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Scalable Solar-Sail Subsystem Design Concept
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A scalable solar-sail concept, which integrates recently developed gossamer coilable longeron mast technology,
has been developed, providing simple reliable deployment and structural robustness with minimum weight. This
sail system is also unique in that it is composed of tensioned membranes without the incorporation of catenaries.
This simpli� cation is made possible through a mathematical demonstration of the insigni� cance of structural
wrinkles on propulsive effectiveness. The sail package is a mass-optimized propulsion subsystem that can be
mounted to a general heritage spacecraft to provide continuous low-level thrust. The design baseline is a three-
axis-stabilized four-quadrant40-m-square sail with attitude controlled by gimbalingthe spacecraft on an extended
boom. Considerations for the baseline design de� nition and the resulting performance vs size are reviewed.

Nomenclature
A = square sail system size, m
AM0 = air mass zero
a = wrinkle amplitude
C = effective column length, m
D = mast diameter, m
E = Young’s modulus, N/m2

I = cross-sectionalmoment of inertia, m4

K = temperature, K
k = buckling load correction term
L = sail mast length, m
L1 = Earth–sun Lagrangian point
l = wrinkle wavelength
Pcr = critical buckling load of sail mast system
PR = pressure on sail along sun line
Ps = critical buckling load for simply

supported column
PwR = pressure on wrinkled sail along sun line
S = solar insolation average, 1363 W/m2 at AM0
T = temperature, C
Th = tension in halyard, N
® = solar absorptivity of sail metalization
¯ = angle of halyard line to sail mast, radians
"b = thermal emissivity of sail back side
" f = thermal emissivity of sail front side
¾ = Stefan–Boltzmann constant, 5.67 £ 108 W/m2K4

Introduction

S OLAR-SAIL technology1 has been identi� ed as enabling for
many exciting space missions. Solar propulsion can also pro-

vide signi� cant cost savings for missions with high delta-V require-
ments such as the Heliopause Explorer and Solar Polar Imager.
Non-Keplerian orbits can provide unique perspectives in missions
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such as the GeostormWarningMission.The Geostormmissionplan
is to utilize a solar sail to allow a satellite to remain stable at a point
closer to the sun than the L1 point.Moderatesail performancewould
offer a valuable increase in the solar-storm warning time provided
by the aging satellite currently in service.

The solar-sail requirements for the Geostorm mission might be
the least challenging among near-term applications. The required
sail performance is shown herein to be achievable with reasonable
margins and a high degree of reliability. Furthermore, the present
concept is shown to be readily scalable for application to a series
of progressivelymore challengingmissions planned by NASA, the
National Oceanic and Atmospheric Administration, and the U.S.
Department of Defense after the GeoStorm mission.

System technologies required for solar sailing have yet to be
demonstrated successfully in space. Attempts have been made to
deploy both spinning and three-axis-stabilized membrane re� ec-
tors. The Achilles heel of many membrane system development
efforts to date has been the complexity and lack of heritage of the
deployment technology.The present sail system utilizes a deployer
with 100% � ight success over more than 50 missions in the past
three decades. A method has been identi� ed to optimize this her-
itage deployablestructure,referred to as a coilable,for the family of
lightly loaded applications known as gossamer systems. The incor-
porationof graphitecompositematerials into the coilableallows the
performance goals of sailcraft to be met with a robust deployment
system.

However, the deployment and structural performance of a sail
system are only two of the challenges to be met in con� guring a
successful sail subsystem. Unique technologies involving optical
performance, environmental stability, thermal expansion and wrin-
kle managementof the sail � lm, system dynamicsand controlstrate-
gies, and many other issuesmust be addressedfor realisticminimum
mass solutions. For example, much theoretical work has been ac-
complishedin the area of sailcraftorbit dynamicsmodeling, but that
work has generally assumed rigid-body motion because of lack of
de� nition for the sail subsystem design. The present sail design is
shown to lead to more predictable structural modes for sail sizes
from 20 to 300 m (400 to 90,000 m2).

Often attitude control is implemented with tip vanes canting.The
present design providesattitude control throughcenter-of-massoff-
set (vs the center-of-pressure location) achieved by gimbaling of
the spacecraft off a short (sail-centered) boom. In the present pa-
per a family of three-axis-stabilized sail con� gurations is reviewed
and contrasted for implementation ease and performance. A four-
quadrantsquaresail designis selected.The conceptdiscussedherein
is referred to as the scalable square solar-sail (S4) system.
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S4 Design Description
System Con� guration

General con� gurations for the sail shape and suspension,2 such
as in Fig. 1, were evaluated for their simplicity and performance
potential. When studies were done in the late 1970s, a four-point
con� guration (where nonplanarityof the four masts allows a planar
sail) was favored. This con� guration allows a single sail, which is
doubly folded when stowed.The deploymentcan be well controlled
by openingthe sail in one dimensionat a time. However, sail tension
loads the masts in bending, which requires more structure (mass)
to avoid buckling than a column in pure compression. The same is
true for the � ve-point option.

