 row,	 column	 and	 slice	 numbers	 provided	 in	 the	 ICRP	 110	
publication.	The	phantom	could	here	be	plotted	coherently.	

	
Window	targeting	

- Check	 for	empty	and	air	voxels	(number	0	or	1)	and	add	to	a	vector	the	voxels	
which	are	adjacent	 to	an	organ	voxel	(any	number	 from	2	to	141)	by	recording	
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their	 row/column/slice	 coordinates.	Then,	by	choosing	a	 target	window	of	 row	
and	slice,	which	creates	a	window	in	front	of	the	phantom,	it	is	possible	to	set	the	
empty	voxels	from	the	previous	vector	to	a	new	material	(number	142)	that	will	
be	 the	 suit	 material,	 by	 intersecting	 their	 coordinates	 with	 the	 window	
coordinates.	The	suit	is	now	one	voxel	thick	on	top	of	the	body	regions	targeted	
through	the	window.	Repeating	this	process	and	adding	the	number	142	to	the	
group	of	organ	voxels	allows	the	suit	to	grow	thicker	and	thicker.	

	
- Or:	Choose	a	target	window	in	front	of	the	phantom	(row	&	slice)	and	go	through	

the	 columns	one	by	one	until	 an	air	or	empty	voxel	 (numbers	0	or	1)	 is	 found	
adjacent	 to	an	organ	voxel.	Set	a	new	material	 for	 this	voxel	(number	143)	and	
continue	on	for	every	column.	As	the	“working	voxel”	number	143	is	not	included	
in	 the	organs	voxel	 group,	 the	 suit	will	 only	build	 itself	 around	organs	and	not	
around	newly	introduced	working	voxels,	which	means	the	suit	will	not	turn	into	
a	cuboid	after	a	few	layers.	However,	before	repeating	the	process	it	is	necessary	
to	set	the	newly	created	working	voxels	to	a	suit	material	number	(142)	that	needs	
to	appear	within	the	organs	voxel	group.	From	then,	the	program	will	add	layers	
on	top	of	the	previous	ones	and	the	suit	will	grow	thicker	and	thicker.	

	
Organ	targeting	

- Choose	an	organ	number	(n°80	for	example)	and	go	through	every	voxel	 in	 the	
matrix.	 On	 the	 side,	 create	 a	 vector	 that	will	 gather	 each	 new	 set	 of	 row/slice	
coordinates	 from	 the	voxels	 found	 to	be	 representative	of	 the	number	80.	This	
vector	 is	 saving	 the	 position	 of	 the	 voxels	 80	 in	 a	window	 in	 the	 shape	 of	 the	
projected	 organ	 in	 front	 of	 the	 phantom.	 Once	 the	window	 is	 fully	 created,	 go	
through	each	of	its	columns	one	by	one	until	an	air	or	empty	voxel	(numbers	0	or	
1)	is	found	adjacent	to	an	organ	voxel.	Set	a	new	material	for	this	voxel	(number	
143)	and	continue	on	for	every	column.	However,	before	repeating	the	process	it	
is	necessary	 to	 set	 the	newly	 created	working	voxels	 to	a	suit	material	number	
(142)	that	needs	to	appear	within	the	organs	voxel	group.	From	then,	the	program	
will	 add	 layers	 on	 top	 of	 the	 previous	 ones	 and	 the	 suit	will	 grow	 thicker	 and	
thicker	 over	 the	 targeted	 organ.	 Note	 that	 this	 program	 can	 be	 set	 for	 several	
organs	at	a	time.	

	
- Based	on	 the	organ	and	window	 targeting,	 it	 is	possible	 to	 target	body	 regions	

behind	a	window	while	not	going	over	certain	organs.	This	turns	out	extremely	
useful	if	one	wants	to	separate	the	torso	from	the	arms,	the	legs	and	the	head	for	
example,	because	each	of	these	regions	hold	a	different	voxel	number	for	similar	
organs	(the	skin	for	instance).	It	therefore	becomes	fairly	easy	to	target	only	the	
torso	by	setting	the	window	to	the	whole-body	dimensions	and	excluding	the	voxel	
numbers	characteristic	of	the	skin	in	the	arms,	the	legs	and	the	head.	This	method	
can	also	help	target	internal	organs	that	are	partially	shielded	by	others:	in	that	
case,	one	might	want	to	only	add	suit	material	over	the	unprotected	part	of	 the	
organ,	thus	needing	this	subtraction	method.	

