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 We consider spacecraft length scaling as a means of enabling achieving passive, feasible 

infinite -impulse orbits.  Taking inspiration from the orbital dynamics of dust, this paper 

discusses the consequences of length scaling on acceleration due to solar radiation pressure 

and demonstrates its effectiveness on a candidate microscale spacecraft.  We propose to 

fabricate this dime-sized spacecraft on a single ultra -thin  substrate of silicon.  This choice 

reduces the total mass to fewer than 7.5 mg and makes the spacecraft bus itself a solar sail, 

yielding a lightness number ɓ of 0.0175.  This architecture can provide passive solar sail 

formations and various passive methods of changing orbital energy.  We also consider 

augmenting this architecture with traditional CP1 sail material (ɓ of 0.1095) to reduce 

transfer times further .  The paper surveys and compares passive methods of achieving a 

marginally stable sun-pointing attitude including the addition of fixed vanes and optical 

grating of the surface.  The microscale infinite impulse (MII) spacecraft design replaces the 

traditional spacecraft subsystems with a single integrated circuit (IC). Our current 

fabrication effort s are directed at realizing this spacecraft as a simple sensing and 

transmitting circuit with standard IC tools.   

I. Introduction  

UST in the solar system experiences a surprising lifecycle.  Solar pressure and electrostatic forces can compete 

with gravity to give very small particles highly nontraditional orbits.  Some dust finds a stable orbit; some dust 

gently lands on the surface of planets like our own, and some dust is energetically ejected from the solar system. 

Dust particles vary in size from a few molecules to 100 ɛm and have a mass smaller than a few ɛg.  At these 

mass scales, the acceleration due to what would be considered perturbation forces on larger bodies can no longer be 

neglected.  In fact, we propose that they be harnessed and manipulated in order to enable new propulsion techniques 

and missions.  Dustôs unique behavior motivates the present study of the orbital dynamics of extremely small bodies 

and the development of a spacecraft capable of exploiting on these physical principles.   

In pursuit of this goal, we are working to create a self-contained ñMicroscale Infinite-Impulseò (MII) spacecraft 

capable of demonstrating significant, useful propellantless propulsion by virtue of its small length scale.  Inspired by 

the simple, successful mission of Sputnik in 1957, we focus on a simple, feasible, but genuinely new design.  For 

three weeks, the 23 inch diameter Sputnik I broadcast its internal temperature and pressure as it orbited and 

demonstrated the feasibility of artificial satellites.  A half century later, we expect to duplicate Sputnikôs 

achievement using less than one ten-millionth of its mass.  Our design rethinks the traditional subsystems (power, 

propulsion, communications, etc) in an effort to produce a single silicon microchip spacecraft capable of infinite 

impulse. 

Several other groups are actively and successfully developing monolithic integrated-circuit silicon spacecraft 

(sometimes called a ñspacecraft-on-a-chipò), notably the Aerospace Corporation
1
, Jet Propulsion Laboratories

2
, and 

Surrey Space Centre
3
.  The primary incentives for these research efforts are persuasive: economies of production, 

reduced launch mass, and distributed sensing opportunities.  However, these objectives generally differ from our 

primary goal: capitalizing on length scaling to achieve feasible orbit control.  These programs envision spacecraft 

with masses on the order of grams, which are no doubt unusually small by any traditional standard but are still a 

thousand times larger than our target.  C. McCinnes
4
 recognizes the promise of propellantless spacecraft designs 

which approach these length scales. He envisions smart, compact sails which use microelectromechanical systems 

(MEMS) to autonomously navigate the solar system.  He further recognizes the challenges associated with long 

distance telecommunications for such small spacecraft.  We pursue that shared vision first by surveying a variety of 
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passive, feasible solar sailing opportunities for a candidate spacecraft.  We then describe our design and fabrication 

progress to date. 

 

II.  Solar Radiation Pressure 

Dust detectors on Pioneers 8 and 9 reported more dust impacts when facing the sun than when facing away.  After 

measurement errors were ruled out, the spacecraft were found to be detecting streams of dust on outbound 

hyperbolic orbits.  These streams of dust originate from comets, which shed dust throughout their orbit.  When 

released near the sun, some dust experiences a sudden change in acceleration due to solar radiation pressure (SRP).  