A striped architecture, suggested by Greschik and Mikulas2 as a
useful assumption to simplify sail stress distributionanalysis (cate-
naries are not needed), was judged to require overly complex sail
construction.And the multitudeof attachmentsto the mast would be
a detriment to mass minimization. This is true for both the striped
architecture and the continuous connection approach. One of the
primary desires for the present program was to construct a system
with the highest potential for complete ground veri� cation. Achiev-
ing this objective is greatly aided by separating the actions of the
mast and sail deployment.

The proceeding arguments and other lesser concerns led to the
selectionof the quadrantoption.New analyticaltechniques3 demon-
strated that structural wrinkling, which is prevalent without the use
of catenaries,wouldhavea negligibleeffectonpropulsiveef� ciency.
So, the baselinedesign is a sequentiallydeployed (masts in parallel,
then sails in parallel) quadrant sail without catenaries, as shown in
Fig. 2.

Fig. 1 General square sail con� gurations: a) four-point suspension,
b) � ve-point suspension, c) separate quadrants, d) continuous connec-
tion, and e) striped architecture.

Fig. 2 Quadrant layout of S4.

Sail Design
The sail quadrant design, developed by SRS Technologies, is a

5-¹m-thick � lmconstructionwith an aluminizedre� ectivefrontsur-
face and a black emissive back surface.The sail material is a unique
polyimide, invented by NASA and commercialized by SRS, with
extensive quali� cation test data and � ight heritage. It has favorable
structural characteristicsand large-scale manufacturability.

The bulk form is soluble and can therefore be cast, yielding
uniform thickness sheets with isotropic properties. SRS has devel-
opedcarbon-basedadditivesthat can enhancetheemissivity.Carbon
loading is expected to be of additional bene� t by increasing mod-
ulus and lowering the sail coef� cient of thermal expansion (CTE).
However, carbon loadingpresentsnumerousdif� culties that are still
under study. If the material cannot be developedand proven in time
to support the � rst � ight opportunity, the fallback will be to use the
� ight-proven basic material. The emissivity is greatly reduced, but
is still suf� cient for missions without close solar approach.

Another potential additive, under development by SRS, is a
dewrinklingagent.Experimentshaveshown that by slightlyenhanc-
ing the creep potentialof the base material the packaging(material)
wrinkles can be eliminated at low operating stresses.

A fold pattern that allows the quadrant to be packaged ef� ciently
alongside the stowed masts was developed.The sail manufacturing
methods and fold processes were experimentally explored with a
subscale demonstrator. Deployment tests, as shown in Fig. 3, were
repeatedly successful, yet the constraint provided by the � oor is
obviously nonconservative.

One goal of the present program was to con� gure a deployment
scenario that is much more deterministic: All folds must be in
a known, or narrowly constrained, position during deployment to
avoid entanglement. No signi� cant portion of the sail can be with-
out tension, or solar pressurewill quicklydeform the sail shape. An
exampleof a sequencewith high deterministicqualitiesis discussed
in a later section.

Rapid depressurization during the launch ascent can cause pre-
mature unfolding or structural overloading. Generally speaking, a
two-dimensionalfold pattern of a planar sheet leavesa short path for
the escape of gases during depressurization.This was demonstrated
in tests with a folded sail sample.

Prior to and during deployment the space thermal environment
poses challengesto the sail. For example,between closed folds ther-
mal extremes can cause entrapped water to freeze. Prior to launch,
the entire subsystem must be bagged and supplied a continuous ni-
trogen overpressure to prevent moist air from in� ltrating the pack-
aged sail. A solar oven condition, formed by partially opened folds
exposed to the sun, can be prevented with appropriate shading of
the packaged portion of the sail.

The temperature (±C) of the deployedsail � lm (normal to the sun)
can be derived from a simple heat-balance equation:
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Fig. 3 Deployment of subscale quadrant.
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If the sail is orientedoff-sun, the temperaturewill drop only slightly,
by the fourth root of the cosine. The absorptivity of the sail is min-
imized as a consequence of optimizing the aluminum re� ectivity.
The additional front-side coatings considered were not mass ef-
fective. The thin aluminum layer will allow a small portion to be
transmitted: less than 1%. As the other factors in the analysis are all
relatively � xed, the resulting temperature is primarily dependenton
the emissivity of the � lm backside. Results for various emissivities
as a functionof solar distance in astronomicalunits (AU) are shown
in Fig. 4.

Tests of sail samples with various carbon loading fractions
demonstrated that a high emissivity—and thus a close solar ap-
proach capability—can be achieved. As can be seen in Fig. 2, the
corner of the sails near the spacecraft would be left unmetallized.
The high absorptivity of the carbon-loaded � lm will prevent two-
times solar loading of the spacecraft.

Mast Design
The sail masts are an advanced version of a structure, which has

� own repeatedly in space with 100% success. These robust and
reliable structures,which can be coiled and stowed in less than 2%
of their deployed length, are referred to as coilables. The coilable
deployment is driven by internal stowed strain energy and limited
by a lanyard in tension. In the present application rate limiting of
all four masts is accomplished with a single motor. The tip end is
biased to erect � rst, and the transition zone progresses away from
the base as the lanyard is payed out (Fig. 5).

