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In this paper, we present some ideas regarding the modeling, dynamics and control 
aspects of granular spacecraft. Granular spacecraft are complex multibody systems 
composed of a spatially disordered distribution of a large number of elements, for instance a 
cloud of grains in orbit. An example of application is a spaceborne observatory for exoplanet 
imaging, where the primary aperture is a cloud instead of a monolithic aperture. A model is 
proposed of the multi-scale dynamics of the grains and cloud in orbit, as well as a control 
approach for cloud shape maintenance and alignment, and preliminary simulation studies 
are carried out for the representative imaging system.  

 

I. Introduction 
 
HE useful engineering properties of a cloud of granular matter in space are virtually unknown. Granular matter 
is considered to be the 5th state of matter (after solid, liquid, gaseous, and plasma) by virtue of its peculiar 

response characteristics (cohesiveness, fluid behavior, compactification, phase transformation capability, and others) 
[6]. However, it is a fact that the dynamics, controllable properties, and consequent benefits of engineering and 
manipulating granular matter such as dust grains, powders, and granular spacecraft is poorly known to the space 
exploration community.  

In this paper, we present some ideas regarding the modeling, dynamics and control aspects of granular 
spacecraft. Granular spacecraft are complex multibody systems composed of a spatially disordered distribution of a 
large number of elements, for instance a cloud of N grains in orbit, with N>103. We address the modeling and 
autonomous operation of a distributed assembly (the cloud) of large numbers of highly miniaturized space-borne 
elements (the grains). A granular spacecraft can be defined as a collection of a large number of space-borne 
elements (in the 1000s) designed and controlled such that a desirable collective behavior emerges, either from the 
interactions among neighboring grains, and/or between the grains and the environment. The ultimate objective 
would be to study the behavior of the single grains and of large ensembles of grains in orbit and to identify ways to 
guide and control the shape of a cloud composed of these grains so that it can perform a useful function in space, for 
instance, as an element of an optical imaging system for astrophysical applications. This concept, in which the 
aperture does not need to be continuous and monolithic, would increase the aperture size several times compared to 
large NASA space-borne observatories currently envisioned such as ATLAST, allowing for a true Terrestrial Planet 
Imager that would be able to resolve exo-planet details and do meaningful spectroscopy on distant worlds. To 
accomplish this goal, we need to investigate the conditions to manipulate and maintain the shape of an orbiting 
cloud of dust-like matter so that it can function as an ultra-lightweight surface with useful and adaptable 
electromagnetic characteristics. Consider the following scenario, shown in Figure 1: 1) the cloud is first released; 2) 
it is contained by laser pressure to avoid dissipation and disruption by gravitational tidal forces, 3) it is shaped by 
optical manipulation into a two-dimensional object (coarse control), and 4) ultimately into a surface with imaging 
characteristics (fine control). The cloud shape has to be maintained against orbital disturbances by continuous figure 
control, also achieved optically. Applying differential light pressure retargets the entire cloud, so that a change of the 
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characteristics are important, as well as the tendency to form natural ring-like structures governed by the local 
gravity gradients, solar pressure, and radiation properties of each individual grain.  The electrodynamic Lorentz 
coupling in LEO-GEO provides high degree of structural coherence which can be exploited in applicaitons. Once 
illuminated, the diffraction pattern from a disordered assembly leads to a strong focusing potential: the intensity of 
the signal is more collimated when the distribution of apertures is randomized, the separation between apertures 
increases, and the number of apertures increases. Focusing is achieved by modulating the phase of the distributed 
radiators so as to obtain a conic phase surface, and this leads naturally to the shaping a cloud in the form of a  lens. 
In space, the cloud behavior depends on the dynamic balance of different force fields: Laser light pressure, as light 
can induce motion; Solar illumination radiation pressure, which carries momentum; Gravitational forces and 
gradients, resulting in orbital and tidal effects; Electrostatic Coulomb or dielectrophoretic forces, since the grains are 
charged; Electromagnetic Lorentz forces resulting from the interaction with local magnetic field; Cloud self-gravity 
caused by the cloud being an extended body; Poynting-Robertson drag, in which grains tends to spiral down towards 
the Sun; and Yarkovstky (YORP) effect, caused by the anisotropic emission of thermal photons, which carry 
momentum. In the next sections, we describe the gravito-electrodynamics coupling, and the opto-mechanical 
interaction. 
 

A. Cloud Gravito-electrodynamics 
 

To gain some insight into the physics of the problem, we can for the time being consider the dynamics of one grain 
and of a collection of grains separately. The equation of motion of one grain around planet rotating at Ωp: 
 

r = − µr

m r
3 +
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mc
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from which the resulting natural frequencies are  
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where ΩB is the plasma gyro-frequency, Ωp is the planet rotation rate, and ΩK is the Keplerian frequency, indicating 
that gravity, electromagnetic fields are coupled and interact with local plasma. For a cloud of particles released from 
an orbiting vehicle, the diffusion characteristics are important, as well as the tendency to form natural ring-like 
structures governed by the local gravity gradients, solar pressure, and radiation properties of each individual grain. 
As a system the orbital mechanics of a cloud can be modeled by the following equations: 
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   (3) 

 
These equations apply to an extended cloud of total mass m and moments of inertia J1, J2, J3 in the baricentric frame. 
The equations of motion are nonlinear and non-homogeneous and apply to any type of orbit. The attitude dynamics 
and the orbital dynamics are, indeed, coupled through the pitch angle α, which is not necessarily small, and through 
the true anomaly v.  When the orbit is circular, the cloud attitude dynamics is uncoupled from the orbital dynamics. 
The overallthrust direction (θ) and magnitude (f) affect both the orbital and attitude dynamics. The gravity gradient 
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effect (represented by the terms in sinα and cosα) appears in all the equations. This state coupling has not yet been 
investigated in the literature.  Now, let us consider the local vertical-local horizontal (LVLH) frame Fo, and let’s 
look at the point located at ρ = x y z( )Fo from the origin of the moving coordinate system. Its relative 

acceleration in Fo is: 
 
