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Abstract—As part of the NASA Exploration Technology
Development Program, the Jet Propulsion Laboratory is
developing a vehicle called ATHLETE: the All-Terrain
Hex-Limbed Extra-Terrestrial Explorer. ' > Each vehicle is
based on six wheels at the ends of six multi-degree-of-
freedom limbs. Because each limb has enough degrees of
freedom for use as a general-purpose leg, the wheels can be
locked and used as feet to walk out of excessively soft or
other extreme terrain. Since the vehicle has this alternative
mode of traversing through or at least out of extreme terrain,
the wheels and wheel actuators can be sized for nominal
terrain. There are substantial mass savings in the wheel and
wheel actuators associated with designing for nominal
instead of extreme terrain. These mass savings are
comparable-to or larger-than the extra mass associated with
the articulated limbs. As a result, the entire mobility
system, including wheels and limbs, can be about 25%
lighter than a conventional mobility chassis. A side benefit
of this approach is that each limb has sufficient degrees-of-
freedom to use as a general-purpose manipulator (hence the
name “limb” instead of “leg”). Our prototype ATHLETE
vehicles have quick-disconnect tool adapters on the limbs
that allow tools to be drawn out of a "tool belt" and
maneuvered by the limb. A power-take-off from the wheel
actuates the tools, so that they can take advantage of the 1+
horsepower motor in each wheel to enable drilling, gripping
or other power-tool functions.

Architectural studies have indicated that one useful role for
ATHLETE in planetary (moon or Mars) exploration is to
“walk” cargo off the payload deck of a lander and transport
it across the surface. Recent architectural approaches are
focused on the concept that the lander descent stage will use
liquid hydrogen as a propellant. This is the highest-
performance chemical fuel, but it requires very large tanks.
A natural geometry for the lander is to have a single
throttleable rocket engine on the centerline at the bottom,
and to have the propellant tanks arranged as compactly as
possible around and above that engine, with nearly-straight
structural load paths that carry the heavy LO, tanks as well
as the ascent stage or cargo on a top deck. (The requirement
for exactly one descent engine stems from the need to avoid
symmetry planes in the exhaust plume that can entrain
surface particles and loft them up into the system at
hypervelocity.) This geometry is especially attractive since
abort considerations drive the ascent stage to have as much
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open space around it as possible, in case the ascent stage
needs to fire away from an out-of-control descent stage.
These considerations lead to a configuration where the
cargo deck of the lander is relatively high off the ground
(over 6 meters in current concepts, using a 10-meter
diameter launch shroud). These considerations have led
some observers to presume that there is a "lander offloading
problem". ATHLETE has been demonstrated as a solution
to this problem, walking cargo off the high deck.

This paper describes the applicability of the ATHLETE
concept to exploration of the moon, Mars and even to Near-
Earth Objects. Recent field test results for long-range
traverse are described, along with plans for testing in the
simulated microgravity environment of a NEO.
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1. INTRODUCTION

The All-Terrain, Hex-Limbed, Extra-Terrestrial Explorer
(ATHLETE) is a vehicle that is being developed by JPL as
part of the Human-Robot Systems (HRS) Project managed
by Robert Ambrose of the NASA Johnson Space Center
(JSC). ATHLETE was conceived to transport large masses
(cargo and habitats) on the moon [2]. Two approximately
quarter-scale prototype "Software Development Model"
(SDM) vehicles were built and tested between 2005 and
2009 (Figure 1). The SDM vehicles were built with
hexagonal frames 2.75 m across, with each of the 6-degree-
of-freedom limbs standing a maximum of 2.08 m at the hip
pitch axis. At the end of each limb is a wheel with a
diameter of 0.71 m, with each wheel having on one side a
"power take-off" square key (identical to a 4" socket drive)
that rotates with the wheel. A quick-disconnect tool adapter
allows a variety of tools to be affixed over the power take-
off, and a pair of high-definition stereoscopic cameras fold
out when the tool adapter opens to receive a tool, so the



Figure - ATHLETE SDM vehicle climbing a natural

escarpment.

Figure 1b: ATHLETE SDM vehicles under test at
Dumont Dunes in California.

operator can use the 6-DOF limb as a general-purpose
manipulator.