	
- One	feature	that	can	be	added	to	the	organ	targeting	is	a	dilatation	in	order	to	not	

only	shield	from	a	frontal	position	but	adjust	for	a	certain	angle	of	attack	for	the	
incoming	 radiations.	 This	 dilatation	 can	 be	 as	 simple	 as	 widening	 the	 organ	
window	vector	set	above,	or	can	be	calculated	from	the	angle	of	attack,	knowing	
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the	distance	between	the	 internal	organ	and	the	 front	side	of	 the	cuboid	empty	
space	where	the	window	is	drawn	(the	latter	program	was	not	built	in	this	thesis	
work).	

	
Note	that	other	restrictions	can	be	added	in	order	to	design	particular	suits	such	as	capes	
(only	target	voxels	that	follow	an	organ	number)	or	patches	over	the	organs	(only	target	the	
voxels	that	precede	an	organ	number).	The	windows	can	also	be	made	to	appear	from	the	
sides,	the	bottom	and	the	top	if	necessary.	
	

- Check	with	the	3D-plot	function	that	each	suit	element	has	been	added	to	the	right	
place	and	that	no	gaps	were	created	between	the	phantom	and	the	suit.	

	
- Transform	the	modified	3D-matrix	back	to	its	2D	shape	and	export	as	a	.dat	file.	

The	voxel	phantom	is	now	ready	to	be	processed	by	FLUKA	(.dat	->	.vxl	and	read).	
	
With	this	set	of	functions,	it	is	possible	to	build	a	simple	water	suit	such	as	the	FLARE	suit	
but	also	more	complicated	suits	such	as	EVA	suits,	which	require	higher	care	when	placing	
the	elements.	This	is	where	the	use	of	Matlab	becomes	relevant	because	of	easily	available	
display	tools	such	as	3D-plot.	They	simply	need	to	be	linked	to	a	function	that	will	turn	
the	voxel	numbers	into	cubes	before	plotting	them,	otherwise	the	phantom	can	only	be	
seen	as	a	3D	cloud	of	points	with	the	normal	function.	
	
Note:		due	to	the	spatial	resolution	of	the	voxels	(reminder:	2*2*8	mm^3),	some	intricate	suit	
details	would	be	difficult	to	render	when	designing	EVA	suits.	
	
	
5	-	Results	and	discussions	
	
5.1	One-dimension	simulations	
	
Figure	26	compares	the	normalized	values	for	equivalent	radiation	dose	between	varying	
amounts	of	pure	water	and	salt-saturated	water,	from	zero	to	twenty	centimetres.	Three	
main	outcomes	should	be	considered	from	these	results.		
	
First,	the	equivalent	radiation	dose	is	reduced	in	both	cases,	with	a	steep	start	and	slope-
attenuation	 as	 the	 thickness	 grows	 larger.	 This	 attenuation	 in	dose	 reduction	 is	 to	 be	
linked	to	the	energy	deposition	within	the	water	layer	itself:	the	thicker	the	water	layer,	
the	more	the	particles	have	time	to	deposit	energy	and	the	less	particles	manage	to	escape.	
Therefore,	with	an	overall	reduced	density	of	particles	reaching	the	skin	for	higher	water	
thicknesses,	a	small	 increase	 in	water	 thickness	does	not	 impact	 the	radiation	dose	as	
much	as	for	the	first	few	centimetres.	
Second,	 a	 water	 layer	 of	 four	 centimetres	 is	 necessary	 to	 reach	 the	 dose	 reduction	
targeted	by	AstroRad	and	Perseo,	i.e.	double	protection.	This	value	is	consistent	with	their	
personal	results	presented	in	1.2.3.	
	
