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We consider spacecraftlength scaling as a means oénabling achieving passive, feasible
infinite -impulse orbits. Taking inspiration from the orbital dynamics of dust, this paper
discusseghe consequence®f length scaling m acceleration due to solar radiation pressure
and demonstrates its effectiveness ona candidate microscale spacecraft We propose to
fabricate this dime-sized spacecrafton a singleultra-thin substrate of silicon. This choice
reduces the total mass to fewer than 7.5 @ and makesthe spacecraft bustself a solar sail,
yielding a lightness numberb of 0.0175 This architecture can provide passivesolar sail
formations and various passive metbds of changing orbitl energy. We also consider
augmenting this architecture with traditional CP1 sail material (b of 0.1095 to reduce
transfer times further. The paper surveys and compares passive methods ofchieving a
marginally stable sunpointing attitude including the addition of fixed vanes and optical
grating of the surface The microscale infinite impulse (MIl) spacecraft design replaces the
traditional spacecraft subsystems with a single integrated circuit (IC). Our current
fabrication efforts are directed at realizing this spacecraft as asimple sensing and
transmitting circuit with standard IC tools.

I. Introduction

UST in the solar system experiencesarprisinglifecycle. Solar pressureand electrostatic forces can compete
with gravity to give very small particlesighly nortraditional orbits Some dust finds a stable orbit; some dust
genty lands orthe surface of planets like our own, and some duestésgeticallyejected fronthe solar system
Dust particles varyn sizefrom afewmo | ecul es t o 4 a3smallerthana dewsh At these
mass scales, the acceleration dua/tat would beconsiderecperturbation forcesn larger bodiesan no longer be
neglected In fact, we propose that they be harnessed and manipitateder to enable nepropulsion techniques
and missionsDu st 6 s u n i matiwatesthe prasestudyof the orbitaldynamicsof extremely small bodies
and the development afspacecraftapable oExploitingon thesghysical principles
In pursuit of this goal, were workingto create a selfontainedi Mi cr os ¢ allnep ull nsfeioni(tMel | ) spa
capable of demonstrating significant, useful propellaniespulsion by virtue of itsmall length scalelnspired by
the simple, successfuhission of Sputnikin 1957 we focus on a simple, feasible, but genuinely new deskgpr
three weeks, th@3 inch diameter Sputnik | broadcastits internal temperaturand pressureas it orbited and
demonstratedthe feasibility of artificial satellites A half century later, weexpectto dupl i cat e Sputn
achievement using less thaneten-millionth of its mass Our desigrrethinksthe traditional subsystems (power,
propulsion communicationsetc) in an effort to produce single silicon microchigpaecraftcapable ofinfinite
impulse
Several other groups are activeaypd successfully developingonolithic integrateetircuit silicon spacecraft
(someti mes c adlonae d i ,padply thealemspaca Gotporatipdet Propulsion Laboratorfesand
Surrey Space Cenfre The primary incentives for these researefforts are persuasive: economies of production,
reduced launch ass, and distributed sensing opportuniti¢sowever,these objectivegienerallydiffer from our
primary goal capitalizing onlengthscaling to achievéeasibleorbit control These programs envision spacecraft
with masses on the order of grams, whigh no doubtunusuallysmall byany traditional standarbut are still a
thousand times larger than otarget. C. McCinres® recognizes the promise of propellantless spacecraft designs
which approach these length sl He envisions smart, compact saihich use microelectromechanical systems
(MEMS) to autonomously navigate the solar systehte further recognizes the challenges associated with long
distance telecommunications for such small spacecvdé.pursue tat shared visiofirst by surveyinga variety of
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passive feasiblesolar sailingopportunitiesfor a candidatespacecraft We then describeur designand fabrication
progresdo date

Il. Solar Radiation Pressure

Dust detectors on Pioneers 8 and 9 repamecedustimpactswhen facing the sun than when facing away. After
measurement errorgere ruled oyt the spacecraft wertound to bedetecting streams of dust on outbound
hyperbolic orbits. These streams of dust originate from cometisich shed dust tbughout their orbit. When
released near the sun, some dust experiences a sudden change in acaleraticolaradiation pressure (SRP).