In 2006, NASA convened the "Lunar Architecture Team"
(LAT) led by Tony Lavoie of the Marshall Space Flight
Center, with supporting team members drawn from NASA
headquarters and many of the NASA field centers
(including this author). The team studied ways to implement
Human Lunar Return (HLR) that had been identified as a
key objective of the "Vision for Space Exploration" [3].
The original LAT results were presented at the 2" AIAA
Conference on Space Exploration in Houston TX, Dec 4-6,
2006 [4]. LAT recommended that mobile landers be studied
in the next phase of the LAT process. That next phase,
LAT-2, was led by astronaut Andy Thomas of JSC and
began work in January 2007, reporting its conclusions at the
AIAA Space 2007 Conference in Long Beach, CA,
September 18-20, 2007 [5].  This LAT-2 out-brief
concluded that

e '"extended-range surface mobility is essential",

e the "wheel on leg carrier facilitates unloading and

assembly of surface assets",
e the "wheel-on-leg surface carrier offers a
Winnebago mode of exploration" where "carrier

and habitat module ... create [a] fully equipped
mobile habitat [that] drives robotically to new site"
e "crew drive with it [the mobile habitat], or to it in a
[small pressurized] rover, or land by it for an
extended sortie"
e "after crew departure, [the] mobile habitat drives to
[a] different site and awaits arrival of next crew."

2. THE ATHLETE CONCEPT

The premise of ATHLETE is that a vehicle that can "walk"
out of extreme terrain and use wheels to efficiently roll in
nominal terrain will result in a vehicle that will be both
more capable and less massive than a conventional all-
terrain vehicle. The reason it will be lighter is that the
wheels needed to traverse nominal terrain (e.g. 97% of the
planetary surface) will be smaller and require less peak
torque than wheels for a vehicle that can never be permitted
to get stuck. Vehicles in the latter category (current Mars
rovers are good examples) must be able to successfully
traverse perhaps 99.99% of the surface, so that one could
reasonably expect them to be able to travel for many years
without getting stuck. In contrast, it might be acceptable for
arolling ATHLETE to get stuck while rolling once or twice
a day, since it can simply walk out of extreme terrain.

Soil mechanics studies [6] indicate that a wheel that only
rolls over the "2-c softest" terrain (e.g. 97% of all terrain)
can tolerate about four times as much ground pressure as
one that must be able to successfully roll over the "4-c
softest" terrain (e.g. 99.99% of all terrain). Wheel mass is
expected to scale proportionately with load at constant
wheel diameter, and proportionately with the cube of the
dimension if all elements are scaled together (with a load
that increases by the square of the dimension). Since the
wheel contact patch area increases with the square of the
dimension, the change in ground pressure enabled by the
ATHLETE concept allows the wheels to be about half the
diameter and one-fourth the mass of those used for a
conventional vehicle of the same mass.

A conventional all-terrain vehicle also needs to have
substantial rim thrust available on each wheel to get out of
bad situations, such as when one wheel drops into a hole,
causing a body shift such that the center-of-mass projects
largely onto the wheel down in the hole. A rule-of-thumb
used at JPL for such vehicles is that every wheel needs to
have a stall rim thrust of at least half of the total vehicle
weight in the local gravity field. The requirement derives
from the fact that up to half the weight of the vehicle may
project onto the one wheel down in the hole, and that wheel
may need to climb nearly vertically out of the hole. So the
combined rim thrust of a conventional 6-wheeled all-terrain
vehicle (e.g. a Mars rover) needs to be 3 times the vehicle
weight. For ATHLETE, this design rule does not apply,
since ATHLETE can walk out of this bad situation, lifting
the wheel out of the hole without any requirement for
traction or rim thrust. All that is required is that the wheels
provide adequate thrust when climbing a moderate slope in



soft terrain. Soil-mechanics models show that the thrust
required to move a vehicle up a 27-degree slope in 2-sigma
soft terrain is about 60% of the total vehicle weight. Thus
the combined rim thrust for the ATHLETE vehicle is one-
fifth that needed for a conventional all-terrain vehicle, and
because of the smaller wheels the peak torque is only one-
tenth as great. The mass of a gearbox is generally
proportional to its peak output torque, so approximately
90% of the drive gear mass is saved. Also, the electric
motor in a conventional planetary rover must be
substantially oversized compared to ATHLETE because the
stall and cruise speed/torque requirements in a conventional
vehicle are poorly matched to a single-speed gearbox. Stall
torque yields half the weight of the vehicle in rim thrust,
while normal running rim thrust is only about 1-2% of the
total vehicle weight. This 25-to-50-to-1 ratio between stall
and running torque is not consistent with the 2-or-3-to-1
working ratio common in brushless motors, while for
ATHLETE the motors generally operate near their
continuous max-power points. The combined savings in
mass associated with the smaller wheels, the lower-torque
wheel drive actuators, and the more efficient operation of
the motor saves more mass than the rest of the limb
actuators combined, allowing the overall wheel-on-leg
carrier to be about 25% lighter than alternative all-terrain
mobility systems [7].