Third,	 salt-saturated	 water	 does	 increase	 the	 efficiency	 of	 the	 water	 shield,	 with	 an	
average	gain	in	water	layer	thickness	of	five	millimetres	in	order	to	protect	equally	with	
pure	water	and	salt-saturated	water.	This	would	for	example	decrease	the	FLARE	suit’s	
volume	 from	35	 to	 30.6	 litres	 in	 case	 of	 a	double-protection	 suit,	 except	 the	 suit	 now	
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weighs	35.7	kg,	of	which	10.8	kg	are	salt.	This	can	be	considered	as	rather	non-prolific	
and	counter-productive	as	the	suit	is	now	heavier,	with	very	little	thickness	reduction	and	
with	added	risks	to	the	pipes	and	water	recycling	due	to	salt	contamination.	This	solution	
that	seemed	promising	at	first	would	therefore	not	be	the	most	suited	in	the	case	of	intra-
vehicular	activity	during	a	solar	flare.	Primary	radiation	can	be	suggested	to	be	of	too	low	
energy	 to	 rip	 neutrons	 off	 of	 the	 spacecraft’s	 atoms,	 thus	 generating	 too	 little	 down-
showering	 neutrons	 to	 shield	 from	with	 the	 added	 salt.	 Higher	 particle	 energies,	 for	
examples	 found	 in	 GCR,	 could	 however	 hypothetically	 express	 the	 need	 for	 salt	 in	
radiation	shields.	
	

	
	

Figure	26	–	Normalized	equivalent	dose	from	incoming	solar	protons	as	a	function	of	the	
water	shield’s	thickness	(in	centimetres).	In	blue,	results	for	pure	water;	In	yellow,	

results	from	salt-saturated	water.	
	
	
5.2	The	FLARE	Suit	and	three-dimension	simulations	
	
In	 practice,	 the	 Matlab	 code	 was	 first	 tested	 on	 a	 made-up	 phantom	 of	 very	 limited	
dimensions	to	be	able	to	render	the	suit	and	the	phantom	within	short	time	via	the	voxel	
plot	function,	which	takes	considerably	longer	time	than	a	standard	3D-plot.	The	phantom	
had	 been	 created	 and	 the	window	 targeting	was	 performing	 just	 fine	when	 using	 the	
second	described	technique,	only	after	introduction	of	the	“working	voxel”	(number	143)	
which	prevented	the	body’s	curvature	to	turn	into	a	cuboid	as	more	and	more	suit	layers	
were	introduced.	

(cm) 
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To	try	out	the	organ	targeting	code,	a	small	heart	was	placed	inside	the	phantom	with	a	
voxel	number	different	from	the	rest	of	the	body.	Thanks	to	the	code,	the	heart	was	being	
located	and	projected	onto	the	front	side	of	the	voxel	cuboid	and	suit	elements	were	being	
added	 on	 top	 of	 the	 body	 onto	 this	 spot.	 Dilatation	 of	 the	 organ	 protection	was	 also	
performed	by	asking	Matlab	to	add	a	certain	amount	of	width	introduced	by	calling	out	a	
quantity	of	voxels	to	be	added.	No	dilatation	using	angles	has	been	performed	since	the	
code	was	already	providing	enough	design	possibilities	to	start	building	the	suit	on	top	of	
the	real	ICRP	phantoms	and	be	creative.	
	
