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Abstract—Current state-of-the-art techniques for small debris
(<1 cm) remediation use dust clouds composed of small grains
to induce artificial drag and deorbit debris. By passively control-
ling the variation of particle properties, it is possible to harness
external forces to steer orbital motion. Programmable Metama-
terial Particle Ensembles (PMPEs) could enable more precise
regulation of semi-major axis variations, hence improving man-
agement of radial dispersion, along-track dispersion, and orbital
decay compared to inert dust clouds. This work investigates
how solar radiation pressure (SRP) can be utilized for orbit con-
trol by regulating optical properties according to temperature.
Preliminary studies of the PMPE design space were performed
using a thermo-orbit model to assess particle trajectories and
temperature responses, and to begin informing the requirements
for orbital debris removal technology development. Initial re-
sults demonstrated the intended effects of PMPEs, showing that
variations in optical properties with temperature can induce
SRP asymmetry, thereby enabling semi-major axis control over
successive orbits. Subsequent analysis identified performance
metrics, such as volumetric heat capacity, which could inform
the optimal selection of materials to prolong the duration of
asymmetric SRP induction. Further studies explored design
parameters that maximize control authority over decay rates
for specific test cases. In the orbit range of interest for small
debris remediation (800 to 1000 km), we found that PMPEs have
the capability to either cancel out or double the natural decay
rates, enabling operators to optimize interactions with debris.
This research highlights the promising potential of PMPEs for
innovative passive orbit control solutions, paving the way for
further advancements in space debris mitigation.
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1. INTRODUCTION

The total amount of trackable objects (> 10 cm in diameter)
in Earth orbit has more than doubled in the past 20 years, par-
tially due to the substantial increase in fragmentation debris
during that time [1], [2], [3]. The careful tracking of this de-
bris gives capability for some spacecraft operators to conduct
avoidance maneuvers while on orbit to escape the possible
catastrophic effects of a collision. Unfortunately, there is
a substantial population of debris that cannot be tracked,
some of which is still large enough to deal a lethal blow to
vital systems, endangering mission and/or crew. Much of
this debris gathers at altitudes in the 800 to 1000 km range
where the thin atmosphere exerts limited influence, resulting
in debris lifespans of several decades [2], [3]. Recent cost and
benefit analysis of orbital debris remediation suggests there
are potential benefits to removing large quantities of small,
untrackable debris (1 to 10 mm in diameter), which at the very
least have the potential to degrade mission capability [2], [3].
Additionally, NASA’s Space Technology Mission Directorate
(STMD) has identified the remediation of small debris as an
existing shortfall, highlighting the need for research in this
area [4].

An existing concept for the remediation of small debris is the
orbital or sub-orbital deployment of small tungsten grains in
the form of a dust cloud. The ensuing collisions between
debris and the cloud leads to an induced drag on small debris,
accelerating their orbital decay to lower altitudes where at-
mospheric drag has a more dominating effect [5], [6], [7]. In
orbit, the dust forms a ring that allows it to intercept a large
number of small debris in an operationally simple manner.
However, the particle design space is partially constrained by
the decay rate of the dust particles, which are synced with the
induced debris decay rate to maximize efficacy [6]. In this
concept, we propose the orbital deployment of programmable
metamaterial particle ensembles (PMPEs) to remediate small
debris. By precisely tuning the geometrical, optical, thermal,
and electromagnetic properties of each particle in response to
environmental stimuli, we may gain control of the collective
behavior of the PMPE cloud. This enables movement and
dynamics that surpass what is achievable with the current
state of the art, natural deorbiting with an inert particle based
dust cloud. More specifically, we may gain control of PMPE
descent or ascent rate, area-density, and lifespan on orbit,
and we may expand the design space for the deployed cloud.
These factors govern the velocity imparted on encountered
debris as well as the number of encounters, both key metrics



in determining the remediation cost of debris. Enhanced
control over the evolution of the dust cloud could significantly
improve its remediation potential.