Figure 2 shows the use of tools by ATHLETE. Tool use is
one of the "free" benefits of the ATHLETE wvehicle
configuration. Each wheel has a quick-disconnect tool
adapter that can be used to extract any sort of tool from a
"holster". Each tool adapter locks the tool over a rotating
power take-off that uses the wheel drive actuator to power
the tool. This can be direct mechanical power, as seen in
Figure 2a where ATHLETE is drilling into natural terrain,
or indirect power, where the rotating key is used to drive a
generator to supply electrical power to a more complex tool
such as the anthropomorphic robot "Robonaut" developed
by the NASA Johnson Space Center (Figure 3b). Complex
tools such as these would use ATHLETE as a "cherry
picker" positioning device, and then be wirelessly controlled
from astronauts inside or outside the vehicle, or from
ground controllers on Earth. Astronaut control from inside
the habitat would include "telepresence" control, where the
anthropomorphic robot would have extreme-bandwidth
visualization and virtually no round-trip time delay, so that
the human operator can "feel" as if they are performing the
task directly. In this way, humans can perform complex and
delicate tasks outside the habitat. If any ATHLETE limb
actuators fail, generally the leg retains some limited
capability. In the worst-case failure where the hip pitch and
knee pitch joints are locked straight down, adjacent legs
would use their tools to amputate the failed limb, and the
vehicle continues as a 5-wheeled vehicle.

One of the most important tasks is the sorting and analysis
of science samples. During the LAT-2 process, the science
community emphasized that the number of returned samples
will be only perhaps 10% of the number that can be

collected based on Apollo experience, because the crew
return capsule Earth-entry mass is so limited. As a result, it
is crucial to have a secondary sorting and "high-grading"
process that selects which samples or sub-samples should be
returned to Earth. Many in the science community are
averse to bringing the samples into a habitat for such
purposes, since maintaining them in a pristine,
uncontaminated state is of high priority. Thus the science
community requested that some sort of robotic capability for
this purpose be studied [8]. One way to do this is to have
Robonaut work at a "robotic workbench" having analytical
instruments and some means to cleave fresh surfaces off the
rocks, together with ATHLETE working to retrieve and
perform non-dexterous manipulation, e.g. to maintain a
large organized array of sample containers deployed around
the underside of a mobile habitat.

3. SUMMARY OF PREVIOUSLY-REPORTED

RESULTS
As previously mentioned, the assumed lander uses liquid

oxygen and liquid hydrogen propulsion for the descent
stage. This, together with the fact that (unlike Apoll
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Figure 2: (a, top) ATHLETE using drilling tool in natural
terrain, (b, bottom) ATHLETE using Robonaut
anthropomorphic robot developed by the Johnson Space
Center for tasks requiring human-like dexterity.




the Constellation architecture, the descent stage was
conceived to perform the lunar orbit capture maneuver,
means that the liquid hydrogen tanks in particular are
especially large (due to the low density of LH, - only 71
kg/m®). As a result, the deck of the "flat top" configuration
of the "Altair" lander that has received the most analysis to
date is just over 6 meters above the lunar surface after
landing.

The sheer height of this deck has alarmed some observers as
posing a difficult or impossible challenge for offloading
cargo. In 2009, a half-scale ATHLETE vehicle was built
(Figure 3), approximately twice the size of the previous
prototype. This system actually consists of two "Tri-
ATHLETE" vehicles, docked together with a modular cargo
pallet sandwiched between them. The Tri-ATHLETE
concept [11] allows ATHLETE to pick up and set down
cargo pallets without needing to "limbo" out from under
them. This is accomplished by splitting the hexagonal
frame of ATHLETE into three pieces - a center rectangular
interchangeable cargo pallet, and two triangular "wings"
that each have three of the limbs attached. These wings,
each with three limbs and wheels, have been dubbed "Tri-
ATHLETEs". The cargo pallet we are working with
contains the passive side of the docking fixtures, and
provides long-term power to both the payload (a habitat or
pressurized logistics carrier mockup in our current tests) as
well as to the Tri-ATHLETEs.

The main objective of our work in FY 2009 was to develop
the system to the point where a cargo offloading
demonstration could be conducted from a half-scale Altair
lander mockup (Figure 4). This test was performed, first at

Figure 3: Half-scale ATHLETE built in 2009, with
author for scale.

Figure 4: ATHLETE-based cargo/habitat unloading
sequence performed at the NASA "Desert Rats" analog field
test in Sep 2009. Raster scan starting at upper left shows
ATHLETE unloading half-scale payload off a lander
mockup by stepping only on the nodes of the simulated
tubular space-frame making up the Altair lander structure.

