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Ahstract 
Solar sails reflect photons streaming from the sun and 
convert siirne of the energy into thrust. This thrust, 
though small, iii continuous and acts for the life of the  
mission withrrut the need for propellant ('I. Rccent 
advances in sail mjiterials and ultra-luw mass 
structures have rnabled a host of urefiil mirrions 
utilizing solar :;ail propulsion. .The team of L'Garde, 
Jet Propulision Laboratories, Ball Aerospace, arid 
Langley Research Crnter, under the direction of 
NASA, has been developing a solar sail configuration 
to address NASA's tiihlre space propulsion needs. 
Utilizing inflatable deployed and Siih Tg rigidized 
hoom components, this sailcraft achieves an areal 
density of 14.1 s/m' a'nd a characteristic acceleration 
of 0.58 mrnls' The entirc configuration released by 
the upper s a g e  has a mass of 232.9 kg and requires 
just 1.7 r d  of volume in the booster. After 
deploynient, 92.2 kg of non-flight rcquircd 
equipment is jettisoned resulting in a sailcraft mass 
(with payload and coniiol system) of 140.7 kg. 

'This document outlines the accomplislinieiits of  a 
Phase I effort to advance the technology readiness 
level (TRL.) 01 the co!ncept from 3 townrd a TRL of 
6. The P'lase I cffart, the first of tliree piripused 
phases, addrerised the: design of the solar sail, its 
application tcl several missions cumnt ly  under 
review at NAS,A, and developed a ground test plan to 
bring the techrlology toward a TRL of 6. 

h=ct ion 
Early in the ]program:, with the support of NASA, 
solar sail niissions under consideration were 
rcseerched ;and a mission set of interest was 
developed Relevrint mission parameters and 
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environs were identified and defined. These 
rcquirements were used to refine a solar sail design 
meeting and exceeding these requirements. This 
design includes al l  elements required for powa- 
gcncration, communications, and navigation. An 
equipment list WAS generated, components selected, 
and mass properties developed. To enhance the 
flight performance of the concept, a carrier concept 
was developed to jettison all non-essential 
deplnyment-rclatrd c o n ~ p o ~ ~ e n t s  before the mission. 

An imponant aspect o i  the Phase 1 effort was IO 

genrratt. a test plan to raise the TRL from 3 toward 6 .  
A list of test articles was developed to validate 
section properties such as boom modulus, torsional 
stifhrss, and deployability. Sail scctioris and 
quadrants will also be fabricated for testing and 
validation. A I O  m subscale system test article will 
br fabricated for ground testing at I.'Garde and will 
then undergo a vitcuuni deployment and structural 
tcst in Langley Rcscarch Center's (LaKC) 16 m 
vacuum chamber. 1:inally. a 20ni square test article 
will be huilt and tested at  NASA's Plum Brook 30 ni 
thermallvacuum test facility. This test, which will 
validate the sail system at spacc tlicnnal and v a c ~ ~ u m  

Figure I .  Baseline Solar Sail Design 
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conditions, will bring the sail system toward TRL 6 .  
Acliievitig a TRL level of 6 icquires testing in a 
“relevant envir(.inment”. Our tests will simulate 
space therm,il and vacuium conditions but will still be 
conducted i n  I g. Many issum related to the 1 E 
environmenl: will remain after testing of this ldrgc 
and gossamer structure. As a rcsiilt, achieving a full 
TRL of 6 on the grourrd will not be possible, 
however, we will come as close as poss~ble in a 
ground testing environment. 

Design Overview 
The baselhe design is shuwn in figure I and will be 
describctl i i i  detail in the subsequent pagcs~ This 
lOOni square configuration was designed around the 
solar sentir.cl or sub LI  sun observation mission. 
Tliis wlar  sail iiiission utilizes thiust h-om thc sun to 
descend below tlie LI Lagrange puint providing a 
stable vantage point closer to the sun yet remaining 
in tlie s a i i i ~  oiiital pcriod as the Earth. This same 
configuration c,an be used for a host of other missions 
with 110 o r  tniriimal modification other than scaling. 

Baseline MISS!<& 
As future Ipliases of this program will require test 
articles of a. SQCCifiC configuration, a baseline mission 
was selected around which to optimize the design 
The Solar Sentinel o r  Geostorm (‘) mission was 

selected as a likely candidate Sur Silture missions. 
This scenario takes advantagc of the constant thrust 
available from thc solar sail to place a payload in a 
solar orbit inside of the LI point, yet remain in tlie 
same period as thc Enrth’s. This position provides an 
excellent vantage point far solar observation and 
waming of adverse solar activity. Satellites can 
station keep at the LI Lagrange point without the 
need for additional propulsion, see figure 2 .  This 
point is about 230 Eanh radii (Re) from the Earth 
toward the sun along the Earth-sun line. Using the 
constant thrust from the sail it is possible to descend 
to a closer orbit to the sun yet remain in the same 
pwiod as the Fdrih ,  and remain on the Earth-sun line. 
An orbital analysis shows that the baseline sail design 
can descend an addition 520 Re closer to the sun. 
This location can provide information of solar 
activity with a lead-time 3 times grcatri than current 
solar ohserving missiuns. 