The coilable structure can be very mass ef� cient. Masts similar
in diameter to the current application and which � ew on the IM-
AGE spacecraft in 2000 weighed less than 100 g/m. Recent studies

Fig. 4 Sail temperature vs AU: sail material allows closer solar ap-
proach than 0.3 AU.

Fig. 5 Coilable mast description.

have shown that the mass ef� ciency of the coilable can be radically
improved through the selection and proper proportioning of mate-
rials as appropriate for the needs of solar-sail applications.To form
an “advanced” coilable, the heritage material for the longerons and
battens, S2 � berglass, are replaced by a modern carbon � ber com-
posite. This is possible because the optimal boom proportions do
not exceed the material strain limitations. The modulus is increased
by 3.5 times with 20% lower density material. The packaging vol-
ume is reduced to less than 1% (of the deployed length). Further
mass reductions are possible when the complexity and volume of
the mast corner � ttings are reduced. The part count per corner has
been reduced from more than a dozen to a single molded � tting.

For theuniqueloadregimeof solarsails, thecoilableis lighterthan
a min-wall gauge tube and very nearly as light as an isogrid tube.4

Once the massof deploymentnecessities;for example, in� ationgas,
valves and tanks, tube bladders and multilayer insulation, heaters,
etc., is overlaid on an isogrid, the coilable is a clear mass winner.

The longeronsare the primary structureof the mast and determine
its key performance characteristics.The diagonals are tensioned by
the buckled battens and serve to position the longerons relative to
each other radially and axially. The materials and section proper-
ties of these separate elements can be optimized for any particular
application.First, bendingstiffnessis a functionof the longeronsec-
tion properties, elastic modulus, and distance from the mast center.
Second, bending strength is a function of the section propertiesand
elastic modulus of a longeron,as well as the mast bay length. Third,
shear and torsional stiffness are a function of the diagonal section
properties, elastic modulus, and angle within the bay. Fourth, shear
and torsional strength are developedby the buckling strength of the
batten.

For the sailing application the shear and torsional stiffness and
strength are of secondary importance. Consequently,batten and di-
agonalmass canbeminimizedas theirprimary role is now to provide
suf� cient support to the longeronto enforce the local bucklingmode
to within a single bay. The analysis for local buckling is then that
of a simply supported Euler column, modi� ed by any manufactur-
ing tolerancesthat introducestraightnessimperfections.The overall
structure is mass optimized when the global buckling limit is equal
to the local buckling limit. The global buckling calculation requires
a more involvedanalysis than the local bucklingas detailedin a later
section on loadings and capability.

System Packaging
The packaged sails and masts are contained in a lightweightcon-

struction of graphite facesheets with aluminum honeycomb. The
four masts are arranged symmetrically around a central bay that
houses the stowed offset boom and two-axis gimbal. The remaining
volume in the same plane is used to store the four sails.The arrange-
ment is depicted in Fig. 6, where the structure and packed sails are
sectioned to remove the top half to allow better viewing. Inserts on
the top deck of the structure allow mounting of launch tiedown and
release actuators.

In � ight the sail masts would be both deployed and dynamically
veri� ed prior to the sails beingraisedon thehalyard lines.Sequential

Fig. 6 Sectional view of central stowage structure.
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operationsimpli� es mechanization,increasesopportunitiesfor bet-
ter ground testing � delity, and improves � ight validation activities
and reliability.

To minimize mass and increase reliability, the elements needed
to secure the masts for launch, to synchronize their deployment,
and to spring-tension the sails are shared. Furthermore, one motor
is used to deploy the masts and sails and later to control offset boom
rotationfor attitudecontrol.Because the four masts are identicaland
symmetrically arranged, the following discussion of the features of
one applies to all.

The stowed mast occupies a cylindrical volume of 23 cm in di-
ameter by 26 cm long (0.9% of the deployed mast volume). The
mast longerons are coiled upon one another forming a stack well
supported for launch that is preloadedby tensioning of the lanyard.
The lanyard is � xed to the tip plate and runs through the center of
the mast to a reel that is mounted around the rotary axis gimbal at
the center of the stowage structure. The lanyards from each of the
masts share this reel. The reel is grounded to the structure by dual
shear pins that prevent the tiedown loads frombeing reacted through
the gimbal gearbox.

The last meter of the lanyard (near the tip plate) is constructedof
a high-load-capacitysteel tape of suf� cient length to allow several
wraps to be wound onto the reel. The remainder of the 30-m-long
lanyard is also steel, butof a reducedcross section that provideshigh
margin over boom and sail deployment loads with a mass of only
3 g/m. The lanyard is constructedof two tapes laser welded together
in a nearly continuouspattern for redundancyagainst imperfections
or handling damage to this gossamer line.

