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Introduction:  In-situ resource utilization is tech-

nical ability that could dramatically influence how 
future missions to explore the solar system are de-
signed. Probable (and plentiful) sources of useful ma-
terials include asteroids, comets, and moons - particu-
larly Earth’s and Mars’ moons. The first step along the 
path to in-situ resource utilization is understanding 
what is where. Therefore, it is important to acquire and 
analyze as many samples from these bodies as possi-
ble, allowing us to identify and characterize the availa-
ble resources. The focus of this work is to improve the 
ability of spacecraft to obtain and characterize samples 
from Near Earth Objects (NEOs). These bodies are 
currently the most accessible class of small bodies and 
can also provide information about the resources avail-
able in small bodies throughout the solar system.  

Acquiring samples from small bodies in order to 
characterize and better understand them is a complex 
but important endeavor. Traditionally, such missions 
have consisted of an orbiting spacecraft that must 
touch, land on, or deploy a second vehicle to the sur-
face of the small-body to obtain physical samples that 
can be characterized. In contrast to this traditional and 
high risk approach, we propose an innovative architec-
ture and concept of operations that permits reliable, 
safe, and repeated sampling of small bodies. This ar-
chitecture, referred to in this proposal as the Lofted 
Regolith Sampling (LoRS) architecture, is based on 
advanced astrodynamics and autonomy capabilities 
that are robust to target-body uncertainties, and is 
adaptive during operations. Based on several key phas-
es that ultimately lead to a thorough char- acterization 
of the target body and collection of multiple samples 
while avoiding complex and highly unpredictable land-
ing requirements, the LoRS architecture will also per-
mit sampling from areas of a small body that might not 
otherwise be accessible to a spacecraft such as craters, 
cliffs, and boulder fields.  

The ongoing work is evaluating the feasibility of 
this innovative architecture and identify key hardware 
and software requirements for future development. In 
completion, this effort will have developed a detailed 
mission architecture and concept of operations, evalu-
ated autonomous approaches to key operations, and 
identified technologies required for lofting, remotely 
characterizing, and collecting surface materials. If the 
LoRS architecture is found to be feasible, it will enable 
a NEO prospecting and characterization mission in the 

near-term with only a small amount of new technology 
development.  

The fundamental results found in the feasibility 
study of the LoRS are presented here.  

Concept of Operations:  The LoRS concept of 
opearations allows for maximum flexibility of a mis-
sion to prospect at a small body. The start of the LoRS 
architecture is upon arrival at the target body Arrival 
considerations for LoRS are similar to most explora-
tion missions - without significantly increasing fuel 
costs it is desirable to approach from the sunlit side of 
the body for early optical acquisition of the target to 
ensure a successful close approach and orbit insertion. 
The spacecraft will then characterize the target by per-
forming a number of flybys and/or orbits. There are 
four sub-steps which provide crucial knowledge for 
lofting and capturing regolith – mapping the gravity 
field, the shape, surface features, and identifying loft-
ing targets. The spacecraft will then loft material with 
one of a variety of possible methods. Upon coming 
back to the lofted debris, the material can be remotely 
characterized, and a decision can be made to either 
collect material or not. Finally, this can be repeated at 
the current small body, or the prospector spacecraft 
could move onto another small body target. 

 
Debris Dynamics:  The key to the LoRS architec-

ture is based on the natural dynamcs which govern the 
motion of objects in the vicinity of a small body. The 
relatively large influence of solar radiation pressure on 
small objects works to size sort the material naturally 
over the course of days. Many simulations have been 
run over the parameter space shown in Table 1 to test 
that this holds for a variety of conditions. 
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The figures below show the trajectories from many 

debris particls lofted from Bennu at the 108 degree 
longitude site. The color coding indicates the size of 
the lofted particles – the smaller particles are red and 
the larger are blue. The size sorting is clear, and holds 
rather robustly for the conditions tested in Table 1. 

Figure 3: All trajectories from site located at 108� longitude, 0� latitude as seen from above the asteroid
spin pole.

Figure 4: Out-of-plane trajectories from site located at 108� longitude, 0� latitude.

can be leveraged to make the regolith travel in a desirable direction for collection based on the spacecraft location.
Finally, the variation in the particle size shows the size sorting we have come to expect.
Separation Distance Comparison

The final set of analysis shows one way that we can query the database of trajectories to determine if material
of di↵erent sizes will be separated su�ciently for collection. In this case, we found all the trajectories leaving from
the site at 0� latitude, 72� longitude, with a launch azimuth of 90� and a launch elevation of 45�, and a launch
velocity of 5 cm/s or 7 cm/s. The particle sizes (and their labels for Figures 12 and 13) investigated here were 1 m
(1), 10 cm (2), 6.6 cm (5), 1 cm (10). Figure 12 shows the separation between the particles leaving at 5 cm/s. The
smallest particles clearly move away quickly as they have large separations with the other three particle sizes. The
larger particle sizes stay nearer to one another, but after a few days their separation distances vary from 100-500
m. Importantly, the minimum separation is growing with time, so if two particle sizes are mixed and only one is
desirable to collect, just waiting gives improved separation distances. Similar trends are seen in Figure 13, although
the distances are typically larger.