Solar sails provide t h m s t  normal to the sail, as a 
rcsult, by changing the angle of the sail normal with 
respect to the sun-sail line (B), thrust vectnrs can he 
developed with components nomial to the sun sail 
line. With a thrust component normal to the plane of 
the ecliptic, the sailcraft can orbit the sun above the 
plane of the ecliptic in a non-Ueplarian orbit a s  
shown. The line shown represents a family of solar 

Includes SO kg payload and mass margin 

Figure 2. Baseline Mission 
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obits depending on the B angle of the sail. The 
hascline h i g n  ~ a i i  maintain a position relative to the 
earth-sun line at a poiint 720 Re ahove the planc of 
the ecliptic iind 720 Re closer to the sun. 
Additionally, the. sailciaR can maintain this distilncr 
from the Eaulh-sun line while orbiting in a halo orbit. 
Thus several sailcraft ]provide multiple simultaneous 
obsrrvalioii points of the solar wind. By comhining 
the data gathered by these instruments, a 3-D map uf 
incoming solar anomalLes can be developed. 

Control Sy_r,teIii 
Control vanes resembling one scaled quadrant o f t h c  
solai~ sail have been integrated into the stmcture to 
provide full 3-axis control. By modulating a small 
amoimt of reflcctive area near the boom tips, tiirces 
are generated large enough to control the sail 
orientation. P,ctuatorr mounted at the tips of the 
boon1 provide the torque required to rotate the vanc. 

s U J q o g . ~ ~ t l ~  
During earlier solar design work at L'Garde, it was 
discovercd that thc sail suspension technique can 
have a large impact 0111 system mass and scalability 
Several anachnient techniques were reviewed (figure 
3) and the :;tripe architzcturc was selected as the most 
efficient ('1. 

Figure 3. Sail Attachment 'Techniques 

Shipe architecture is highly scalable. For larger 
sailsibooms additional attachment point along the 
booms cu i  be addcd keeping the load length 1. tn a 
mininium. The other methods require large increases 
in L, which require, significant increases to the 

strength and mass of the booms to defeat the Euler 
buckling. 

Sprcadcr SyLtG 
'The booms nre not sized to withstand the bending 
generated by the solar flux alone. A tensimed truss 
or spreader system is used to increase the moment of 
inertin of the boom to absorb the bending, see figure 
4. Thc spreader system consists of lightweight rigid 
spreader bars mounted to rigid rings integrated into 
the boom 

Figure 4. Spreader System 

Iso-Grid Boom Design 
The booms are designed in an tso-grid configuration. 
High modulus fibers are oriented as shown in tigure 
5 .  The fibers are impregnated with a Sub 'lg resin to 
rigidize the structure aRer deployment (this is 
described in the Sub Tg  section)^ Longihidinal mii- 
directional fibers are oriented to absorb the 
compressivt: loads in the booms, while the lateral 
fibers absorb the inflation loads and qtahilize the 
longitudinal fibers and the cross scciiun. These lateral 
ilbers provide the burst margin required for 
deployment contingencies. 
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Water Trough to Siinulate Space Deployment 

- Conical Deploy@ 
Fipure I uhows the i:onical boom packaging and .~ 
deployment scheme developed for deployment 
control uf ttic iiitlaLiblo rigidizable support booms(". 
The technique uses a unique concentric packaging 
arrangemenit about the boom axis and provides a high 
dcgree of dcpl,.)ynient control (patent pending). To 
deploy the conical boom, inflation gas is introduced 
at the base. The resulling deployment is smooth arid 
prcdictablc, A s  the lube is under pressure during 
deployment, it is able to withstand some load while 
deployit1E. 

n p  d'q, 
# 

B a r r  *"d'"q 
.. 

Figure 7. Conical lntlation Schematic 

A dcployrnenl. sequence of a sail conical boom is 
shown in figure 8. This deployment took place while 
the boom was floating in a water trough to simulate a 
0 g deployment condition in one plane. Thc 
deployment proceeded smoothly and in a linear, 
consistent, arid prediclmhle manner. 

a Ilitidizalion 
Sub Te or cold rigidization lakes advantdec of the 

I I Y 

increase in triodulus of certain niatcrials below their 
glass transition temperature (Tg) ('I('). Sub .l'g 
structures can be constructed for a variety of 
missions, linin Iuw Earth orbit (LEO) to deep spilcc 
applications and t h i s  technique was selected to form 
the support structure fur the sail. 