System Deployment
After release from the launch vehicle, deployment operations

would begin with unfolding of the solar arrays, followed by the
extension of the spacecraft offset boom (Fig. 7). An animation of
the ST7 deployment produced by M. Hart of the Aerospace Corpo-
ration can be seen at http://solarsail.jpl.nasa.gov/tasks/index.html.
Deployment of the masts is initiated by the release of pin pullers on
the lanyard reel. The � rst motion of the reel allows the preload in
the mast stacks to be released. The motor is commanded to begin
paying out the lanyards.Springs at the inboard end of the longerons
bias the mast to uncoil from the base, and the transition section pro-
gresses out the mast until the tip completely unwinds. The stowed
strain energy of the coiled longerons powers the deployment. The
gimbal assembly constrains the rate and measures the travel.

The spacecraft attitude control system will be disabled during
deployment of the masts and sails to eliminate undesired loading
while the structure transitions many frequency regimes during de-
ployment.The actionof uncoilingthe masts—at a rate of 2.5 cm/s—
will occurovera 20-minperiod.Once the masts havefully deployed,
they are ready to support the raising of the sails. But � rst, the space-
craft inertialsystemwould be takenoff standby,and a seriesof small
inputs of attitude adjustment would be used to achieve three-axis
stabilizationand then to excite the masts and investigate/validate the

Fig. 7 Deploy sequence.

Fig. 8 Mast-tip detail: lanyard to halyard.

structure modes. Modal informationwould be developed from both
spacecraft gyro data and imaging returned by panosphericcameras.
This will also allow better correlation of modeling of the system
modes observed during and after sail deployment.

At the end of mast deployment, the snap action of a longeron tip
completing the last few degrees of rotation (to a position normal to
the tip plate) will have released the bridle block (Fig. 8) that joins
the lanyard to the two halyards that run back down the mast to the
quadrant corners of the still stowed sails.

In the launch con� guration the halyards are wrapped around the
longeron so that during mast deployment they unwind and form a
slack line from the mast tip to the stowed sail quadrants. When the
mast assessment is complete, the second stage of system deploy-
ment, raising the sails, is initiated.The motor is commanded to turn
in reverse and the lanyards are reeled in, which pulls the sails up as
the halyards run over the tip pulleys and down the mast. All quad-
rants would follow this process simultaneously as they share the
halyard drive mechanism housed in the central stowage structure.

Baseline Sail Deployment Method
Raising the sails will progressat a slowcontrolledpace,averaging

less than 1 cm/s, over 60 min. The motor revolution count will
indicate when the sails are nearly taught. The camera will be used
to document the dynamics of the quadrantsunfoldingand verify the
sails are nearly taught. Prior to sail deployment the spin rate of the
momentum wheels should be near a maximum to inertially stabilize
the spacecraft, with the control mast pointing at the sun, so that if
the deploying sails billow under solar pressure they will move in a
direction that poses the least risk of entanglement.

Tension is applied to all sails by a set of negator-style springs
located in the centralbay. Springs are needed to maintain the desired
� lm stress as the sails cool and contract (33 cm relative to mast)
during Earth eclipse (expansion is 25 cm at 0.3 AU). The negators
are fully extended at launch and rotate with the reel (on the gimbal
output) during mast and sail deployment. The reel, once decoupled
from the negator carrier ring, will rotate around the gimbal body as
the negators pull the remaining slack out of the sails. Decoupling is
accomplished by actuating a small pin puller.

The negator springs will be designed to have a very low spring
rate. The sail tension will vary only slightly over the travel induced
by differential thermal growth between the sail and the mast. The
overall spring travel allowance provided will be four times the ex-
pected thermal compliance to allow the motor position to be varied
to change the sail tension. [The rotationof the motor needed for atti-
tude control (C180 deg) is a small fraction of total negator motion.]
The effect of sail � atness and frequency can then be explored.

The placement of the negators within the central mechanism al-
lows a (redundant) set of springs to tension all sails equally. More
importantly, this con� guration and sequence leave the low compli-
ance of the negators out of the halyard lines during the critical sail
blanket deploymentphase. The � rst solar-arrayblanket deployment
on the International Space Station failed (extra vehicular activity
intervention was required) because the sticking of folds was not
anticipated. The compliance of the negator reels designed to ten-
sion the blanket from the base at full deploy, allowed strain energy
to develop as the blanket was unfolding. When sections stuck, the
springs extended fully as the mast continued to deploy. When the
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springs reached end of travel stops, the mast motion pulled open
the stuck fold. The negators then retracted,pulling the blanket back
to collide with the base structure. This probably caused solar-cell
fractures and eventually led to the negators jamming as a result of
loss of containment.

Similarly for the solar-sailapplication,negatorcompliancewould
allow the force needed to open a sticky sail fold to be stored as a
large amount of energy in an extended negator. The energy would
be returned when the negator retracts, thus accelerating the blanket.
It is clearly desirable to avoid such dynamics and potential failure
modes. Therefore, the proposed mechanism introduces the negator,
for � nal tensioning, after sail unfolding is complete.