To further explore the potential of PMPEzs, it is essential to
introduce how smart materials can be leveraged for effective
orbit regulation and debris remediation. Some metamaterials
experience variations in optical properties in response to stim-
uli including temperature, presence of electric or magnetic
field, and UV exposure [8]. While the PMPE design space
could allow for passive regulation through solar radiation
pressure (SRP) utilizing many types of smart materials, in this
analysis, we focus on the variation of optical properties with
temperature using thermochromic materials. With careful
particle engineering, it is possible to regulate SRP accelera-
tion by transition between a highly specularly reflective state
and a state with diffuse reflection or absorption. That is,
the key function of a PMPE optical transition is to generate
an asymmetry in the SRP influence over successive orbits.
Over time, this asymmetry modulates the effect of SRP on
semi-major axis variation, leading to the capability to control
the decay rate of the particle. For example, after emerging
from eclipse, a particle is at its coolest temperature and the
metamaterial coating is reflective. As the particle moves
into sunlight, photons are reflected specularly, generating
a “strong” SRP acceleration that decelerates the particle.
At sun conjunction', the particle temperature surpasses the
activation temperature, and the coating turns opaque; the
number of photons that are specularly reflected drops. During
the transition between sun conjunction and eclipse entry, the
work produced by SRP is positive (i.e., it accelerates the
particle). However, because reflectivity is reduced, the SRP
acceleration is weaker than the deceleration experience on
the cold side of the orbit, realizing an orbit energy depleting
cycle; this case is illustrated in Figure 1. Note that the cycle
can become energy-pumping by switching to a metamaterial
coating that is opaque when cold and reflective when hot.
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Figure 1. PMPE energy depletion or pumping is
achieved through syncing optical property variation with
particle motion by taking advantage of on-orbit eclipses
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In this paper, we present the results of our preliminary
exploration of the design space for thermochromic PMPEs.
Section 2 details the construction of our thermo-orbit model
used for single particle simulations. In Section 3, we examine
the identified performance metrics and analyze their impact
on the design. Section 4 provides the results of our study,
along with other key findings relevant to the concept.

1This is a notional location, the actual orbit location of the thermochromic
transition is determined by external heat flux values and particle properties.

2. THERMO-ORBIT MODELING

The thermo-orbit model was built in python and uses the two-
body problem equations of motion including atmospheric
drag and SRP in an Earth-centered inertial reference frame
(ECD).
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Here, r is the particle position vector, 1 = 3.986 x 10'*
m3®s~2, m is particle mass in kg, Cy; = 2 is the coef-
ficient of drag, and A, is the particle cross-sectional area
in meters. The particle velocity relative to the atmosphere,
Va =V — (2 X r)inm/s, is calculated based on position
and Earth angular velocity Qg in rad/s. We employ the
pynrlmsise00 [9] python package using the particle state to
find density, po in kg/m3, from the NRLMSISEOO model
[10]. The current configuration uses NOAA products [11] to
allow us to evaluate particle behavior under mean, minimum,
and maximum solar effects over Solar Cycle 24, as well as
capture diurnal variations in atmospheric density. We use
Py = 4.57x107% N/m? from Vallado’s formulation of SRP,
and the coefficient of reflection, C' R(Tp), is between 0 and 2
[12]; in our case, this value is dependent on thermochromic
transition temperature. We use the cylindrical eclipse model
described in Reference [13] to define when the particle is in
sunlight (¢ = 1) or eclipse (¢ = 0), and we find the unit
vector to the sun, Uisyy,, through triangulation between the
particle state and the sun position from the eclipse model.
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Figure 2. The design variables of the considered
thermochromic PMPEs and the heat sources considered
in this model

The SRP and eclipse models couple the particle’s temperature
and dynamics; on orbit thermal variation due to eclipse and
lighting conditions leads to particle optical property changes
from the thermochromic material. Temperature is included
as a state variable with the heat diffusion equation as the
governing law; as illustrated in Figure 2, we consider four
heat sources, all expressed in W/m2. First, we consider solar
ﬂux, q'sun,