If sufficienty large, this acceleration cambound the orbit of these -salled b-meteoroid3®. Here, @celeration

due to SRRs assesseds a means of propellirgcandidateMll spacecrafb us: a 25 em t hi ck, 1 ¢
silicon microchip withintegralsolar cells angignattransmittingcircuitry. Section Ill describethis architecture in

detail

A. SRP Acceleration Scaling

As early as the 1920s Konstantin Tsiolkovsky and Fridrickh Tsander first realizeé8iRRatinbe manipulated
to produceuseful acceleration anchn therebyachieve aclass ofspacecrafmissions. Rather than consider the
Atremendous mirrors of very thin séaatng @thisettranely smalhvi si on
spacecraft The gessureP from the sun de to momentum transfélom photonss

P:WE, (1)
Cc

wherec is the speed of lightVis the energy flufrom the sur{units of J/ms), and E is the direction of the position
vectorr with magnituder. For areflectiveflat plate exposed to the sun, the foFcdue to this solapressure€an be
modeledby”

F =2nPA(cos’ a )i @)

whereA is the area of the glate exposed to photons when facing suramaiidjs thesail pitch anglalefined bythe
pl ateds nor mand thediregtion ofvtreincbnoing photonsg asshownin Figurel. The d<1 term

account s fsoaonideal omicalrpfopedies @ssociated with absorption and diffuse reflecﬁQe.coé U
term accounts for area projectiam the radial (sunward) directioand tte off-radial photonreflection & . This

simplified force modebprovidesinsight into tle behaviorat small scaleslt is particularly appropriate in the case of
the MII spacecraft because flatness is easily achieved, in contrast to much larger sails that billow and wrinkle.

£

Figure 1. Vector directions for solar sails.

Theincidentflux ismodeled withan inversesquare law
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wW=w,208 3

whereW, is a reference magnitude at a reference distapc&he force due tasolarpressurds purely radialon a

sail with constant pitch angland decreaswith an inversesquaredependencgust asthe force due to gravitke.

This similarity motivates the dimensionless parametby known as the lightnessumber whichmeasurea s ai | 6 s
effectiveness b relates the magnitude oSRPacceleration to the magnitude of gravitatibacceleration

p=Foe  2Mofo' /1. @
Fs nmcs

whereei s t he sunds gr dsiheleading panaméterconst ant and

©®)

S =

>\_3

The loading parameteelates the mass of the bodyto its sail area ani$ a function of thegeomety and material
of the body Our Mll spacecrafresembles a flat plate. For such a shayh its maximum area normal tbe sun,
the loading parameter is

2
s:%:%:rd, ®)

wherel is the plae $side lengttanddi s t he p | a Resl&iagthe thickress mfehe plateather than side
length)increase®. These simpleresultsmotivatethe concept of a plate shaped integrated circuit spacecraft whose
small depth enables it to function as a solar sail.

B. Passive SRFOrbit Designs

In an effort to both maximize and benefit from SRP acceleration, we evakhggve and scalable orbit designs.
Here, passiveindicates that these solutions do not require any form of active feedback cdmeoévaluate two
classes of available orbits, thabatmaintain a constaifitand thosehatuse a timevaryingb to alte orbital energy.

1. Constanth Orbits

This first application describes the simplest SRP enabled passive formation: spagierafinstantb in a
heliocentric, circular orbitAn expression for enerdggads to the resuthat he angular velocityy of a baly in a
heliocentric circular orbit isnodified by the lightness numBer

w= | ———. €)
r

Alternatively, thisresultcan be expressed in terms of orbital radinghis case fob < 1)

( -&rll- b)a; . (10)
e W -

That is, the circular dius for a certain angular velocitis reduced in response to a reductiorgim a v fadiay 6 s
force.