Problems	started	occurring	when	trying	to	transfer	this	Matlab	program	onto	the	ICRP	
phantom	and	the	code	has	unfortunately	never	been	tested	in	this	case.	Reasons	for	this	
do	not	depend	on	 the	 suit	 code	 in	 itself	but	on	 the	 structure	of	 the	 raw	 input	 .dat	 file	
(dimensions)	and	on	the	way	Matlab	converts	it	 into	a	3D	matrix.	At	 this	moment	was	
available	one	working	ICRP	male	phantom	file	that	was	displayable	in	FLUKA	along	with	
the	ICRP	89	and	110	publications	and	the	raw	.dat	file	that	could	at	least	be	opened	and	
read	in	Matlab.	It	was	therefore	possible	to	manually	count	the	number	of	voxels	per	row,	
column	and	slice	in	FLUKA	and	to	compare	these	numbers	with	the	information	found	in	
the	publication	n°110	and	the	voxel	count	that	Matlab	was	giving.	Rapidly,	it	was	noticed	
that	none	of	these	numbers	matched	up	and	it	was	supposed	that	the	encoding	of	the	.dat	
file	was	compromised.		
The	 .dat	 file	 consists	 of	 a	 simple	 2D-matrix	 file	 but	 the	 last	 row	which	 is	 incomplete	
(twelve	voxels	instead	of	sixteen)	is	still	counted	as	a	full	row	by	Matlab	which	then	cannot	
process	the	file	into	a	3D-matrix	and	is	stuck.	When	adding	the	missing	four	voxels	into	
the	.dat	file	(four	empty	voxels	only	here	to	compensate	in	this	problem),	Matlab	is	finally	
able	to	convert	the	file	into	a	3D-matrix,	showcasing	the	results	in	Figure	27	(viewed	from	
a	selected	side).		
	

	
	

Figure	27	–	Convoluted	3D	human	phantom	in	Matlab,	side	view.	
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Figure	28	–	Isolated	sample	of	convoluted	phantom	side	to	side	with	the	Fluka	
equivalent.	

	
When	looking	more	thoroughly	into	this	picture,	one	could	understand	that	each	of	the	
256	elements	shown	repeatedly	describe	 the	almost	exact	 same	shape:	 a	human	male	
viewed	from	the	side,	isolated	in	Figure	28.	These	256	human	phantoms	are	convoluted	
versions	of	the	bigger	one,	as	if	the	original	phantom	had	been	spilt	16	times	horizontally	
and	16	times	vertically.	Re-structuring	the	matrix	to	account	for	this	convolution	should	
allow	the	phantom	to	be	displayed	coherently	and	the	voxel	suit	to	be	built	on	top	of	it.	
This	work,	out	of	the	scope	of	this	study	due	to	time	limitation	on	the	Master’s	thesis,	is	
the	 final	 necessary	 step	 to	 simulating	 the	 voxel	 human	phantom	 inside	 the	 Columbus	
module	under	 incoming	 solar	 radiation.	Therefore,	 the	process	of	 creating	a	viable	3D	
environment	 for	 simulations	 of	 a	 voxel	 human	 phantom	 inside	 the	 Columbus	 under	
incoming	solar	particles	is	incomplete,	yet	close	to	completion	at	the	point	of	writing	this	
report.	
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6	-	Conclusion	
	
Engineering	 and	 designing	 for	 space	 comes	 with	 some	 requirements	 that	 need	 to	 be	
validated.	 In	 the	 case	 of	 this	 study	 on	 solar	 radiation	 protection,	 a	 reduction	 of	 the	
radiation	level	as	low	as	reasonably	achievable	was	necessary.	It	required	to	consider	the	
total	mass	and	volume	of	the	solution,	for	operations	and	for	launch	from	Earth	towards	
its	 zone	 of	operations:	Deep	 Space.	 A	 fitted,	 anthropomorphic	 radiation	 shielding	 suit	
carrying	water	as	primary	element	was	deemed	to	constitute	the	best	solution	to	allow	
maximum	reduction	of	volume	(easily	foldable	and	storable	when	empty),	mass	(due	to	
the	reuse	and	recycling	of	on	board	water	supplies),	thermal	comfort	(thanks	to	water	
circulation),	 motion	 allowance	 (flexible	 design),	 radiation	 threat	 protection	 and	
adaptation	(multi-layered	suit),	and	ease	of	operation	(emergency	filling,	no	need	to	carry	
its	water	weight	at	all	time).	
	
A	certain	body	coverage,	first	of	the	torso,	then	pelvis	and	finally	head,	was	channelled	
from	the	acute	biological	 effects	of	solar	 radiation	on	 the	human	body.	This	 led	 to	 the	
avoidance	of	unnecessary	suit	coverage	over	the	 limbs	which	do	not	contain	sufficient	
amounts	of	fundamentally	precious	organs,	and	to	the	on-site	modification	of	the	‘jacket’	
suit	configuration	into	a	‘cape’	to	better	protect	the	core	body	regions	when	wandering	
for	longer	time	in	unprotected	areas	of	a	spaceship	or	during	EVAs.		
	