 ρi = − V0 − Ω

× +Ω×Ω×( )ρi − 2Ω× ρi + ai (ri , ri ,t)     (4) 

 
Then its gradient tensor can be computed in matrix form as:  
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Similarly, its gyroscopic tensor can be computed in matrix form as:  
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Taking the instantaneous orbit of 0 as reference, we can now look at the motion with respect to the moving origin, 
still nonlinear in the kinematics, by expanding the perturbation force in Taylor series about the reference 
configuration.  Consequently, the TANGENT equations of motion can be written as: 
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As an example, consider a one-dimensional cloud. Consider the simple case of circular orbit with 
R0 = 0 0 R0( )Fo  andΩ = ω0 0 0( )Fo , for which the gravitational gradient tensor becomes: 
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 Then, the components of the gravitational gradient tensor are Γ11 = −ω0

2 ,  Γ33 = 3ω0
2

 

, which imply that the motion 
along x (along normal to orbital plane) is compressive, the motion along y (along velocity vector) experience no 
force, and the motion along z (along local vertical) is tensile.  
 

B. Opto-mechanical Interactions 
 

A spherical particle in the presence of light will experience both a scattering force in the direction of the beam axis, 
which is proportional to the irradiance, and a gradient force that may be expressed as Fgrad=-(1/2)α(gradE)2, where α 
is the polarizability of the particle [1], [3], .  The gradient force is the direction of the beam axis is negligible unless 
the beam is tightly focus. Beam shaping of a cloud of particles is possible by molding the cloud in with the gradient 
force, say in the x-y plane, and by further molding the cloud in the z-direction by the combined optical scattering 
force and gravitational forces arising from the orbital dynamics (tidal forces). At the moment of release the velocity 
distribution of the cloud may be represented by a probability distribution such as the Maxwell-Boltzmann 
distribution.  Without intervention, the cloud will diffuse to a rarified state where the particles move ballistically.   
The gradient force required to “freeze” the distribution in the x-y plane must then be of the order of 
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! 
Figure 5. Orbital parameters of cloud in orbit. 

 
 

The assumptions we used to model the dynamics are as follows: 1) The inertial frame is fixed at Earth’s center. 
2) The orbiting Frame ORF follows Keplerian orbit. 3) the cloud system dynamics is referred to ORF. 4) the attitude 
of each grain uses the principal body frame as body fixed frame. 5) the atmosphere is assumed to be rigidly rotating 
with the Earth. Regarding the grains forming the cloud: 1) each grain is modeled as a rigid body; 2) a simple attitude 
estimator provides attitude estimates, 3) a simple guidance logic commands the position and attitude of each grain, 
4) a simple local feedback controller based on PD control of local states is used to stabilize the attitude of the 
vehicle. Regarding the cloud: 1) the cloud as a whole is modeled as an equivalent rigid body in orbit, and 2) an 
associated graph establishes grain connectivity and enables coupling between modes of motion at the micro and 
macro scales; 3) a simple guidance and estimation logic is modeled to estimate and command the attitude of this 
equivalent rigid body; 4) a cloud shape maintenance controller is based on the dynamics of a stable virtual truss in 
the orbiting frame. Regarding the environmental perturbations acting on the cloud: 1) a non-spherical gravity field 
including J0 (Earth’s spherical field) zonal component, J2 (Earth’s oblateness) and J3 zonal components is 
implemented; 2) atmospheric drag is modeled with an exponential model; 3) solar pressure is modeled assuming the 
Sun is inertially fixed; and 4) the Earth’s magnetic field is model using an equivalent dipole model. The equations of 
motion are written in a referential system with respect to the origin of the orbiting frame and the state is propagated 
forward in time using an incremental predictor-corrector scheme.  

Figure 5, shows the kinematic parameters of a 1000 element cloud in orbit.  The motion of the system is 
described with respect to a local vertical-local horizontal (LV-LH) orbiting reference frame (x,y,z)=FORF of origin 
OORF which rotates with mean motion Ω and orbital semi-major axis R0. The orbital geometry at the initial time is 
defined in terms of its six orbital elements, and the orbital dynamics equation for point OORF is propagated forward 
in time under the influence of the gravitational field of the primary and other external perturbations, described 
below. The origin of this frame coincides with the initial position of the center of mass of the system, and the 
coordinate axes are z along the local vertical, x toward the flight direction, and y in the orbit normal direction.  The 
inertial reference frame (X,Y,Z)=FI is geocentric inertial for LEO (X points toward the vernal equinox, Z toward the 
North Pole, and Y completes the right handed reference frame), and heliocentric inertial for other applications. The 
orbit of the origin of FORF is defined by the six orbital elements a (semimajor axis), e (eccentricity), i (inclination), 
ΩL (longitude of ascending node), w (argument of perigee), ν (true anomaly), and time of passage through periapsis. 
From Figure 1, the position vector of a generic grain with respect to OORF is denoted by ρi, and we have ri=R0+ ρi. 
We define the state vector as  
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In this paper, we have presented some ideas regarding the modeling, dynamics and control aspects of granular 
spacecraft. We have addressed the modeling and autonomous operation of a distributed assembly (the cloud) of 
large numbers of grains, controlled by opto-mechanical interactions. The modeling and simulation of a 
representative concept was also discussed. The application considered so far was a reflective imaging system for 
astrophysics, but many unexplored applications of granular spacecraft are yet to be discovered. 

 

 
Figure 7. Snapshot of simulation. 
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