These twaoprinciples ofcircular orbitslead to novel satellite formationsSolarpressureallows two satellites to
orbit with the same angular veloci&g unique radii Alternatively, two spacecraftanorbit at the same radius, but
with unique angular velocitieperhapsto spread ouazimuthally along an orbft These two applications are
illustrated inFigure 2 below, where Body A is a point mass and Body B has a nonzero lightness nuithee 3
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gives sample values for alotigack motioncp dillustrated n Figure 2b) for a heliocentric circular orbit at 1 AU
This orbit requires a constant lightness numiheit we propose to achieve with passively stablesunpointing

architecture

. Body A

@ BodyB

a.)

Figure 2. Deviations from nonKeplerian orbits by solar sails in circular equatorial orbits.
a.) constantradius formation flying and b.) along-track separation
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Figure 3. Along-track motion in deg/day between a point
mass spacecraft and a constant
spacecraft in heliocentric circular orbit at 1 AU.

2. TimeVaryingb Orbits

lightness numberb)(

A constant lightness number results in constant orbital eneFfjgure 4 shows the directions of the solar
pressure forcel and velocity\ for a flat, inertiallyfixed-heading plate throughout the course of an elliptical orbit.
Like in a Keplerian orbit, energy added in one halftioé orbit (wherel¥=> 0) is removed in the second half

(Where(¥< 0).

If, however, the lightness mber varis (e.g. byactuaton) over the course of an orbit, the net energy can be
mani pul a t-neetkoroids forkexampbe, naturally achieve escape velocity via a variable lightness. This dust
originates from a larger body, such as a comet, whose lightness number is negligithle.dAst separates from the

body, itsnewloading parametegf a f unct i

and it experiencesufficient acceleration to unbouitd orbit'.

on

of

t he

i ndi vi dual takesafféeci cl e 6 s

The lightness number @fplateshapedVil spacecraftan beactuatedoy modulatingthe reflectivity of its two
sides. For example, apacecraft with a highly reflective mater@ating one sidand a highly absorptive material
coating the other sees ariation in energyhroughout its orbit.Figure5 shows the normalized radial and tangential
accelerations for the candidate MIl spacecraft throughout a circular orbit. The cdnéitentrepresents the
normalizd acceleration magnitude fan Ml spacecraft with two identically reflective sides<0.85,b = 0.0175).
The variableb line represents the acceleration on a plate with two different coatings. One side is reflective, and the
second side is perfectigbsorptive § = 0.50,b = 0.0103), such that it acts like a black body. FurtRégure 6
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shows the resulting sermiajor axis (i.e. energy) and eccentricity over the course of the orbit, demonstrating that the

net energy and eccentricity change over the orbit for the-co@tled case. By reversing the orientation of the plate
or the grade of the orbit, energy and momentum can be removed rather than added.

Figure 4. Arbitrary posigrade elliptical orbit with velocity vectors
and solar pressure vectors (acting inik).
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Figure 5. a) Normalized radial and b) tangential acceleration over a single circular orbit at 1 AU for

two fixed-attitude MII spacecraft: one with two reflective (d = 0.85) sides (dashed line) and anothe
with a reflective side ¢; = 0.85) anda perfectly absorbing side ¢, = 0.5).
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Figure 6. a.) Semimajor axis and b) eccentricity over a single circular orbit at 1 AU for two fixed

attitude MII spacecraft: one with two reflective (d = 0.85) sides (dashed line) and another with ¢
reflective side (; = 0.85) and a perfectly absorbing sided, = 0.5). The rightmost points show the

cumulative change over a ongear period.