Alternate Sail Deployment Method
The intrinsic � imsiness of the sail, coupledwith the applied solar

pressure loading, means that unconstrained portions of the sail are
inherentlyriskyduringdeployment.The potentialmotionscannotbe
reliably modeled. Twisting and wrapping of the sail around itself or
the mastswould surely lead to failure.Althoughthe baselinemethod
of deployment just described is well controlled, a sequence with a
higher deterministic quality can be imagined, as shown in Fig. 9.
All quadrants would follow this process in parallel as they share a
halyard drive mechanism housed in the stowage structure. It might
be worth the additional mechanism to incorporate this approach as
the baseline.

Mast Loadings and Capability
The critical failure modes that affect mast sizing and mass are

global and local buckling. To produce a robust design, a minimum
factor of safety of three was chosen. The dimensions chosen for
this point design dictate that the mast is global buckling limited.
The global buckling load capability of a single mast of length L,
which can be considered as a pin–pin column or equivalently as a
cantilever beam in compression where the load is directed always
towards the root, is

Ps D ¼ 2 E I=L2 (2)

This simple so-called“follower load” case is not directly applicable
to a squarequadrantsail as the geometry of sail tensioningcan cause
the load to be directed at a point as far as 0.7L behind the root of a
mast, as indicated in Fig. 10.

It is important to recognize the halyard angle ¯ varies in � ight as
the sail changes size because of temperature.Although the negators
function to maintain approximately the same tension, the variation
in halyard angle changes the characteristic length C and hence the
buckling load margin and quadrant frequency as well. As shown
in Fig. 11, the highest frequency corresponds to a slightly higher
halyard angle than the bisector angle.

Fig. 9 Alternate sail deploy sequence.

Fig. 10 Sail tension vector in mast plane.

Fig. 11 Quadrant frequency vs load angle.

For the studied ellipticalEarth-orbitingapplicationit was chosen
to maximize the frequencywhen the spacecraftwas at perigee.This
can increasecontrollabilitywhenorientationchangeis likelyhighest
and the sail is facing larger disturbances such as magnetic � eld
interaction.At perigee the sail is hottest.Other locations in the orbit
correspond to lower halyard angles and thus lower frequency, as
shown in Fig. 11.

For the simple case where the halyardangle bisects the sail corner
and consideringthat all masts buckle at the same load, an inspection
of the quadrant sail geometry reveals that

C=L D 1=[1 ¡ tan.¯/] (3)

With this knowledge of the location where the load is directed,
the correct buckling load can be calculated.Timeshenko and Gere5

provides the following transcendental relation to � nd the buckling
load:

tan.kL/ D kL.1 ¡ C=L/ (4)

where

k D .Pcr=E I /
1
2 (5)

The results of this buckling calculationare shown in Fig. 12, where
one can see that the change in buckling load is signi� cant over the
range of halyard angles that thermal extremes induce.

For a mission that includes close solar approach, the variation in
bucklingmargin and sail frequencycan be reducedby designingthe
sail with a larger gap between the masts and sails as this will reduce
variations in halyard angle caused by sail thermal growth. However,
this increases mast length.

Given thesymmetricalarrangementof themasts in theplaneof the
deployed sails, it is tempting to analyze the statics of mast strength
as a column under compression caused by sail tension alone (with
the proper load direction correction as just discussed) as this is by



544 MURPHY, MURPHEY, AND GIEROW

Fig. 12 Ratio of the true buckling load to a simpli� ed buckling load
calculation and the effect of halyard angle (deg).

far the highest load. For example, solar pressure on the sail exerts
a tip load 2000 times lower. However, the mast must be analyzed
as a beam column (BC), as the de� ection from such lateral loads
is ampli� ed by the compression imparted by sail tension, to obtain
true structural margins.

Similarly for the dynamic analyses of the structure the bending
stiffnessandnaturalfrequencyof themast are reducedbecauseof the
compression imparted by sail tension. This stress-softeningeffect,
which is criticalto thecorrectpredictionof the systemslowestmode,
is the corollary to the vibrationfrequencyof a string increasingfrom
tensile load.The potential for global curvature is another important
consideration in accurate strength margin analysis. The de� ection
of the boom caused by lateral and compression loading (calculated
by the BC method) is ampli� ed by the initial free-state curvature of
the mast. Curvature can result from manufacturing tolerances and
thermal gradients.

Thermal bending is induced if the sun angle causes one longeron
to partially shadow another. The worst-case thermal bending is ac-
tually very minor for the gossamer graphite coilable as the longeron
CTE is slight and the small diameter of the longeron (relative to the
mast diameter) prevents full shadowing. Shadowing can be com-
pletely avoided by choosing off-sun orientations that do not match
the rare combinations which allow any occulting. In contrast to
shell structures, the open trusswork of the coilable is an impor-
tant structural asset as the prevention of thermal bowing is critical
to the margin obtainable in a BC strength analysis of a slender
column.

