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Introduction: The Near-Earth Asteroid Rendezvous (NEAR) mission was launched in 1996 in order to collect information and pictures of near-earth asteroids. The NEAR Shoemaker spacecraft performed close flybys of the asteroid 433 Eros, taking photographs of up to 1 m/pixel resolution. These images provided a closer look at the geographical structures on Eros.
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              Fig. 1  Eros from orbit, taken by NEAR Shoemaker
Several notable features were found on the surface of Eros. Ponded craters were discovered in the equatorial regions. These ponded craters appear to be impact craters that are subsequently partially filled with regolith. The ponded regolith is much younger than the crater itself, implying an impact-independent process for pond creation.
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             Fig. 2  Ponded craters on Eros
Particle sorting can be seen in the regolith lining craters closer to the asteroid poles. Seismic shaking, electrostatic levitation, and fluidization have been suggested as explanations for ponding and particle sorting.
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                     Fig. 3  Particle sorting on Eros
Still other craters show streaks of clearly differentiated particle size materials. Similar streaks have been found on the surface of Mars. It is theorized that on Mars, these streaks are caused by the sorting of particles due to wind. On an asteroid such as 433 Eros, possible explanations include solar wind or gas flow during fluidization.
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              Fig. 4  Differentiated streaks on Eros

Orbital History  433 Eros was originally a main belt asteroid. Its current near-Earth orbit has a lifetime of typically only ~107 years, implying that Eros has been in its present orbit for less than 107 years. The black body temperature of a main belt asteroid of Eros’ size and mass is –81°C at 2.25 AU from the sun. When Eros entered an orbit between 1.3 and 1.7 AU, this would increase to -35°C, yielding a factor change of 2.3. Fluidization could have begun at approximately the time Eros entered its new orbit. The density of Eros suggests that it could be composed of up to ~40% subsurface water. The range of volatile flow rates for an asteroid of ~10 km radius is .1-1 mm/s [2]. A 40% mass percentage of subsurface water fluidizing between these rates would be enough to continue fluidization until the present. It is the purpose of this abstract to examine experimental data found in attempts to recreate geological structures found on Eros through the fluidizing of regolith.
Experimental Procedure: Using the Andromeda Environmental Chamber, we have performed experiments to explore the effects of subsurface volatiles emerging from inside the asteroid.  Ice, water, and nitrogen gas were used as subsurface volatiles, buried at varying depths in JSC Mars-1 martian soil simulant. A room temperature air atmosphere was pumped down to < 4 torr (as low as < 2 torr), which caused the volatiles to fluidize through the regolith. Video cameras were placed in the chamber to monitor the fluidization process, and photographs were taken of the final results.
Results: 
Ice:  Experiments were initially performed using 20 g of de-ionized ice, buried at a depth of 9 cm in a large container holding 18 cm of regolith. During these experiments, small bubbles appeared above the buried ice, continuing for up to thirty minutes. When fluidization stopped, the experiment was continued for up to twenty minutes. The chamber was then opened to reveal particle sorting in the fluidized areas.
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                   Fig. 5  Particle sorting

Water:  10 mL of de-ionized water was placed in a beaker and buried at 9 cm. Within the first ten minutes of the experiments, a single large outgassing was observed. This outgassing formed a crater centered on the location of the beaker. After the initial outgassing, fluidization began. Bubbling could be seen in the floor of the crater, similar to but often stronger than the bubbling seen with ice as the volatile. The resulting surface structure was a crater, formed by strong outgassing, with a fluidized pond, composed of smaller particles from the regolith, in the center.
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                     Fig. 6  Ponded craters

Nitrogen:  In order to better understand the phenomena associated with the differing volatiles, and to eliminate several uncontrolled variables, nitrogen gas was also used as a volatile. A gas feed was buried at varying depths, between 3 cm and 9 cm, and nitrogen was fed through the regolith between 1 mm/min and 5 mm/min. The preliminary behaviors of nitrogen as the volatile were similar to the strong outgassing observed during the initial stages of experiments using water. These strong geysers continued even with flow rates as low as 2 mm/min. Final observations revealed craters with centers devoid of smaller particles. On the slopes of the crater walls, differentiated streaks could be seen. The smaller particles were blown out by the outgassing, landed near the rim of the crater, and traveled back down the crater walls in separated streams, leaving a streak of lighter, smaller particles over the darker crater wall.
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                      Fig. 7  Differentiated streaks

Discussion: Three distinct geological structures were observed by fluidizing regolith with volatiles in different states. The level of fluidization taking place was directly correlated to the rate and volume at which the volatile was flowing through the regolith. Nitrogen gas produced a much more violent fluidization process, resulting in a crater composed primarily of larger, heavier particles that were not thrown by the gas. Water as a volatile resulted in craters, but did not have the same effect on smaller particles. The lighter particles were fluidized by the gas instead of being ejected from the crater, thus forming a pond on the crater floor. In the case of ice, particle sorting was seen as the sublimated water vapor seeped upward. No crater was formed, as the gasses in the water that caused the initial outgassing were also frozen and therefore had to sublimate before outgassing could occur.