QSun = 7(1*’46(;5 (2)
Ry

where S = 1361 W/m? is the solar constant [14], Ray = 1
is the distance of the particle to the Sun in astronomical units



(AU), « is the absorptivity of the particle, A, is the cross-
sectional area of the particle, and ¢ is the previously de-
scribed binary eclipse factor. Secondly, we have the infrared
contribution of Earth to the particle, ¢z /1R,

qE/]R:O'FEAC&ZEE[R(Tg—T;) (3)

where o is the Boltzmann constant, F'g is the view factor of
the Earth to the particle, ep is the emissivity of the Earth
(assumed to be a black body [15]), €7 is the IR emissivity
of the particle, T is the temperature of the Earth (assumed
to be 288 K [16]), and T, is the temperature of the particle
in Kelvin. Then we have the heat flux due to Earth’s albedo
effects, qE/A
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where «a is the Earth’s albedo (0.3 & 0.05 [15]), and K, =
0.664+0.521p—0.203p? [17], with p being the angular Earth
radius. The parameter i) determines whether the particle
is observing a sunlit portion of the Earth; ¢y = 0 when
the subsatellite point is in nighttime and ¢» = 1 when the
subsatellite point is in daytime. Lastly, we account for the
particle’s own emission of energy out to space, ¢out,

(jout = 5':[1%0—145,1—;l (5)

where erp is the IR emissivity of the particle, o is the
Boltzmann constant, A, is the surface area of the particle in
m2. We acknowledge that our formulation of ¢, does not
account for the view factor of Earth, Fig; we will consider
this in future study iterations. Due to the small size of the
particles considered in this study (radius between 1 and 200
microns), we find through the derivation of a radiative Biot
number, Bi,,4, that internal heat conduction can be neglected
and lump-capacitance can be utilized. Using the resistance
model of heat transfer, the radiative Biot number is found
from

L.
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where L. is the characteristic length in meters, K is the
thermal conductivity in W/m-K, A is the surface area of
the particle in m2, and the radiative heat transfer coefficient
reduces to hyqq = 40eTy W/m?-K [18]. For a sphere, the

L. = r/3 where r is the particle radius in meters. For all
particles and materials considered in this study, Bi << 1.
Thus, we arrive at the thermal diffusion equation, which is the
differential equation solved with the dynamics to determine
particle temperature in the study,

O i i b don o]
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where p is the density of the particle, C, in J/kg-K is the
particle specific heat capacity, and V in m? is the volume
of the particle. To solve the dynamical system including the
dynamics and thermal model, we use an implicit Runge-Kutta

method from the Radau ITA family with an adaptive time step
[19].

As mentioned, the thermo-orbit coupling originates from
the variation of optical properties induced from temperature
change and the subsequent change in SRP induced accelera-
tion at a specific point in the orbit cycle. The user has control
over the specific hot and cold inputs to optical properties and a
given critical temperature, enabling modeling of orbit energy
depleting or pumping cycles. A priority of this work is to
establish the design space bounds for thermochromic PMPEs,
so selection of optical parameters was done based on glazing
materials with operational temperature ranges that aligned
with fluctuations seen in low Earth orbit environments [20].
Some materials can see over a 75% change in transmittance
during transition between states [21], [22]; in this study we
use an 80% change as our upper bound for variation in SRP
model reflectivity.