JPL in our lab and subsequently at the NASA "Desert Rats"
analog field test conducted at Black Point, approximately 60
km north of Flagstaff AZ, for three weeks in September
2009.

4. HALF-SCALE PROTOTYPE TESTING IN 2010

In August-September 2010, a more ambitious field test was
conducted, again at Black Point. The primary objectives of
the ATHLETE portion of the test was to conduct a long
traverse, demonstrating the key operational features that
ATHLETE brings to the planetary exploration architecture:
the ability to transport cargo such as habitats or pressurized
logistics carriers to rendezvous with crew at predetermined
points, and to keep mostly "to the ridgelines" where solar
power is abundant to stockpile energy that can be used to
recharge other vehicles and where the system can function
as a communication relay for all the mobile assets (Figure
5).

A total of 63 km of traverse was conducted by ATHLETE
during the 2010 DRATS field test, mostly cross-country
from a base camp on the Black Point lava flow to a
temporary exploration camp set up near SP Mountain, a
volcanic cinder cone approximately 20 km WSW of the
base camp (Figure 6). At the temporary camp, a habitat
mockup known as the Habitat Demonstration Unit (HDU)
was emplaced, where the MultiMission Space Exploration
Vehicles (MMSEVs, formerly known as Small Pressurized




Figure 5: ATHLETE with "Portable Communication
Terminal" (PCT) communications relay tower created
by the Kennedy Space Center..

Rovers or Lunar Electric Rovers) could conduct human
exploration trials in the rugged volcanic terrain. One of the
demonstrations was to dock the ATHLETE logistics module
with the HDU to show how re-supply of these exploration
base camps would be conducted (Figure 7). Eventually, a
full-scale ATHLETE would be expected to carry the full-
scale HDU in an actual planetary mission. Other tests and
demonstrations conducted at the 2010 field test included
excavation using a scoop (Figure 8). Also, in 2010 for the
first time, motorized docking hooks were implemented on
ATHLETE so that cargo pallets and other large objects
could be automatically engaged by the frame of ATHLETE
(Figure 9).

5. PLANS FOR 2011

In February 2010 the Administration announced the new
NASA budget proposal calling for the termination of the
Constellation program seeking to return humans to the
moon by 2020, and in April 2010 the President gave a
speech at the Kennedy Space Center in Florida proposing
that NASA explore a Near-Earth Asteroid (NEA) with
humans by 2025.

Typical NEAs that could be reached within reasonable time
by near-term human space systems (e.g. similar to the
Orion/Ares-V) have a diameter of only about 100 meters.
As a result, their surface gravity is only a few micro-g, and
they frequently spin such that the centrifugal force at the
equator is comparable to the gravity. Those that have been
imaged often show an extremely irregular (e.g. potato-like)
shape, so the gravity field is highly non-radial. About 10%
of the population is tumbling, i.e. the angular momentum
has not settled into alignment with the axis of maximum
moment of inertia.

These considerations make human exploration of such
objects challenging. A human, exerting 1% of normal
standing force on Earth, would push off with escape
velocity in less than half a second. The complex non-radial
gravity and rotating reference frame dynamics will make
navigation highly non-intuitive.

We plan to create a "flying" platform (Figure 10) suspended
by six cable winches to a frame near the ceiling of a high-
bay, equipped with terrain sensors such as flash LIDAR (a
3-D range imaging device). The six winches can move the
platform in any of the six degrees-of-freedom (x, y, z, roll,
pitch, yaw). The platform would be derived from the
ATHLETE components as a "tool kit" - having three to six
landing feet with anchoring devices such as a tethered-dart
gun, rotary augur, or a rotary-percussive drill. A dart gun or
augur would be used if the NEO surface were loose regolith
or the "fairy castle" dust remnant surface of an extinct
comet. A rotary-percussive drill would be used for bare
rock surfaces of monolithic rock asteroids, which are
presumed to be a large fraction of the population of small
NEOs. (Magnets would be used to anchor to nickel-iron
asteroids, although they are not sought as an exploration
target.) The axial force needed for percussive drilling would
be provided by brief simulated thrust from the propulsion
system of the platform. Six-axis force sensors in the
landing pads would allow the winches to simulate both
thrusting and free-fall. The flying platform testbed would
be suspended over terrain simulant that includes
representatives of all the types of surface that seem
plausible.