Finally, in Figure 14 we show the separation distance between any two particles of all of those investigate here
(for a total of 28 comparisons) at t

f

= 5 days after the lofting event. In this case, to minimum separation found was
approximately 163 m for the 1 cm particles which left at 5 cm/s and 7 cm/s. Thus the similar sized particles are
traveling closest together, but the di↵erent initial conditions can lead to a spread in the location of these particles
in space. As seen in Figures 12 and 13, this spread will vary over time, so by having the spacecraft arrive at an
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Figure 5: Close view of trajectories from site located at 108� longitude, 0� latitude, which shows the orbiting
particles from these cases.

Figure 6: Sensitivity of trajectory to di↵erent site latitudes.

opportune moment, the particles can either be more clumped or more separated depending on what is more desirable.
Continued Work

Current work is on-going to complete running large particle number Monte Carlo simulations using various
initial velocity distributions from a given lofting site. In other words, this will comprise simulations similar to those
shown in the Single Site Example above, except that the initial particle velocities and directions will be chosen
statistically based on some models. These initial distribution models will be designed to represent various forms
of lofting techniques as these are investigated in the second half of the performance period. The results of these
simulations can then be used as inputs for future simulations which will show e↵ective autonomous methods for
targeting and collection of desired particle sizes.
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Spacecraft Control:  The controllability of the or-

bit has been investigated under the power of a low 
thrust ion engine. Using Dawn’s ion engine (90 mN 
thrust, 3100 s Isp) [1] and assuming a 2000 kg space-
craft, all manner of maneuvers are possible. In the fol-
lowing figure, we show a trajectory where it costs only 
7 cm/s to raise apoapse from 1 to 8 km, then 3 cm/s to 
change the inclination by 90 degrees, for a total of only 
6.5 g of fuel. This trajectory could be useful for LoRS 
as from the early low orbit the debris could be lofted, 
with the spacecraft moving to a higher altitude to stay 
safe from the lofted debris, before returning to a lower 
altitude to characterize and collect material. Given the 
low fuel costs of such a maneuver, this profild could be 
repeated many times with a typical spacecraft fuel 
load. 

Figure 40: Trajectory 1 peri 1 starting in point 1p of Figure 39. Total �V for the maneuver is 0.622 m/s
and required propellant mass is 40.9 g. The simulated time is 11.3 days.

Table 5: Characteristic values of the examined trajectories for the complex sequence of maneuvers
�V [m/s] Control

threshold

Leg 5 [m]

Trajectory Leg 1 Leg 2 Leg 3 Leg 4 Leg 5 Total

Total m
prop

[kg]

Duration [d]

1 apo 0 0.109 0 0.035 0.454 0.597 0.039 11.313 1000
1 peri 1 0 0.069 0 0.032 0.521 0.662 0.041 11.255 1000
2 apo 0 0.071 0 0.043 0.519 0.632 0.042 10.593 1000
2 peri 0 0.066 0 0.049 0.620 0.735 0.048 10.229 1000

1 peri 1 0 0.069 0 0.032 0.521 0.622 0.041 11.255 1000
1 peri 2 0 0.069 0 0.032 0.882 0.983 0.065 12.255 2000
1 peri 3 0 0.069 0 0.032 1.000 1.101 0.072 12.356 3000
1 peri 4 0 0.069 0 0.032 1.115 1.216 0.080 12.356 4000

1 peri 5 0 0.069 0 0.032 0.275 0.375 0.025 10.356 1000
1 peri 1 0 0.069 0 0.032 0.521 0.622 0.041 11.255 1000
1 peri 6 0 0.069 0 0.032 1.082 1.183 0.078 13.252 1000
1 peri 7 0 0.069 0 0.032 1.363 1.464 0.096 14.252 1000

trajectory (44% for trajectory 1 peri 1). Because of the geometry of the trajectory the spacecraft is flying against the
SRP during the entire last part of Leg 5 which causes higher amounts of �V to counteract the SRP force. Surely this
force is higher at pericenter than at apocenter which explains the higher values for the pericenter trajectories. This
statement is also supported by looking at the required �V ’s for Leg 2 and 4 which do not follow the same ranking
as Leg 5 as these maneuvers are taking place in the terminator plane and are therefore not significantly a↵ected by
the SRP. From comparison of trajectories 1 and 2 it can be concluded that trajectories of which the apocenter lies in
the direction of Bennu’s orbital velocity require more propellant and that this di↵erence is larger than the di↵erence
between apocenter and pericenter trajectories. This behavior is due to the gravitational interaction between Bennu,
the spacecraft and the Sun. Furthermore, the di↵erent legs reveal that Leg 5 (so the one with the time targeting)
comprises 88% of the total amount of �V for the entire trajectory. That makes sense since the fifth leg comprises the
time targeting maneuver which takes a long time to complete and therefore requires a large amount of �V . Finally,
there does not seem to be a link between the amount of �V ’s for Leg 2, Leg 4 and Leg 5. It is just because the �V