A	quick	guess	was	made	concerning	the	addition	of	salt	within	the	water	volumes	of	the	
suit	 to	 increase	 the	 protection	 against	 secondary	 neutron	 radiation,	 but	 simulations	
proved	the	increase	to	be	of	too	low	margin	and	mixed	with	too	high	engineering	suffering	
from	added	salt-filtering	and	 launch	mass	 to	be	of	 any	 consequent	 improvement	over	
state-of-the-art	 products.	 Therefore,	 pure	 spacecraft-recycled	 water	 in	 low	 mass	
polyethylene	 bladder	 garments	 reinforced	with	 layers	 of	HBNNT	on	 top	make	 up	 the	
solution	resulting	from	this	paper.	
	
Radiation	simulation	results,	all	gathered	from	one-dimensional	setups,	provide	the	first	
estimates	of	radiation	protection,	showcasing	a	fifty	percent	decrease	in	equivalent	dose	
inside	a	reference	spaceship	(taken	to	be	the	ISS	Columbus	Module)	with	four	centimetres	
of	water	on	top	of	the	skin.	This	result	was	found	to	be	consistent	with	the	mean	values	
collected	from	the	PERSEO	suit,	also	using	water	as	primary	element,	and	provides	new	
confirmation	of	their	results.	
	
The	three-dimensional	setup,	although	not	fully	built	in	the	timeframe	of	this	thesis	work,	
provides	sufficiently	advanced	groundwork	for	future	research	at	the	EAC	which	already	
plans	on	using	the	newly	acquired	and	configured	ICRP	110	voxel	human	phantoms	to	
enhance	their	simulations	on	regolith-covered	Moon	bases.	Changes	to	the	sensors	choice	
(based	on	relevant	body	regions)	will	have	to	be	made	to	account	for	different	radiation	
effects	if	one	plans	on	studying	GCR	instead	of	SPE,	but	these	changes	should	be	minor.	
The	suit-generation	code	itself,	even	if	not	functional	on	the	ICRP	110	phantoms	at	this	
point	 in	 time,	 could	 allow	 for	 detailed	 suit	 design	 and	 considerably	 complexify	 the	
simulation,	possibly	 to	 the	point	of	being	able	 to	 shape	an	EVA	suit	 in	addition	of	 the	
FLARE	suit	and	run	simulation	and	more	diverse	environments	and	scenarios.	Knowing	
if	the	FLARE	suit	design	is	relevant	in	more	cases	than	other	state-of-the-art	solutions,	
especially	suits,	will	bring	insight	on	its	potential	to	become	a	global	solution	in	future	
Deep	Space	travels.		
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Appendices	
	
	
Annexe	1:	Configurations	based	on	mission	location	(Moon,	Mars,	Near	and	Deep	
Space)	
	
The	 FLARE	 Suit	 can	 supposedly	 be	 used	 in	 9	 different	 scenarios,	 some	 extensively	
depicted	in	the	following	paragraphs,	from	Low-Earth	Orbit	(LEO)	to	Mars:		

- Radiation	protection	against	solar	particles	on	the	ISS	or	any	other	LEO	habitat,		
- Radiation	protection	against	trapped	particles	when	crossing	the	Van	Allen	Belts,		
- Radiation	 protection	 against	 solar	 particles	 in	 a	 spacecraft	 with	 no	 radiation	

shelter,		
- Radiation	 protection	 against	 solar	 particles	 in	 a	 spacecraft	 with	 non-sufficient	

radiation	shelter,		
- Radiation	protection	against	solar	particles	when	navigating	out	of	the	radiation	

shelter	in	a	spacecraft,		
- Radiation	protection	against	solar	particles	when	navigating	on	the	Moon	or	Mars’	

surface	along	with	a	ground	vehicle	
- Radiation	protection	against	solar	particles	when	navigating	on	the	Moon	or	Mars’	

surface	along	with	a	cooperative	rover	
- Radiation	protection	against	solar	particles	when	performing	an	EVA	in	space	