3. IDENTIFIED PERFORMANCE METRICS

The PMPE design variables were systematically analyzed to
identify the parameters that most significantly influenced the
generated SRP asymmetry. This analysis concentrated on
thermo-orbit modeling and did not consider factors such as
debris interactions. Nevertheless, it revealed several signifi-
cant observations influencing particle trajectories. The first is
the influence of the particle material in the thermal portion
of the model. As seen in the heat diffusion equation, all

heat sources are subject to a multiplier of ﬁ Given two
pPCp

particles of the same size made of different constituent core
materials, the thermal variation is thus closely tied to the
volumetric heat cafpacity s(T") = pCp, which characterizes a
material’s ability to resist temperature change. For materials
with higher s(T), a particle will take longer to reach its
critical temperature after emerging from eclipse, leading to a
larger asymmtery in SRP. This asymmetry increases because
the particle remains in its “cold” optical state for a longer
period before reaching the transition temperature, result-
ing in a prolonged stronger or weaker reflective response.
Tungsten, with s(T) = 2.58 MJ/Km?, was selected as a
particle candidate material in previous studies for several
reasons, including its hypervelocity impact characteristics
and commercial availability [5]. For use as the core in
a PMPE, tungsten suffers in comparison to other materials
like zirconium oxide (ZrOs) in terms of s(7T'). ZrOs is
a commercially available zirconia ceramic material used in
energy absorption applications [23], and importantly has a
volumetric heat capacity three times that of tungsten. We
found this to be directly proportional to its capability to
generate asymmetric SRP post eclipse, where it outperformed
tungsten by a factor of three in terms of the time spent below
transition temperature post eclipse emergence. As seen in
Figure 3, particle temperatures post eclipse increase more
gradually for ZrO,, leading to longer times below transition
temperature.

We also found that the ideal transition temperature shows
minimal variation with altitude for a fixed particle design,
with changes of about 1 K. This means that the particle
maintains some capability to regulate the decay rate through-
out its lifetime on orbit. For a test case, we simulated a
tungsten particle (r = 50pm) over varying altitudes for a
single orbit as shown in Figure 4. From this plot, we can
observe most readily that higher altitude gives more time
between eclipse conditions and conditions with or without
Earth albedo effects, meaning the temperature profile change
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Figure 3. Particle temperatures of PMPEs with varying
core materials over one orbital period, underscoring the
design preference to high volumetric heat capacity
constituents

is symmetric. However, higher orbits give lower peak temper-
atures due to the smaller view factor of Earth with increased
distance, leading to a diminished contribution from Earth IR
heating. Regardless, the hot-case, steady-state temperatures
remain within 1-2 K of each other, as do the ideal transition
temperatures. We will explore this effect in greater detail in
the next section.
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Figure 4. Particle temperature of tungsten PMPEs
(r = 50pm) with varying altitude over one orbital period

Lastly, we find that with increasing particle size comes a
greater ability to generate asymmetry in SRP. Shown in
Figure 5, we note that there is a longer time required for the
particle to reach equilibrium. This occurs because larger par-
ticles of the same material simply have a higher heat capacity.
The lumped-capacitance model holds for the particle sizes
shown here, partially because these particles are still quite
small being below 200 microns, but also because tungsten has
a relatively high thermal conductivity. While larger particles
are indicated to be beneficial from the standpoint of orbit
decay controlling SRP asymmetry, a more in-depth inves-
tigation is needed to conclude the appropriate upper bound
for their size; large enough particles cease being PMPEs and
simply become debris.
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Figure 5. Varitation in temperature with varying
particle radius, tungsten core PMPE, 450 km altitude,
one orbital period