A solar sail boom undergoing cold rigidization 
testing is shown in figure 9~ The boom is housed in a 
fwarn I t s t  cl iambci. Whilc not visible lhrough thc 
chamhcr wails, the position is indicted as shown. 
Tlie arrows depict the positions and loading 
orienlatioii of cables used to apply compressivc loads 
to the boom. The cables simulate the static loading 
of the striped sail architecture after deployment and 
exposure to tlie solar flux. 'l'his strength is achieved 
by using the Sub Tg resin at the expected space 
equilibrium temperatures 

Figure 9. 7m Sub Tg Solar Sail Boom Test 

Sub Tg rigidizablc structures are simple and reliable. 
They are completely passive and in general require 
no heaters or vents. Ilowevcr, since their rigidization 
dcpends on temperatures below their Tg, a thorough 
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understanding of the thi:nnal environment is required 
If the deployed structure must endure large t l icmial 
excursions, it will be tailored to have a higher 
transition temperature and heaters may be required to 
"sofren" the: stiucturc for depluynient. Multi-layer 
insulation (Ml,l)  is required to mitigate the effects of 
on-orbit tlierniiil gradients and to retain the initial 
sofrcning theririal enr:rgy dwing thc deployment 
sequence. 

Sail Mderiid 
Mvlar ('' has been selected for utilization as the sail 
membranes. T h i s  malerial, used in the electronics 
industry, i:, Iuw cost and readily available. An 
example of a sail fabricated with Mylar is shown in 
figure I O .  'This sail was deployed in the orientation 
to gravity shown demonstrating the feasibility of 
successful deploymenlt of these thins films. The 
tension load in the sail due to gravity is roughly 600 
tiincs gi~eater than the tension load gcnerated by the 
solar flux, dcploynent in gravity is highly 
consewativc and gives good confidence for 
deployment in 11 g. 

Figure IO.  Mylar Sail During Deployment Test 

Test and analysis have been conducted to ensure 
Mylar is compatible with the space environment for 
the intended mission duratiuii. Special coatings arc 
utilized to maximize beat rejection to space, keeping 

the Mylar below its melting point in orbits as close as 
0.2 5AU from thc sun. The codtings are 
concurrently optimized to shield the Mylar from the 
degrading effects of.ultra-violet (IJV) radiation. Tests 
and analysis havc been conducted showing that even 
after exposure to the maximum expected radiation 
doses, the mechanical properties are ample to 
withstand the expected sail loading conditions~ 
Mybar is compatihle with the expected space 
environment. 'This coupled with the low stress 
concentrations afforded by the striped sail 
architecture, and the low cost and high availability 
make it an excellent choice tor use as a solar sail 
memhcrne~ 

Space S e g m c z  
The Snace Segment consists of  all items relearcd 

I 

from the upper stage. This includes the sailcraft, 
shown on the top of figure I I ,  and the carrier shown 
toward the bottom. After deployment of the sail, the 
carrier is jettisoned to free the sailcraft troni all non- 
flight required components and mass. The 50 kg 
payload envelope is visible toward the center of the 
sailcrafi portion, and a l l  of the spacecraft specific 
elements are shown toward the top of the 
configuration. The stowed solar arrays and 
comniunication antennas are just visible toward the 
top. 

Figure I I .  Space Segment (Sliown Sepaatcd) 

The space segment fits well inside of the Delta 
payload fairing as h i w n  i t1  ligule 12. With a 
sufficient payload interface fixture, it may he 
possible to tit two space segments on a single launch. 
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Ileploymenl. 
Once the Spact Segment has successhlly separated 
from the upper stage deployment can be initiated. 
Vane deploymf:nt is iliitiated by rotating the vane 
booms tioin their stowed position into propcr 
position for deploymemi. The vane booms are 
deployed which pull the vane membranes into their 
deployed configuration, figure 13, (a). Next, the 
spreader system, which has been pulled together tor 
stowage, is released in preparation for deployment. 
‘The main hooins deployment is initiated by 
introdiiciiig inflation pressure into thc stowed buums. 
The booms siniultaneously deploy the sails and the 
spreader systein drawing the tension cables intu 
positinn by deploying the rigid rings in a sequence, 
figure 13, (b). An infllation contl-ol system carefully 
monitors the deployment length of each boom and 
mohlates ):he :amount of inflation gas introduced to 
each boorri to ensurt: the deployment progresses 
symmetrically, figure 13, ( c ) .  Once equilihriurri 
tempcrahira is achieved and the stluchlre i s  fully 
rigidized, the carrier is released. (d). The sailcrafl is 
now in its final eonfigriration and providing lhrust. 