	
Context	A:	Four	astronauts	are	orbiting	the	Moon	on-board	the	Deep	Space	Gateway	when	
suddenly	a	coronal	mass	ejection	(CME)	is	being	observed	from	satellites	around	Earth.	
The	CME	is	quickly	being	categorized	and	now	seems	to	be	moving	towards	the	Earth	at	
high	speeds.	It	has	sufficient	kinetic	energy	to	reach	the	Earth’s	orbit	in	about	five	hours.	
	
1st	case	scenario:	the	spacecraft	is	equipped	with	a	shelter	and	the	storm	is	not	too	
strong.	
The	call	is	given	by	the	ground	station	for	one	astronaut	to	start	filling	the	FLARE	Suits	
while	the	three	others	reorganise	the	supplies	inside	the	Orion	module	to	build	a	radiation	
shelter.	The	shelter	is	designed	to	hold	the	storm	since	the	latter	only	has	a	middle	level	
of	 dangerousness.	 However,	 if	 vital	 electronics	 (controlling	 the	 oxygen	 supply	 for	
example)	break	down	due	to	the	radiations,	some	astronauts	will	have	to	exit	the	shelter	
and	make	the	repairs	for	a	certain	amount	of	time.	In	that	case	they	will	need	a	FLARE	Suit	
to	wander	inside	the	spaceship,	and	to	do	so	they	need	to	plan	for	it.	
	
The	crew	already	knows	the	 intensity	of	 the	solar	radiation	and	now	has	to	check	the	
water	levels	to	know	how	many	suits	they	could	fill.	Two	other	variables,	the	estimated	
time	frame	of	the	repairs	and	the	number	of	crew	needed	to	perform	them	will	only	be	
determined	if	such	an	event	happens.	
	
The	four	FLARE	Suits	are	filled	at	their	minimum	capacity,	to	allow	for	everyone	to	exit	
the	shelter	rapidly	in	case	of	problem.	These	first	protections	later	need	to	be	upgraded	
depending	on	the	time	spent	outside	of	the	shelter	and	the	intensity	of	the	radiations.	This	
is	all	possible	because	of	the	multi-layer	technology	of	the	FLARE	Suits.	
	
Once	the	four	suits	are	filled,	everyone	goes	inside	the	shelter	and	waits	for	the	storm	to	
pass,	without	wearing	the	suits.	
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If	some	electronics	break	down,	the	necessary	repairs	are	evaluated	and	a	plan	is	made	
with	a	forecasted	time	frame	and	a	number	of	involved	crew.	Then,	plugging	these	values	
along	with	the	water	levels	and	the	intensity	of	the	radiations,	the	astronauts	are	able	to	
select	the	suit	most	fitted	for	the	situation.	They	can	now	go	out,	fill	the	extra	suit	layers,	
put	them	on	and	go	over	to	their	mission.	Once	they	are	finished	they	can	leave	the	suits	
outside	of	the	shelter	and	go	back	to	safety.	Once	the	storm	is	over,	the	suits	are	emptied	
and	vacuum-packed	back	to	their	storage	area.	
	
2nd	case	scenario:	the	spacecraft	is	equipped	with	a	shelter	and	the	storm	is	critically	
strong.	
This	scenario	is	similar	to	the	1st	one	except	for	the	fact	that	the	shelter	cannot	hold	the	
storm	anymore	due	to	its	critical	intensity.	As	a	result,	astronauts	need	to	wear	the	suit	
inside	 the	 shelter	 as	 well	 (at	 least	 some	 of	 its	 layers).	 The	 case	 of	 break-down	 of	
electronics	stays	similar	except	the	crew	might	have	to	wear	more	suit	layers	and	being	
quicker	when	going	out	of	the	shelter.	
	