4. ACHIEVABLE CONTROL AND NOTABLE
EFFECTS

To analyze PMPE orbit regulating capability, we simulate
a ZrOy (r = 50pm) particle core with varying reflectivity
transitions at 267 K for orbit energy depleting and pumping
cycles. While PMPEs are expected to operate in the 800 to
1000 km range, where most small debris is expected to reside
[2], we investigate particle capabilities at 600, 800, and 1000
km. The results are presented in terms of the instantaneous
decay or raise rate, evaluated over five days for each com-
bination of reflectivity and altitude tested. Steeper slopes
in the relationship between semi-major axis variation rate
and reflectivity indicate more effective PMPEs; our analysis
revealed that this relationship is linear at any given altitude
within the bounds of the analyzed optical properties. The
average decay rates are computed over 5 periods so we can
evaluate the achievable control during solar minimum, mean,
and maximum activity, which drive atmospheric density vari-
ation over the solar cycle. While total solar irradiation at 1 AU
also varies with solar cycle, we do not capture these variations
because they are far smaller in comparison to those seen in
atmospheric density [24], [25]. Diurnal heating cycles lead to
an expansion of the Earth atmosphere towards the sun during
the day, resulting in significant increases in density above 300
km [26], [27]. We found that PMPEs encounter these density
increases far outside of regions of induced reflectivity change.
Because particle optical transitions occur relatively shortly
after emerging from eclipse, diurnal heating has little effect
on PMPE operations; this timing is shown in Figure 6.

Figure 7 illustrates the decay rate of particles under mean
solar conditions, with a focus on those that either increase
reflectivity (leading to orbital energy dissipation) or decrease
reflectivity (resulting in orbital energy absorption) during
their transitions from hot to cold states. Cycles involv-
ing energy absorption are depicted to the left of the zero-
reflectivity variation line, while energy dissipation cycles are
shown to the right. The effects of altitude are immediately
apparent, with the higher drag at 600 km resulting in sig-
nificantly greater decay rates compared to the 800 km and
1000 km orbits. Notably, PMPEs in orbits above 800 km
can effectively “break even,” where their decay rates due to
atmospheric drag are counterbalanced by SRP asymmetry.
At these altitudes, PMPEs can even raise their orbits if
their thermochromic coating provides a sufficient boost in
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Figure 6. The timing of emergence from eclipse and
nighttime subsatellite point conditions for the PMPE
with variations in atmospheric density. When the eclipse
and albedo functions are equal to one, the particle is in
sunlight over a sunlit region of Earth. Peak atmospheric
density occurs when the particle is nearly directly
between the Sun and Earth.

reflectivity. While extreme variations in optical properties
are rare among candidate materials in this design space, more
modest reflectivity changes like +-40% still have the potential
to lead to over 50% increases or decreases in decay rate over
inert particles. For particles that gain 40% reflectivity during
hot-to-cold transitions at 800 km, this results in the expected
decay rate decreasing from about 100 m/day to 50 m/day.
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Figure 7. Decay rate in km/day under mean solar
conditions (solar data from March 2016), ZrO-,
r = 50pm, 267 K transition temp, c;1g = .6, = .5

PMPE control suffers in altitudes 600 km and below, where
even the largest reflectivity changes only translate to the
ability to raise or lower the decay rate by about 10% in
comparison to inert particles. Despite no change in SRP
generation between varying solar conditions, challenges in
the 600 km regime are exacerbated during solar maximum,
where capability falls to variations below 5% of the expected
decay rate, resulting from the increase in impact of atmo-
spheric drag. In the higher orbits considered here, decay rate
control remains highly effective even under maximum solar
conditions. At 1000 km, PMPEs can still raise their orbits,
completely counteracting the effects of drag or doubling the
decay rate, depending on the desired outcome. Compared
to mean solar conditions, performance reductions are notable
but not severe at 800 km, where PMPEs can still induce

variation of about 30% from the expected decay rate with
reflectivity changes of £40%. Under solar minimum condi-
tions, decay rate control increases due to reduced atmospheric
density. Strong performance is noted at 800 km and above,
where reflectivity changes of 40% can raise particle orbits,
cancel out natural decay rates, or more than double the rate
of descent. At 600 km, PMPE decay rate control capability
is comparable to what was observed at 800 km under solar
maximum conditions; rates for solar minimum and maximum
conditions are shown in Figure 8. Satisfactory control at the
target altitude of 800 km is achievable for all solar conditions
and reflectivity changes tested here. The variation in decay
rate control between cycles suggests that there is an optimal
window during each solar cycle depending on the desired
effect from the PMPEs; we leave this analysis for a future
study. Mapping of the required optical property variations
from our design space studies to real materials is a challenge
we are currently undertaking; we note that there is promise in
materials used for smart-window applications like vanadium
oxides and liquid crystals [28].
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Figure 8. decay rate in km/day under a.) minimum solar
conditions (solar data from August 2008), and b.)
maximum solar conditions (solar data from June 2014)
ZrO;, r = 50um, 267 K transition temp, g = .6,
a=.5