Ponded craters have been identified on Eros in the equatorial regions, which are exposed to the sun for longer periods of time. Craters in the polar regions show signs of particle sorting, but not ponding. [1] The added heat from the sun on subsurface volatiles around Eros’ equator could cause a more violent reaction than the fluidization at the poles, where the subsurface temperatures are significantly lower. The violent reaction causing differentiated streaking could be caused by high-velocity impacts on the asteroid surface, which would both heat and release the subsurface volatiles. 
Conclusions: Initial experiments have shown that fluidization is a possible explanation for several observed geological structures on the surface of Eros. More research needs to be conducted on the effect of fluidization on preexisting structures such as craters, valleys, and hills. A more in-depth study also needs to be performed on the effect of differing gas flow rates on the resulting structures. 
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Introduction: Sample return has recently come to the forefront of space exploration. As we look forward to future missions to Mars, we find that asteroids, as a stepping stone between the Moon and Mars, are growing in importance.  The Hera Mission is a proposed Discovery class mission to return samples from a near-Earth asteroid. The Hera spacecraft will approach an asteroid, matching its rotation and velocity. In lieu of a surface landing, which would require the spacecraft to have ascent capabilities, the sample will be collected while the spacecraft is orbiting the asteroid. A robotic arm will extend from the craft, lowering the Touch-and-Go Impregnable Pad (TGIP) to the surface of the asteroid. The TGIP collector, filled with polydimethylsiloxane (PDMS), will make contact with the asteroid surface, collect the sample, and effectively force the spacecraft away from the asteroid.
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            Fig. 1  TGIP Sample Collector

Previous Testing  The TGIP collector has been tested to examine its ability to retrieve samples from a simulated asteroid environment [4]. It is important to consider the effectiveness of the PDMS after enduring the length of a mission under space conditions. High levels of radiation exposure are expected, as well as extreme temperatures and a vacuum environment. Initial testing has been done in these areas [2-4], and it has been thus far determined that PDMS is an effective substrate for use in the TGIP sample head.
Current Testing   During the Hover, Descent, Touch, Ascent (HDTA) stage of the mission, the spacecraft will be orbiting above the asteroid, closely matching its velocity and rotation. Jet Propulsion Laboratories, the designers of the Hera spacecraft, have determined that the average transverse velocity of the spacecraft across the surface of the asteroid during the HDTA stage will be ~2 cm/s. The robotic arm will extend outwards from the spacecraft, contacting the asteroid at a non-normal angle that will be dependant on both the velocity of the craft and the geological structures on the surface below. In order to assure a successful sample return, the sample collector must be able to retrieve a sample under these conditions. This abstract summarizes the initial results from this testing.

Experimental Set-up: Before testing the impact of velocity and angle variation on sample collection, a method of creating these conditions had to be produced. A rover was built with forward, reverse, and lateral motion, and an actuator was connected to allow for the simulation of surface touchdown. A sample collector was then attached to the end of the actuator arm.
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      Fig. 2  Rover with actuator

Asteroid regolith simulant was spread at a thickness of 2 cm. Two types of simulant were used in these experiments.

· Type One: Three-sand mixture. 33% wt. >850 µm; 33% wt. 600-850 µm; 33% wt. 210-300 µm.

· Type Two: Stratified gravel and sand.
The range of forward velocities of the rover was 1.3 cm/s to 3.6 cm/s. Lateral velocities were not tested. 

Results: Tests were conducted on each sample type at a constant 1.3 cm/s and at multiple angles to determine the effect of transverse velocity and angle on the effectiveness of the sample collector. 

Type One testing consisted of three tests. Two were performed at 10° angles, and one was conducted at 5°. The  sample collected at 5° was collected under 27 lbs of force; the two 10° collections were performed at 18 lbs. The collected sample masses were all within 2.5g of the 16.77g average.
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  Fig. 3  Type One collected sample. From right, 10° at 18 lbs; 10° at   18 lbs; 5° at 27 lbs.

Type Two testing also consisted of three tests, each performed at a different angle. The mass collected increased as the angle increased. The force stayed constant at approximately 18 lbs.
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  Fig. 4  Type Two collected sample. From right, 5°; 10°; 15°. All at 18 lbs.

Discussion: The mass vs. angle graph of the sample collections shows a positive trend as the angle increases, when force stays the same. 
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This trend is possibly due to the internal range of motion in the sample collector. As the collector contacts the sample, the collector is rotated slightly. The built-in freedom within the collector itself allows the back plating, on which the PDMS rests, to angle itself further into the sample, picking up more of the sand, or more of the buried gravel used in Type Two. At lower angles, this interior motion is not created. The collector therefore does not collect from as deep within the sample. Once the internal range of motion in the collector has been passed, an increase in angle should show a drastic decrease in collected sample. This should be corrected by a larger internal or external range of motion in the collector or in the arm connected to the collector.


The dragging effect occurring when transverse velocity is applied also reduces the sample collected. Instead of using all applied force to push the PDMS deeper into the sample, the collector is slid across the surface of the sample, creating an empty trail along the path of the outer shell.
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      Fig. 5  Sample area after collection.

Conclusion: The TGIP sample collector is an effective design for a sample return mission. The range of motion on the TGIP collector needs to be improved to address the transverse velocities and touchdown angle that will be experienced in the actual Hera mission. The drag effect will also need to be explored further to ensure that it will not hinder the collection of a satisfactory sample. 
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