Local curvature of the longeron should be considered in calcu-
lations of local buckling load capability, especially for large-scale
systems.6 The present design allows a factor of safety of 7.5 over
local buckling (of a longeron within a bay). If mast diameter were
increased and longeron diameter decreased, the margins over local
and global buckling would converge to result in an optimized mast
design. The smaller mast diameter in the present design allowed
optimizationof the system stowed volume below 1

8
m3 and resulted

in the larger local buckling margin.
A signi� cant mast loading can arise during the sail deployment

if the folds have any tendency to stick together. This loading can be
caused by blocking forces, electrostatic charging, or yield stresses
inducedbypackagingwith particulatecontaminants.An exploratory
series of tests was performed to ascertain the pull force of com-
pressed sail folds. Tests were run in vacuum and in air for � lm to
� lm (back to back) and metal to metal and � lm to metal over a range
of peel angles. Blocking was not evident. The carbon loading was
effective in preventingany measurable forces associatedwith static
charge. When scaled to the proposed fold dimensions, the “peel”
load for all con� gurations (with carbon loading) was generally less
than 10 mN. It is expected that the addition of slip stitching to pro-
vide a deterministic deployment will induce larger loads than fold
parting.

Finally, manufacturing tolerances in such a long mast can be a
signi� cant concern. In particular,manufacturingtolerancescan eas-
ily be as large as the BC tip de� ection (9 mm) inducedby combining
all other loadings [e.g., sail tension, solar pressure, and rotational

Fig. 13 Lowest system mode.

(orientation) acceleration]. Therefore, considering manufacturing
tolerances during the design of such a system is important.

S4 Structure and Sail-Vibration Modes
The tensionedquadrantandstress-softenedmast frequenciesboth

are important in the determination of system modes. The vibra-
tion modes analysis is further complicated by the need to account
for any wrinkled area. The support of the quadrant by three-point
tensioning causes compressive second principal stresses in the sail
membrane (structural wrinkles). These compressive stresses cause
negativeeigenvaluesand result in chattermodes in a modal analysis.
The required methodology is to perform a structural wrinkle region
� nite element analysis (FEA) analysis � rst.3 This analysis corrects
the stress distribution to account for wrinkles and eliminates com-
pressive stresses and negative eigenvalues.

The 40-m2 system’s � rst mode (0.036 Hz) is shown in Fig. 13.
The next 10 modes are all below 0.06 Hz. The modes are driven by
the sail tension. A minimum biaxial stress at the quadrant center of
10 kPa (1.5psi) was chosen to ensure that foldswould beopenedand
packaging wrinkles would be stretched suf� ciently, as discussed in
the next section.Results of prestresseddynamic FEA for the system
closely matched simple estimations.

This model is for a free-free system that includesa 140-kg space-
craft on a 2-m offset boom. The cantilever frequency of the tip-
weighted boom on the orientation gimbal is >10 times the system
frequency, even assuming the same gossamer sail mast design is
used for the offset boom. It is the “root” � exibility (the crossed sail
masts) that dominates the � rst mode of the boom.

Sail Flatness and the Effect on Propulsion
An allowance for moderate wrinkles is supported by an analysis

of the effect on propulsion.Errors in sail � atnesswill reducepropul-
sion as a portion of the momentum transferredby photons re� ected
at angles others than the mean does not add fully to the desired
thrust vector. Wrinkles can be attributed to packaging, structural,
and thermal effects.

Material wrinkles are caused by creases induced by the folding
and tight compaction of a packaged sail. The “solid fraction” for
the current sail constructionbased on the allocated stowage volume
is 18%. This means that folds in the 5-¹m (near-term thickness)
sail will be separated by 23 ¹m on average. Although the fold pat-
tern generally prevents stacking of folds and hard creases are not
intentionally input during folding, the folds are strained past yield.
The sail material has a low modulus and can be easily stretched to a
point, which reduces the area affected by the residual strain energy
of a hard crease to less than 1% of the distance between folds. The
non� atareaon the sail assumingall foldsarehard creasesis only4%.

Structural wrinkling arises from the nonuniform stress distribu-
tion that exists in the quadrant. The incorporationof catenaries has
been baselined in many previous sailcraft designs7¡9 to provide a
uniform equal biaxial stress � eld. It has been assumed that wrinkles
would signi� cantly degrade the thrust performance of a sail, and
therefore it must be prudent to design to prevent them.1 However,
the methods proposed to avoid structural wrinkles (e.g., catenaries,
strip designs, etc.) incur signi� cant weight and manufacturability
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penalties. So, completely eliminating wrinkles and maintaining a
reasonably light and simple system design are incompatible. In the
analysis of the quadrant sail without catenaries, we have been able
to demonstrate that although structural wrinkles do arise the effect
on thrust is negligible.

The region prone to structural wrinkles lies outside a circle in-
scribed within the quadrant, as in the photograph of the highly
stressed membrane shown in Fig. 14. Analytical tools employed
in the past have not provided information as to the number of wrin-
kles or the amplitude of wrinkles. Lacking this information, it has
been assumed that knowledge of the local inclination of a wrinkle
(neededto determinehow photonsre� ect) is similarlyunknown.But
FEA codes used to determine the wrinkled region can in fact reveal
useful wrinkle surface inclination information, namely, through the
aspect ratio parameterof wrinkle amplitudeto wavelength.With this
information integrationover the wrinkled surface can be performed
to � nd the effective thrust.3

The thrustproducedby photonre� ectionpressurecan be resolved
into two components:a force along the sun line and another tangen-
tial to it. The effect of wrinkles on the radial thrust component can
be seen in Fig. 15. Interestingly, the radial thrust will increase (ne-
glecting the projectedarea loss) as the angle of incidence increases.
The effect of wrinkles on the tangential thrust is independentof an-
gle of incidence. The reduction grows with wrinkle aspect to 30%
at a= l D 0.2. For the nominal sail tensioning(10 kPa in the sail cen-
ter) the predicted wrinkle aspect ratio is less than 0.0005. So, while
a re� ected image would be distorted if viewed from far away, the
effect on thrust is negligible.