Combined with the flying platform would be a flight
simulator- type virtual environment cockpit, where the
human operator (or NASA decision-maker for the Flexible
Path effort) could sit and "fly" the platform as if he or she is
at a NEO. They would see 3-D images in real-time from the
platform, and displays also showing the flash LIDAR
results, the navigation system status, and vehicle state data
such as equivalent propellant consumed. When the
navigation assist is turned off, the operator will experience
the highly non-intuitive gravity and rotation dynamics and
the great difficulty of reaching any particular target spot.
With the navigation assist turned on, the operator will have
intuitive joystick control mapped into an inertial reference
frame. Other assist, such as automated hazard and target-
relative navigation to touchdown will be provided. Upon

Figure 6: Google-Earth view of traverse from Base Cap
(upper right) to SP Mountain (cinder cone with dark lava
flow at lower left).




Figure 7: ATHLETE logistics module docked with full-
scale Habitat Demonstration Unit.

touchdown, either the darts or the drills will engage and
anchor to the target. The use of "real" sensor data will
overcome the fact that "simulations are doomed to succeed"
when idealized sensor data are used to feed purely analytical
simulations. This system could simulate a vehicle that can
carry one or more astronauts (in space suits, or "man-in-a-
can modules") to sites of scientific interest safely and
intuitively, and upon arrival can anchor there so that
scientific measurements and samples can be collected. The
ATHLETE limbs can be used with or without wheels.
Without wheels, they would have instrumented landing pads
that measure the six components of force and torque
imparted to the terrain for use in simulating the rebound and
dynamics of the vehicle using the six cable winches. With
wheels, similar forces are torques would be measured and
the dynamics simulated, with rolling mobility used to make
precision approaches to points of interest on the asteroid
surface.

6. SUMMARY AND CONCLUSIONS

ATHLETE was conceived to be able to provide extreme-
terrain cargo mobility over planetary surfaces at very low
mass. This mass savings results from having wheels and
wheel drive actuators that are sized for nominal terrain
instead of the worst terrain that will ever be encountered. If
the rolling vehicle gets stuck (e.g. roughly once-per-day), it
simply locks the wheels and uses them as feet in walking
out of extreme terrain. The resulting wheels and drive
actuators are much lighter than those needed for a
conventional vehicle. This mass savings more than makes
up for the mass of the limb actuators, while the structure of
the limbs has roughly the same mass as the structural
elements of a conventional mobility chassis. Each limb of
an ATHLETE mobility subsystem is outfitted with a quick-
disconnect tool adapter, with a rotating power take-off from
the wheel so that a wide variety of tools can be used for
science sampling, assembly, maintenance, or repair tasks.
Simple tools such as grippers and drills can be used, or a
dexterous anthropomorphic robot such as Robonaut. One of
the more attractive options with Robonaut is to set up a
"robotic workbench" where science samples can be sorted
and analyzed to decide which ones should be returned to

Earth, as the human astronauts are expected to collect up to
ten times as many samples as can be returned.

The "Tri-ATHLETE" concept allows ATHLETE to
"embrace" a payload and "walk" it off the high deck of the
Altair cargo lander, and to provide low-mass, extended-
range mobility for that payload, even over extreme terrain.
One of the most attractive payloads to make mobile in this
way are habitats, which can act as local bases for radial
exploration using small pressurized rovers. This has
become known as the "Jeeps and Winnebagos" method of
exploration. The mobile habitats would carry large solar
arrays and sufficient energy storage (batteries or
regenerative fuel cells), "keeping to the high ground" where
sunlight is abundant so that the small pressurized rovers can
be recharged after each exploration sortie. A pair of such

Figure 8: Sequence showing excavation using a scoop
attached to quick-disconnect tool adapter, approaching
sand pile (top), after a stroke through the pile (middle) and
dumping (bottom). The back of the scoop has a load cell
which can wirelessly transmit the force to the ATHLETE

computer for management of the blade entry angle.




Figure 9: Docking fixtures on ATHLETE; 4 titanium
hooks emerge from stowage position (top) to full
extension (bottom left) and retract (bottom right) with high

force to draw payload tightly against cup-and-cone

alienment fixtures (3 of 4 visible in top picture).

mobile habitats, together with a pair of small pressurized
rovers, would provide sufficient resources for global-scale
exploration, since if one mobile habitat became
immobilized, the second could be used as the mobile power
station needed to support a long traverse back to the ascent
stage.

In FY'11 the ATHLETE testbed system will be extended to
near-Earth asteroid mission simulations by suspending it
using six computer-controlled winches to emulate micro-
gravity operations over a simulated asteroid surface.
Contact forces and torques will be measured to allow
computation of the motion of the vehicle, which will be
effected by actuation of the winches. Rolling mobility will
be used to achieve precise approach to targets of interest.
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