If sufficiently large, this acceleration can unbound the orbit of these so-called ɓ-meteoroids
5,6

.  Here, acceleration 

due to SRP is assessed as a means of propelling a candidate MII spacecraft bus: a 25 ɛm thick, 1 cm square, 7.5 mg 

silicon microchip with integral solar cells and signal-transmitting circuitry.  Section III describes this architecture in 

detail. 

A. SRP Acceleration Scaling  

As early as the 1920s Konstantin Tsiolkovsky and Fridrickh Tsander first realized that SRP can be manipulated 

to produce useful acceleration and can thereby achieve a class of spacecraft missions
4
.  Rather than consider the 

ñtremendous mirrors of very thin sheetsò they envisioned, we consider solar pressure acting on this extremely small 

spacecraft.  The pressure P from the sun due to momentum transfer from photons is 

 rĔ
c

WP= , (1) 

where c is the speed of light, W is the energy flux from the sun (units of J/m
2
s), and rĔ is the direction of the position 

vector r with magnitude r.  For a reflective flat plate exposed to the sun, the force F due to this solar pressure can be 

modeled by
4
  

 ( )nF Ĕcos2 2ahPA=
,
 (2) 

where A is the area of the plate exposed to photons when facing sunward, and Ŭ is the sail pitch angle defined by the 

plateôs normal unit vector nĔand the direction of the incoming photons 
ieĔ as shown in Figure 1.  The ɖ<1 term 

accounts for a surfaceôs non-ideal optical properties associated with absorption and diffuse reflection.  The cos
2
 Ŭ 

term accounts for area projection in the radial (sunward) direction and the off-radial photon reflection 
reĔ.  This 

simplified force model provides insight into the behavior at small scales.  It 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. 

 

 
 

 The incident flux is modeled with an inverse-square law 

Figure 1.  Vector directions for solar sails.   
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where W0 is a reference magnitude at a reference distance r0.  The force due to solar pressure is purely radial on a 

sail with constant pitch angle and decreases with an inverse-square dependence, just as the force due to gravity FG.  

This similarity motivates the dimensionless parameter ɓ, known as the lightness number, which measures a sailôs 

effectiveness.  ɓ relates the magnitude of SRP acceleration to the magnitude of gravitational acceleration  

 
sm

h
b

c

rW

F

F

G

SP

2

002
== ,     (4) 

where ɛ is the sunôs gravitational constant and ů is the loading parameter  

 
A

m=s .   (5) 

The loading parameter relates the mass of the body m to its sail area and is a function of the geometry and material 

of the body.  Our MII spacecraft resembles a flat plate.  For such a shape, with its maximum area normal to the sun, 

the loading parameter is 

 d
l

dl

A

m r
r

s ===
2

2

,   (8) 

where l is the plateôs side length and d is the plateôs thickness.  Reducing the thickness of the plate (rather than side 

length) increases ɓ.  These simple results motivate the concept of a plate shaped integrated circuit spacecraft whose 

small depth enables it to function as a solar sail. 

 

B. Passive SRP Orbit Designs 

In an effort to both maximize and benefit from SRP acceleration, we evaluate passive and scalable orbit designs.  

Here, passive indicates that these solutions do not require any form of active feedback control.  We evaluate two 

classes of available orbits, those that maintain a constant ɓ and those that use a time-varying ɓ to alter orbital energy. 

 

1. Constant ɓ Orbits 

This first application describes the simplest SRP enabled passive formation: spacecraft with constant ɓ in a 

heliocentric, circular orbit. An expression for energy leads to the result that the angular velocity ɤ of a body in a 

heliocentric circular orbit is modified by the lightness number
4
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Alternatively, this result can be expressed in terms of orbital radius (in this case for ɓ < 1) 
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That is, the circular radius for a certain angular velocity is reduced in response to a reduction in gravityôs radial 

force. 