The calculations of aspect ratio also allay a previous concern
that wrinkles would allow multiple re� ections and thus “hot spots”
on the sail. For operation at a 40-deg angle of incidence (beyond
projected mission needs), it can be shown3 that the wrinkle aspect
would have to be 40 times larger than predicted to result in a light
ray re� ecting (specularily) to strike the sail a second time.

Work remains to be done in the quantitative assessment of pack-
aging wrinkling. If the packaging volume allotment enforces hard
(yielded) creases, these together with the strains from secondary
folding (especially in corners) could change the effective consti-
tutive properties of the sail appreciably. Without their inclusion in

Fig. 14 Structural wrinkles in a highly stressed sail (scale model).

Fig. 15 Effective radial thrust averaged over a wrinkle vs the wrinkle
aspect ratio for various angles of incidence.

Table 1 40-m S4 system mass summary

Component Mass, kg

Sail assy 12.96
Mast assy 5.76
Stowage structure 3.65
Mechanism, central 1.62
Control mast 1.50
Instrumentation 0.12
Total 24.1

the modeling, a structural wrinkling analysis might be unconserva-
tive. Further developmentof analytical techniquesand/or a depend-
able dewrinkling agent would be important contributions to further
efforts.

Mass Performance
The mass of the 40-m S4 system was calculated by summing

the known masses of over 70 well-de� ned parts designed for the
application with estimates for the masses of conceptually de� ned
components.The estimatedmass breakdownis presentedin Table 1.
The total estimated mass for the sail system is 24.1 kg, which meets
the requirement for the studied mission.

Flight Demonstration and Validation
Objectives

Of key importanceto the realizationof solar sails is the capability
to perform a predictable and controllable deployment of the gos-
samer sail � lm and supporting structure in the space environment.
This requires development and validation of an ultralightweight,
stiff, deployable strut that can be stowed compactly, such as a
graphite coilable mast. The thin sail membrane must also be pack-
aged compactly, in a manner that yields controlleddeployment,and
it must possess suf� cient strength margin for the deployment and
tensioning loads. Successful completion of a thorough ground-test
demonstration and quali� cation including the primary challenge—
deployment—is highly likely given the low risk elements selected
for incorporation in the S4 system and the sequential deterministic
plan for deployment.

But solar-sail system technology needs � ight validation because
of issues introduced by concessions to gravity in deployment of-
� oading. Zero-g deployment behavior and sail shape can never be
fully validatedby a deployment on Earth. Even with a deterministic
deployment, risk exists given that even a small 40-m demonstra-
tion sail would be one of the largest space structure ever deployed
(� ve-times greater area than an International Space Station solar-
array wing). Flight is required to certify numerous aspects of the
system performance such as 1) deployed planarity of the four-mast
structure, 2) deployment dynamics of the sails, 3) deployed shape
of quadrants,4) modal behavior of deployed sail and mast structure
system, and 5) characteristic acceleration of system.

In addition, the � ight dynamics and control of the integrated sail
system can only be veri� ed by on-orbit demonstration.Near-Earth
perturbations such as magnetic � eld interaction, gravity gradient
torques, and atmospheric drag will be uniquely challenging. Mis-
sions will require robust control of the sail thrust vector and the abil-
ity to predict and con� rm the resultant � ight path.Only a free-� ying
sailcraft can provide the platform to demonstrate those capabilities.
A � ight validation will provide the demonstration of combined or-
bital maneuvering and attitude control functions of the solar sail.

A solar-sail technology � ight experiment/validation would ad-
vance solar sails from concept to a space-proven propulsive sub-
system capable of enabling several key missions in NASA’s Space
Science Enterprise Strategic Plan. Using the sun’s constant supply
of photons, a solar sail can economically achieve the high delta-V
needed to support missions such as the Heliopause Explorer, a pre-
cursor mission to Interstellar Probe. Solar sails are uniquely capa-
ble of providing the continuous thrust needed to adjust an orbit out
of the plane of the ecliptic, thereby enabling Solar Polar Imager,
a heliocentric polar orbiter. Other missions in the Living With a
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Fig. 16 ST7 in launch slot on ESPA carrier ring.

Star Initiative will require unique vantage points that can only be
achieved with a solar sail. Geostorm and similar sentinel-typemis-
sions that provide continuoussolar monitoringand alerting are only
practical with solar sail technology.