The surface ofin MIl spacecraft is populated with integrated circuit (IC) components including solar szlls

we cannot arbitrarily apply reflective or absorptive coatings. Equation 8 indicates that increasinglémgids a
flat plate does not affect the loading parameter. This result implies tHhtctifeMIl designcan be fabricatednto

a square larger than 1 émvithout loss ofb. The coatings can be applied to thdditional surface area. If material

is to be addegthough, it need not be as thick or dense as the silicon substrate that compnises dhéheMIl bus

that contains electronicsinsteadjt might use ultra-thin CR1 material bothto produce differingoptical properties

andto decreasehe meanloading parameter. In this arrangement, thelGits as a traditional solsail while the

chip acts as the traditional bu&igure7 illustrates how this architecture might appear once fabricated. Mivo

spacecraft are bonded on opposite sides of the sail center to achieve fudéB@ammunications coveragé:igure
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The increased lightness numbamables a largeavailable change in energy and eccentrigigy orbit The
architecture is simulateés shown ifrigure9, and shows roughly a factor of 4,000 improvement over theokill
architecture seen iRigure 6. Extended simulationsevify that the spacecréftsemimajor axisexceed Mar s 0 s

average orbital radius (1.52 AU) withfhyearsas seen in Figure 1Therefore, an Eartto-Mars mission based on

MII spacecraft might require roughly this much time in transfer orbit.
This archiecture requires the thin €Pto act as a flat reflective surface parallel to the face of the rigid

spacecraft. Aamiliar solution is to spin the spaceckatil body about its major axis Centripetal accelerations

producetension in the sail.Simple calculations suggest that a spate of only 0.25 rpm restricts thieeflection of
the CP-1 to about1® out of plane. The small scale benefits this spinning architecture by simplifying the deployment
and spin up, reducing centripetal loads and increasimgtural natural frequencies beyond those of a much larger,

analogous

solagail spacecraft.
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Figure 7. Solar sail architecture where two MIl spacecraft
are bonded toa circular patch of sail material.
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Figure 9. a) Semimajor axis and b) ecentricity over a single orbit for two fixed-attitude MiIl
spacecraft with CP-1 sails: one sail with two reflectiveq = 0.85) sides (dashed line) and the other witt
a reflective side ¢; = 0.85) and a perfectly absorbing sided = 0. 5).
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Figure 10. Passive energy changing bit for a fixed-attitude

MII spacecraft with a CP-1 sail with a reflective side q; =

0.85) and a perfectly absorbing sided, = 0. 5), started in a
circular orbit at 1 AU and propagated for 6 years.

C. Passive AttitudeControl
Using thinfil m fabrication techniqueghe MII vehicle is designed such that the spacecraft itself is a Shié
direction of the SRP acceleration is coupled to its attitude via the pitch angle. affitaractive attitudecontrol
nor spin stabilizationtheb o d wttituixle iseasily disturbedy torquesassociated witlenvironmental phenomena
such as freemolecular flow, magnetic fieldsgravity gradient effectsgdust/meteoroid impingement, and SRP.
Precisely centering the s paressucelilely podes a chadlande énrfor thif scaleafs s a n
spacecraft As discussed below, this offset results in disturbance torgi&ssurveythreeoptionsthatuse SRP to
mitigate these disturbance andmaintain aknownattitude which fixesb. We alsdbriefly evaluatespin stabilization
for orbitsthatexploitan inertially fixed heading to produce a variable

1. Separatiorof the Centers of Mass and Pressure
An SRP disturbance torqués produced wherihe centerof pressurerg, where the déctive SRP force acts, is
displacedrom the centeof massrem®. An equilibriumattitude (orangle with respect to the suime is defined by
the relative positionsfahese two locationsThe sail issaid to be stically balancedvhenr, is located between the
sun andr.,, >*°. The centeof massr.y in bodyfixed coordinates alongn arbitrarydirection ¥ is found fromthe
integralof the density distributiop ( avér the length of the plate

ﬁxr(x)dx
cf':lT (11)

I

cm

Likewise, he centeof pressure, is found fromthe integrabf the SRP force distributioR(x)

F (x) = 2P A(x)d (x) (cos a(x)) fx) | (12)
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