 These two principles of circular orbits lead to novel satellite formations.  Solar pressure allows two satellites to 

orbit with the same angular velocity at unique radii.  Alternatively, two spacecraft can orbit at the same radius, but 

with unique angular velocities, perhaps to spread out azimuthally along an orbit
4
.  These two applications are 

illustrated in Figure 2 below, where Body A is a point mass and Body B has a nonzero lightness number.  Figure 3 
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gives sample values for along-track motion ȹɗ (illustrated in Figure 2b) for a heliocentric circular orbit at 1 AU.  

This orbit requires a constant lightness number that we propose to achieve with a passively stable sun-pointing 

architecture. 

 

 

  
 

 

 
 

2.  Time-Varying ɓ Orbits 

 A constant lightness number results in constant orbital energy.  Figure 4 shows the directions of the solar 

pressure force nĔ and velocity vĔ for a flat, inertially fixed-heading plate throughout the course of an elliptical orbit.  

Like in a Keplerian orbit, energy added in one half of the orbit (where 0ĔĔ >Övn ) is removed in the second half 

(where 0ĔĔ <Övn ).   

 If, however, the lightness number varies (e.g. by actuation) over the course of an orbit, the net energy can be 

manipulated.  The ɓ-meteoroids for example, naturally achieve escape velocity via a variable lightness.  This dust 

originates from a larger body, such as a comet, whose lightness number is negligible.  As the dust separates from the 

body, its new loading parameter (a function of the individual particleôs size rather than the cometôs size) takes effect 

and it experiences sufficient acceleration to unbound its orbit
7
.   

 The lightness number of a plate-shaped MII spacecraft can be actuated by modulating the reflectivity of its two 

sides.  For example, a spacecraft with a highly reflective material coating one side and a highly absorptive material 

coating the other sees a variation in energy throughout its orbit.  Figure 5 shows the normalized radial and tangential 

accelerations for the candidate MII spacecraft throughout a circular orbit.  The constant-ɓ line represents the 

normalized acceleration magnitude for an MII spacecraft with two identically reflective sides (ɖ = 0.85, ɓ = 0.0175).  

The variable-ɓ line represents the acceleration on a plate with two different coatings.  One side is reflective, and the 

second side is perfectly absorptive (ɖ = 0.50, ɓ = 0.0103), such that it acts like a black body.  Further, Figure 6 
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Figure 3.  Along-track motion in deg/day between a point 

mass spacecraft and a constant lightness number (ɓ) 

spacecraft in heliocentric circular orbit at 1 AU. 

 

Figure 2.  Deviations from non-Keplerian orbits by solar sails in circular equatorial orbits.  

a.) constant-radius formation flying and b.) along-track separation  
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shows the resulting semi-major 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 dual-coated case.  By reversing the orientation of the plate 

or the grade of the orbit, energy and momentum can be removed rather than added. 

 

 
 

 
 

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 (ɖ = 0.85) sides (dashed line) and another 

with a reflective side (ɖ1 = 0.85) and a perfectly absorbing side (ɖ2 = 0.5).   
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Figure 4.  Arbitrary posigrade elliptical orbit with velocity vectors 

and solar pressure vectors (acting in nĔ). 
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 The surface of an MII spacecraft is populated with integrated circuit (IC) components including solar cells; so, 

we cannot arbitrarily apply reflective or absorptive coatings.  Equation 8 indicates that increasing the side length of a 

flat plate does not affect the loading parameter.  This result implies that the 1 cm
2 
 MII design can be fabricated onto 

a square larger than 1 cm
2
 without loss of ɓ. The coatings can be applied to this additional surface area.  If material 

is to be added, though, it need not be as thick or dense as the silicon substrate that comprises the part of the MII bus 

that contains electronics.  Instead, it might use ultra-thin CP-1 material both to produce differing optical properties 

and to decrease the mean loading parameter.  In this arrangement, the CP-1 acts as a traditional solar sail while the 

chip acts as the traditional bus.  Figure 7 illustrates how this architecture might appear once fabricated.  Two MII 

spacecraft are bonded on opposite sides of the sail center to achieve full solar cell/communications coverage.  Figure 

8 shows the lightness number as a function of sail radius using 5 ɛm thick CP-1 (areal density of 9 g/m
2
) with a 30% 

mass conservatism factor to account for bonding and inefficiencies.  The sailôs properties begin to dominate the 

systemôs lightness number at a CP1 radius of roughly 10 cm (ɓ = 0.1095).  For larger radii, the value asymptotes to 

the CP-1 sail-only value of ɓ = 0.13.  The thin vertical dashed line indicates the minimum sail size dictated by the 

MII spacecraftôs corner radius.   