Some of the observed decline in performance at lower al-
titudes can be attributed to the increased effects of atmo-
spheric drag. However, another contributing factor is the
slight variations in the optimal transition temperature of the
thermochromic materials used. In our constant temperature
analysis, we were able to make direct decay rate comparisons
by eliminating temperature variability as a factor. This ap-
proach helped isolate the effects of altitude on performance,
but it also highlights the importance of tailoring particle
design to specific operational altitude ranges. As seen in
Figure 8(a), inducing orbit raising or enhancing decay rates is
more effective at 800 km than 1000 km. While we mentioned
that there was only minor variability in the optimal transition
temperature with altitude (around 1-2 K), the effects of this



variability are magnified under solar minimum conditions
where PMPEs gain enhanced control in the absence of more
substantial drag. This implies that just as timing of particle
release with the solar cycle should be optimized for a given
mission profile, transition temperature should be engineered
with a specific orbit range in mind. Shown in Figure 9,
we see the variation in decay rate control with transition
temperature from 265 K to 269 K. For this particle, the
optimal transition temperature is near 266 K, where maxi-
mum control is achieved. The optimal transition temperature
decreases by 1 K between 600 km and 1000 km orbits, from
267 K to 266 K. This decrease can be directly linked to the
reduction in maximum temperature reached by the particles,
which is a result of the slightly diminished heat contribution
from Earth’s IR radiation at higher altitudes. Regardless, the
PMPE still maintains effective control on its decay rate in the
regimes studied.

_ 1000 km
>
g 0.00 {\\\ oK
;Ec ' \\\\\.l
8 -0.021 267K \\\\\:'\
e N
SN
§-0.04 "\\,‘\\.\ A
T ool 268K 269K T TTUE
g Ny O —_
0 Xy O _ g | 268K
= Sxa -
X —0.08 \§' 269 K
~
S NN
‘T -0.10 ~Je~
3 O3, [267K
o~ N \‘t
£ -0.12 ~e. |265K
& =266 K
-08 -06 -04 -02 00 02 04 06 08

SRP model reflectivity variation

Figure 9. Decay rate in km/day with varying transition
temperature ZrQ,, r = 50um, 1000 km orbit, ;g = .6,
a=.5

5. CONCLUSION

Here, we have introduced the concept of Programmable
Metamaterial Particle Ensembles (PMPEs) for the remedi-
ation of small debris and initiated exploring their design
space, limitations, and ability to regulate orbital decay rates.
Existing concepts for such remediation include the orbital
or sub-orbital deployment of a dust cloud that enhances the
decay rates of the debris resident in altitudes near 800 km
and above. We posit that the integration of thermochromic
coatings or materials into these particles will enable operators
to passively control the decay rate of their cloud, significantly
increasing the design space in the process; particle size
selection is less constrained by the desired decay rate of
the cloud, but still linked to the ideal critial temperature.
We developed a thermo-orbit model to allow us to identify
crucial design parameters for successful particle engineering,
finding that PMPEs maintain decay rate control at a range
of sizes, materials, altitudes of interest, and solar conditions.
At the target altitude of 800 km, coatings with large reflec-
tivity changes have the potential to completely cancel out
or double the natural decay of the same particle without a
thermochromic coating. Future work on PMPEs will identify
candidate designs and determine their surviability in Earth
orbital environments, add fidelity to the current thermo-orbit
model, and analyze the dynamics and degradation factors of
the cloud as a whole. Such factors will include decreases in
cloud density due to interactions with debris and spacecrafts
and expansion of the cloud due to a variety of dispersal
mechanisms.
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