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Abstract—The Mars Science Laboratory (MSL) Curiosity rover
experienced increasing wheel damage beginning in October
2013. While the wheels were designed to operate with consid-
erable damage, the rate at which damage was occurring was
unexpected and raised concerns regarding wheel life expectancy.
As of Sol 2555 (10-14-19), there are two broken grousers on the
left middle wheel, and one broken grouser on the right middle
wheel. One possible scenario, albeit remote, is that enough
grousers break on a wheel such that unconstrained portions
of the wheel could contact the cable running from the rover
motor controller assembly to the wheel’s drive actuator. If the
cable to a drive actuator is damaged, that wheel may no longer
respond to commands. To make progress towards a navigation
goal position, that wheel would need to be dragged. To mitigate
the risk of damaging a cable running to a wheels drive actuator,
the unconstrained portion of a wheel could be strategically shed
by performing driving maneuvers on an immovable rock. What
would remain after wheel shedding is a rimmed wheel (the
outer 1/3 of the wheel). We studied the feasibility of remotely
commanding the rover to perform the shed maneuver on one
of its front wheels. To inform whether or not to shed the
wheels, we tested the performance of driving on one or more
rimmed wheels in flight. This led to a two-month test campaign
in the Jet Propulsion Laboratory (JPL) Mars Yard using the
Scarecrow testbed rover. Driving and steering performance
was characterized on a variety of terrain types and slopes in a
worst-case rimmed wheeled configuration. Test results indicate
that if wheel shedding could be successfully executed in flight,
Curiosity could continue to drive indefinitely on rimmed wheels.
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1. INTRODUCTION
On August 6, 2012, the Mars Science Laboratory (MSL) Cu-
riosity rover landed on Mars and began the surface phase of
its mission. On Sol 490, Mars Hand Lens Imager (MAHLI)
images revealed an unexpectedly high rate of damage to the
rover wheels. Because the rover was only 4.6 kilometers
into its prime mission, the MSL project launched an anomaly
Tiger Team to investigate the causes of wheel wear. In
parallel to the investigation, the MSL project began efforts
to reduce further wheel damage by altering the way the rover
drives over rocks. Along with careful terrain classification
and drive planning, periodic trending of the wheel state, and
extensive characterization of the mechanisms of wheel failure
per terrain type [1], the MSL project also began the develop-
ment of a terrain-adaptive wheel-speed software patch, which
estimates wheel contact angles and commands wheel angular
rates that theoretically would result in no wheel slip. The
software patch was approved for nominal use in flight on Sol
1678 (04/25/17). Since its installation, 99.48% of Curiosity’s
odometry has been achieved with the software patch enabled.
[2][3]

As part of the investigation, wheel lifetime tests were per-
formed in the Jet Propulsion Laboratory (JPL) Mars Yard
on several rocky terrain types of known rock density using a
three-wheel rocker-bogie rig with a MSL wheel in the front,
middle, and rear wheel positions. The Tiger Team investiga-
tion found that wheel damage initially occurs when a pointed,
embedded rock contacts a wheel in between two adjacent
grousers during driving or steering, creating a puncture or
crack in the wheel skin, which is made of aluminum and
has a thickness of 0.75 mm. Over time, additional contact
with rocks cause punctures to grow into cracks, and cracks
propagate across a skin section.

Each wheel contains a stiffening ring around the interior of
the wheel, located two-thirds of the wheel width from the
inside edge of the wheel. A drive actuator is attached to a
wheel’s stiffening ring via spindles. The stiffening ring also
provides support to the 19 cleat-like features (called grousers)
in between the inner and outer edge of each wheel. Figures 1
and 2 identify the sections and features of an MSL wheel. The
current damage on each wheel is assessed after approximately
500 meters of driving by acquiring MAHLI images of the
left front (LF), left middle (LM), left rear (LR), and right
front (RF) wheels, and MastCam images of the right middle
(RM) and right rear (RR) wheels in five 1.257 radian wheel-
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Figure 1. Unrolled MSL Flight Wheel.

Figure 2. Features of an MSL Flight Wheel.

revolution increments.

The MSL Wheel Wear team analyzes the downlinked wheel
images to identify grouser cracks and breaks and to measure
the crack lengths in the wheel skin. A grouser is considered
at risk of breaking once the average cumulative crack length
of the adjacent skin sections exceeds 70% of the 2/3 section
width. Only the component of a crack parallel to the width
of the wheel is added to the cumulative length. Cracks in the
outer 1/3 of the wheel do not contribute to grouser breaks and
are not included in the cumulative damage calculation. Where
cracks overlap, the overlap portion is measured and accounted
for only once. When a grouser breaks, it almost always occurs
at the stiffening ring. Three broken grousers on a single wheel
signifies 60% of the wheels life has been consumed per Mars
Yard test data. A Wheel Wear Strategic Plan was written
on October 31, 2016, which predicted that there would be
three grouser breaks on a single Curiosity wheel by the 16
kilometer odometry mark [4]. The first two grouser breaks
of the mission were discovered during assessment of the Sol
1641 wheel images, at exactly the 16 kilometer odometer
mark. Both of those grouser breaks were on the LM wheel.
As of Sol 2633 (1/1/20), only one additional grouser break
has been identified; it was identified on the RM wheel on Sol
2407 (05/14/19) at the 20.7 kilometer odometry mark. As of

Sol 2633 (1/1/20) the rover has been driven 21.875 km.

The Wheel Wear Strategic Plan also predicted that by the
end of the 2020 calendar year, all 19 grousers on one of
Curiosity’s wheels would be broken. Updated predictions as
of December 2019 place the 19 broken grouser milestone past
2024 using the most conservative estimates. When nearly all
of the grousers on a wheel are broken, one of the risks to
the mission is the unconstrained portions of the wheel could
contact the electrical cable running from the rover motor
controller assembly (MCA) to that wheels drive actuator. If
the cable to a drive actuator is damaged, that wheel may no
longer respond to commands. To make progress towards
a navigation goal position, that wheel would need to be
dragged, increasing rover slip and decreasing the rover drive
distance per sol.

To mitigate the risk of damaging an electrical cable running
to a wheels drive actuator, the unconstrained portion of a
wheel could be strategically shed on Mars by performing
driving maneuvers on a rock that appears to be immovable in
downlinked images. Shedding removes the inner 2/3 section
of the wheel’s grousers and skin, leaving an intact outer 1/3
rimmed wheel and intact odometry feature. During the first
two months of 2018, the MSL project conducted experiments
in the JPL Mars Yard using the Scarecrow testbed rover to
characterize steering and driving performance on one or more
rimmed wheels and to understand the feasibility of remotely
commanding the rover to perform the shed maneuver on one
of its front wheels. In this paper, we describe the results of
the test campaign.

2. RIMMED WHEEL PERFORMANCE TESTING
The primary goal of the Rimmed Wheel test campaign was
to identify significant differences or degradation in MSL mo-
bility system performance when driving on rimmed wheels.
Performance was assessed relative to a baseline performance
on 6 full wheels. The results informed the feasibility and
operational impact of continuing the MSL mission on rimmed
wheels. The following mobility scenarios were identified as
test cases for the campaign:

� Driving on sloped terrain, on a variety of terrain types.
� Driving on Sand.
� Rover stability and slip risk during simulated Robotic Arm
activities.
� Steering a rimmed wheel.
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