 The increased lightness number enables a larger available change in energy and eccentricity per orbit.  The 

architecture is simulated, as shown in Figure 9, and shows roughly a factor of 4,000 improvement over the MII-only 

architecture seen in Figure 6.  Extended simulations verify that the spacecraftôs semi-major axis exceeds Marsôs 

average orbital radius (1.52 AU) within 6 years as seen in Figure 10. Therefore, an Earth-to-Mars mission based on 

MII spacecraft might require roughly this much time in transfer orbit. 

 This architecture requires the thin CP-1 to act as a flat reflective surface parallel to the face of the rigid 

spacecraft.  A familiar solution is to spin the spacecraft-sail body about its major axis
4
.  Centripetal accelerations 

produce tension in the sail.  Simple calculations suggest that a spin rate of only 0.25 rpm restricts the deflection of 

the CP-1 to about 1
o
 out of plane.  The small scale benefits this spinning architecture by simplifying the deployment 

and spin up, reducing centripetal loads and increasing structural natural frequencies beyond those of a much larger, 

analogous solar sail spacecraft. 
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Figure 6.  a.) Semi-major axis and b) eccentricity over a single circular orbit at 1 AU for two fixed-

attitude MII spacecraft: one with two reflective (ɖ = 0.85) sides (dashed line) and another with a 

reflective side (ɖ1 = 0.85) and a perfectly absorbing side (ɖ2 = 0.5).  The rightmost points show the 

cumulative change over a one year period. 
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Figure 9.   a) Semi-major axis and b) eccentricity over a single orbit for two fixed-attitude MII 

spacecraft with CP-1 sails: one sail with two reflective (ɖ = 0.85) sides (dashed line) and the other with 

a reflective side (ɖ1 = 0.85) and a perfectly absorbing side (ɖ2 = 0. 5). 
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Figure 8.  Net lightness number for a 5 ɛm thick CP-1 (areal density 

of 9 g/m
2
 + 30% conservatism) solar sail with two MII spacecraft 

bonded to it. 
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C. Passive Attitude Control  

Using thin fil m fabrication techniques, the MII vehicle is designed such that the spacecraft itself is a sail.  The 

direction of the SRP acceleration is coupled to its attitude via the pitch angle.  With neither active attitude control 

nor spin stabilization, the bodyôs attitude is easily disturbed by torques associated with environmental phenomena 

such as free molecular flow, magnetic fields, gravity gradient effects, dust/meteoroid impingement, and SRP.  

Precisely centering the spacecraftôs center of mass and center of pressure likely poses a challenge in for this scale of 

spacecraft.  As discussed below, this offset results in disturbance torques.  We survey three options that use SRP to 

mitigate these disturbances and maintain a known attitude, which fixes ɓ.  We also briefly evaluate spin stabilization 

for orbits that exploit an inertially fixed heading to produce a variable ɓ. 

 

1. Separation of the Centers of Mass and Pressure 

An SRP disturbance torque is produced when the center of pressure rcp, where the effective SRP force acts, is 

displaced from the center of mass rcm 
8
.  An equilibrium attitude (or angle) with respect to the sun line is defined by 

the relative positions of these two locations.  The sail is said to be statically balanced when rcp is located between the 

sun and rcm 
9,10

.  The center of mass rcm in body fixed coordinates along an arbitrary direction xĔ is found from the 

integral of the density distribution ɟ(x) over the length l of the plate  
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Likewise, the center of pressure rcp is found from the integral of the SRP force distribution F(x) 

 

 ()() ()( ) )(Ĕcos2)( 2 xxxdxPx nF ah=
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Figure 10.  Passive energy changing orbit for a fixed-attitude 

MII spacecraft with a CP-1 sail with a reflective side (ɖ1 = 

0.85) and a perfectly absorbing side (ɖ2 = 0. 5), started in a 

circular orbit at 1 AU and propagated for 6 years. 