~~ S c a l w  
Many mission:? require large sails in urder to carry 
more payload or to achieve higher specific 
acceleratioiis. A scaling analysis was undertaken 
using L’Garde analysi!; tools and the results showri in 
figure 14. The X-axis, depicts the size of thc  sails in 
square meters. while the Y-axis shows the areal 
density of the sailcraft. All configorations slinwii on 
the chart assume a 50.0 kg payload, and 43.3 kg of 
spacecraft elcmeiits for puwer generation, 
communiciativiis, and guidance and contrul. 111 
reality tlies,e requiremcnts will likely change with the 
given inissiun scenilrios, however, in the intercsts of 
this scaling milysis, these paramclcrs were lixcd. 

The stripcd sail arctiitecNre and excellent mechanical 
synergism with the i:onically slowed houm allows 
scalability witliout high mass penalties. As shown in 
figuir 14, thc baseline design, with minor 
modificati8Jn ,Jnd scaling, is capnblc of  all of thc 

Figure 12. Spacc Segment in Delta I I  
NASA “high-pull” missions shown 

Phase 2 and 3-Tt?? 
To raise the TRL level to 6 a solar sail system must 
be tested in a “relcvant environmcnt”~ To this end a 
series of test articles is planned that will raise the 
‘IN, to .--6. We intend lo Simulate the VdcuiinI and 
thermal environs of space during our tests but we are 
limited to tcsting terrestrially at 1 g. With a structure 
as large and gossamer as a solar sail, this I g 
limitation will ;ilways he a factor. Suspension 
techniques will be used to mitigatc thc effects of 1 g 
but issues will remain. An inipoflani aspect vf the 
effort will be to carefully utilize the test results at 1 g 
to validak a setics of analytic finite element ; m ~ l y s i s  
(FEA) test anicles. With thcse tecliriiques, validated 
predictions of the structural performance of- the solar 
sail configurations at 0 g will bc generated. In this 
way we will raise thr TRL as close to 6 as is possible 
on the gruund, but we will not achieve all 
requiremcnts for TRL 6, hence the TRL - 6  

(a) (b) (C) (d) 
Figure 13. Sail Deployment Sequence (Courtesy Thomas Dynamics Modrling) 
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Figure 14, System Scalabilit) 

designation 

Coinyonciil Teats 
Initially material and component test will be 
conducted. The sail and Sub Tg laminate will be 
subjected to LJV and particle radiation to validate and 
expend on testi already conducted. Comporienl fests 
of sail and boom sectiims will be used to validate the 
mrcliariical characterir,tics. This data will be used to 
validate the structural models. 

S u b 5 v s t c m ~ x &  
l0m sail quadrant will be deployment tested in 

ambient ca’ndilions as will a full-scale vane quadrant. 
Additioiially a, boom with spreader system will be 
deployed both in ambient and vacuum condition in 
LaRC’s I 6  ni vacuum chamber. Finally a sail 
quadrant with two fu’.l booms and spreaders will be 
deployed and rested in the LaRC chamber, as will the 
full-scale vane aind representative actuator. 
Stmctural d,ita will hc obtained, as will 
photogramlme1,ry and laser vibrometry. All data will 
be used to validate structural assumption and the 
structural I E P ,  model:r. 

- IOm Test Article 
The cornponcnt and subsystem rests will lead to a 
IOni sectcmr test of a hll solar sail configuration. As 

scaling of the various materials of the concept is not 
feasible, a 10 m on a side sector of the full-scale 
configuration will be fabricated and tested. While 
the LaRC chamber is not equipped with cryogenic 
capabilities, cold plates will be used locally to 
rigidizc the boom components and allow structural 
testing. Again, photogrammetry and laser vibrometry 
will he conducted and all data will be used to  validate 
structural assumption and FEA models. 

20m Test Article ( P h a m  
In a planned follow-on contract, a larger 20 m sector 
of the solar sail configuration will he thermal vacuum 
tested in NASA’s Plum Brook 30 m chamber. This 
ambitious test will bring all of this work and analysis 
together. A successful conclusion will see the solar 
sail systcm TRI. level raised as close to 6 as IS 

possible under ground test condilions pdcirlg tlic way 
for a tlight experiment. 

Summary  
The team of L’Garde, Ball Aerospace, JPL, and 
LaRC has developed a highly scaleable solar sail 
configuration to meet and excced the requirements of 
many of NASA’s future missions. This configuration 
was enabled by utilizing inflatably deployed arid sub 
Tg rigidired honms. Striped ra i l  architecture. 
coupled with L’Gardc’s conical boom deployment 
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c - d  

technique allows scalability without high mass 
penalties, A comprehensive test plan was developed 
to raise the TRL level of this technology toward 6 by 
2005. This focused program will pave the way for a 
flight experiment of this highly efticient space 
propulsion technology. 
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