of leg 5 is so dominant that it determines the ranking of the trajectories on total �V . From the second group in the
table (1 peri 1 to 1 peri 4) it can be concluded that the larger the control threshold in Leg 5, the larger the required
�V , which is not surprising if you look into the algorithm used to allow the location-time targeting.A last inference
can be found from the third group of trajectories in the table (1 peri 5 to 1 peri 7). It is similar to the conclusion
from the second group and shows that the longer the last leg, so the larger the target time, the more �V it needs.
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In order to intercept the debris, we need to find and 

track it. One possible way to do this is using flash 
LIDAR instruments. An example simulated image is 
shown in the following figure for a 256 x 256 flash 
LIDAR array with a 20 degree FoV and a 10 m focal 
length. Many algorithms are available to track the 
objects as they move across the field of view relateive 
to the spacecraft. Guidance algorithms have been 
developed which will allow the spacecraft to home in 
on observed objects in order to collect the debris 
objects if desired.  
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6 Technical Activities

6.1 Recent Technical Activities

6.1.1 Task #1: Kicko↵ Meeting

The kicko↵ meeting was held at Advanced Space on June 29th. All cognizant parties were present, including Brad
Cheetham and Je↵ Parker from Advanced Space, Jay McMahon from CU, Jon Go↵ from Altius Space Machines, and
Gabor Tamasy from NASA KSC.

6.1.2 Task #2: Demonstrate Dynamic Feasibility

The dynamic feasibility for this project is concerned with two major components. First, simulations were run to
ensure that the dynamic separation of various sized pieces of lofted regolith still occurs with improved fidelity in the
dynamics. Second, initial trajectory designs were carried out to ensure that a spacecraft could move around in the
asteroid system as required for the LoRS architecture without spending significant amounts of fuel. Results to date
in both of these focus areas continue to provide confidence that the LoRS architecture has significant potential for
small body sampling.

Improved Fidelity Debris Propagation In the initial work for the proposal for this e↵ort, it was demon-
strated that for some planar debris trajectories leaving from the equator of a Bennu-sized spherical asteroid, the
solar radiation pressure (SRP) can e�ciently sort material based on its area-to-mass ratio, resulting in di↵erent sized
pieces of lofted regolith being at di↵erent locations in space as time passed. We have now significantly expanded this
study to more fully explore the parameter space with higher fidelity dynamical models in order to ensure that this
size sorting still exists given more realistic simulations.

All trajectory results shown here are in an Asteroid Centered Inertial frame, where the X-axis points from
the Sun to the asteroid, the Z-axis points along the asteroid’s spin vector (which is assumed to be perpendicular to
the X-axis in this case), and the Y -axis is the cross product of these two. This frame simplifies the application of the
SRP acceleration, which for the cannonball model used here acts in the X direction. Note that the asteroid is thus
rotating with respect to this frame.

The asteroid model used for the current results is based upon the asteroid Bennu, which is the target of the
OSIRIS-REx mission[1]. In order to simplify the code for decreased run time, we model the asteroid as an oblate
spheroid with a polar semi-axis length of 257 m and a equatorial semi-axis of 287 m. We assume that the body and
all lofted particles have a constant density of 1.18 g/cm3, which is the current estimate of Bennu’s bulk density[4].
The asteroid rotation period was set at 2.55 hours, which is significantly faster than Bennu’s, but was simply chosen
to make the dynamical e↵ects more visible for these results.

At this point we have compiled a database of approximately 84,000 individual particle trajectories spanning
the parameter space given in Table 1.The regolith particles are modeled as spherical particles, defined by their radius.
Ten sizes have been investigated ranging from a radius of 1 cm to 1 m. The remaining parameters investigate di↵erent
lofting conditions. The latitude and longitude are measured relative to the inertial frame outlined previously, so that
for a given point on the body, the longitude implies a launch time. The launch azimuth is measured relative to the
launch site’s eastern direction, and the elevation angle is measured toward the launch site’s radial direction. For
example, a 0� launch azimuth means launching to the local east direction, and a 90� launch elevation would imply
launching in the radial direction. Finally, the launch velocity is the asteroid surface relative velocity at which the
particle departs the surface. Note that since the asteroid is spinning, the initial velocity in the inertial frame will
have a significant component due to the asteroid spin as well as the asteroid relative launch velocity.

Table 1: Parameter space for lofted regolith trajectories
Parameter Values Tested

Particle Radius [100, 10, 8.9, 7.8, 6.6, 5.5, 4.4, 3.3, 2.1, 1] cm
Latitude [80, ±64, ±48, ±32, ±16, 0] deg
Longitude [0, 36, 72, 108, 144, 180, 216, 252, 288, 324] deg
Launch Azimuth [0, 90, 180] deg
Launch Elevation [10, 30, 45, 90] deg
Launch Velocity [3, 5, 7, 9, 11, 13, 15] cm/s

All of the trajectories in this database were integrated for 5 days, unless the trajectory re-impacts the asteroid
at which point it stops. Note that the symmetry in the dynamical system implies that implies that the trajectories
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