Launch Accommodation
NASA has identi� ed several low-cost launch opportunities ap-

propriate for a small system demonstration mission. The baseline
proposed to the New Millennium Space Technology 7 (ST7) study
program utilized the Evolved Expendable Launch Vehicle (EELV)
SecondaryPayloadAdapter(ESPA). ESPA is a developmentalprod-
uct designed to carry up to six small satellites of up to 180 kg each,
along with a 6800-kg primary payload into space on the next gen-
eration of U.S. launch vehicles, the EELV. It is designed to provide
transportationfor secondarypayloadsas a ride along on the primary
payloadadaptor ring. As shown in Fig. 16, the standard volume box
is exceeded somewhat by the ST7 spacecraft, but the proposed vol-
ume is likely within negotiable limits as it does not rise above the
primary payload separation plane.

Trajectory Plan
The ESPA � ight opportunity,which was targeted for ST7, would

have launched the experiment into a super synchronoustransfer or-
bit (SSTO). After separation in SSTO, the perigee would need to
be raised to a minimum of 2000 km. A much higher circular (e.g.,
geostationary)orbit is preferable, as the sail would then not be sub-
jected to gravity gradient and aerodynamictorques.Such in� uences
complicate the control and measurement of solar thrusting. How-
ever, the SSTO orbit provides the bene� ts of a high orbit without
the cost of a launch to geosynchronousorbit as >80% of the time
is spent above 30,000 km.

Scalability Demonstration
It is critical that � ight validation results be applicable to larger

sails with lighter � lms for the more stressing missions to come.
The S4 design is fully scalable without need for functional re-
con� guration. Modeling of performance for sail sizes from 20 to
300 m2 have been performed. For the data presented next, two key
assumptions were made, which emphasize a nominal � lm stress to
straightenout packagingwrinklesand a constantstructuremarginof
safety.

The � rst is that the quadrant center tensile stress is kept constant
at 10 kPa. This causes the halyard tension to increase linearly with
sail size. The � rst mode of the quadrant vs sail size is shown in
Fig. 17. The frequency falloff given the constant minimum stress
constraint was allowed, as a minimum controllable frequency has
not been established.This frequencyrelation is independentof � lm
thickness (assuming equal stress). Halyard tension would increase
proportional to a � lm thickness change for equal stress.

The second key assumption is that the mast structure factor of
safety on buckling is maintained at 3.0. Clearly, as the halyard ten-
sion and sail size increase, so must the mast diameter increase to

maintain structural margin. The mast diameter vs sail size is shown
in Fig. 18, along with the mast slenderness ratio. It is not until the
higher sail sizes are challengedthat the slendernessratio will exceed
our � ight experience. The slenderness ratio of the (three identical)
booms on the LACE � ight was 192.

Figure 19 shows the generic sailcraft parameter system loading,
which is the mass of the sail subsystemand spacecraftdividedby the
re� ective sail area. If combinedwith the effectivere� ectivityand the
solar � ux, the acceleration provided can then be calculated.As bus
architecture and payload requirements vary drastically by mission,
curves for various spacecraft masses (in kilograms) are given. The
performance of the S4 design alone is fairly constant above 60 m.
Larger sail sizes are required to offset increasing spacecraft mass.
Increased thrust for a mission is highly dependent on spacecraft
mass reduction.

The current performance is already suf� cient to meet the most
likely � rst mission, a sentinel position at sub-L1 . As can be seen
in Fig. 20, the increase in warning time provided by a 5-¹m sail

Fig. 17 First mode vs sail size.

Fig. 18 Mast size vs sail size.

Fig. 19 System loading (g/m2) vs sail size.
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Fig. 20 Sub-L1 sentinel performance vs sail size and sail thickness.

S4 propulsion system of 100-m size is 150% (assuming a 100-kg
spacecraft).If the thinnersail (targetedat 2 ¹m) canbedemonstrated
to be low risk, then the same warning time increasecan be achieved
with an 80-m sail. The appropriate size of the sail depends on the
desiredwarningtime increaseand the spacecraftmass. If themission
could be performed with a 50-kg spacecraft (not shown) and only a
doubling in warning time was desired, the near-term (5-¹m) system
size would be only 50 m.

Summary
Solar sails can provide thrustwithout mass expenditure.The con-

tinual accelerationprovidedby this technologyallows cost-effective
non-Keplerianpaths and unique sentinel perspectivessuch as a sub-
L1 solar storm observer. A promising system level design for a
robust scalable solar propulsion subsystem has been designed and
analytically investigated. The technologies selected for the masts,
sails, and the system arrangement combine to provide a viable so-
lution to near-term missions. As has been shown, the scalability of
the S4 system allows for more stressing future missions as well. Re-
duction in sail thickness and advances in payload miniaturizationis
expectedto increasethe numberof excitingmissionsbest performed
with solar sails in the coming years.

The S4 technology presents a credible low-risk path for compo-
nent ground development and system validation followed by � ight
demonstration.The NASA In-Space Propulsion program is leading
technology development and demonstration that will soon demon-
strate solar-sail subsystems ready for � ight validation. NASA has
committed to bringing forward this valuable technology as it will
surely bene� t future U.S. space missions, and it will likely inspire
the imagination of the citizenry.
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