3rd	case	scenario:	the	spacecraft	is	not	equipped	with	a	shelter	
In	this	scenario,	astronauts	can	only	rely	on	the	FLARE	Suits	to	gain	protection	against	
solar	radiation	and	have	to	wear	them	continuously.	 It	 is	more	difficult	 to	 forecast	 the	
time	 frame	 of	 solar	 storms	 than	 it	might	 be	 to	 forecast	 the	 time	 frame	 of	 repairs,	 so	
astronauts	should	usually	go	for	a	maximum	protection,	filling	their	suits	to	the	maximum	
possible	with	the	remaining	water	supplies.	To	increase	the	shielding	capability,	using	a	
Dynamic	FLARE	Suit	is	advised	as	it	redistributes	the	water	between	the	person	and	the	
incoming	solar	radiation.	Then,	by	monitoring	of	the	relative	position	of	the	astronauts	
inside	 the	 spaceship	 (thanks	 to	 an	 inertial	 measurement	 unit	 IMU)	 and	 the	 relative	
position	of	 the	spaceship	 inside	 the	 space	environment,	 a	precise	preliminary	attitude	
control	of	the	spaceship	can	focus	it	in	one	direction	for	the	full	duration	of	the	storm.	
Astronauts	then	have	to	keep	their	personal	attitude	aligned	with	the	spaceship	for	most	
of	 the	time	to	be	 fully	shielded.	Note	that	 the	Dynamic	FLARE	Suits	are	also	suited	 for	
repairs	in	scenario	1	and	2.	
	
	
Context	B:	EVA	on	Mars/Moon		
	
In	 the	 context	of	 an	 extravehicular	 activity	 (EVA)	 on	 the	Moon	 or	Mars,	 two	 different	
operations	are	possible:	
	
In	the	first	one	astronauts	would	wear	the	water-filled	bladder-garment	under	their	EVA	
suit	for	the	duration	of	the	EVA	which	sounds	like	a	lot	of	added	mass	but	the	difference	
in	gravity	could	actually	get	them	closer	to	Earth-like	walking	and	help	their	bones	and	
muscles.	However,	no	one	knows	yet	how	much	the	future	EVA	suits	will	weigh	or	the	
type	of	operations	that	astronauts	will	perform,	so	be	free	of	the	added	water	might	be	an	
asset.	
	
In	the	second	one	astronauts	would	wear	the	unfilled	bladder-garment	under	their	EVA	
suit	for	the	duration	of	the	EVA	while	the	water	would	be	carried	on-board	their	ground	
vehicle	or,	if	they	travel	by	foot,	in	a	small	rover	working	alongside	them.	The	water	would	
then	be	pumped	from	the	rover	or	the	vehicle	into	their	suit	in	case	of	solar	flare,	and	the	
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astronauts	could	gently	go	back	to	their	habitat	without	rushing.	Here,	the	filling	of	the	
suit	 could	 be	 selective:	 one	 could	 decide	 to	 only	 fill	 certain	 layers	 depending	 on	 the	
intensity	of	the	solar	radiation.	This	is	similar	to	the	scenarios	of	the	Context	A.	
	
	
Context	C:	EVA	in	space	
	
In	the	same	manner	as	EVAs	on	the	Moon	or	Mars,	the	astronauts	would	either	wear	a	
filled	or	unfilled	bladder-garment	which	 in	 the	 latter	 case	would	be	 filled	 through	 the	
umbilical	that	power	the	already	active	water-cooling	systems	of	the	EVA	suits.	Same	as	
in	 the	Context	A	and	 in	 the	 second	case	of	Context	B,	 the	 suit	 can	be	 filled	 selectively	
depending	on	the	intensity	of	the	solar	radiation.	
	
Note	that	it	would	usually	be	quite	fast	for	an	astronaut	to	come	back	inside	the	spaceship	
compared	to	the	time	it	gets	for	solar	radiation	to	reach	Earth’s	orbit	and	the	suit	should	
theoretically	only	be	useful	here	in	case	the	crew	decides	to	finish	the	maintenance	they	
were	performing	during	this	particular	EVA.	This	will	be	the	case	if	electronics	are	opened	
to	space	at	the	moment	of	the	warning.	
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Annexe	2:		
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