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Abstract

A previous three-dimensional discrete element method (DEM) model of Mars Exploration Rovers (MERs) wheel mobility demon-
strated agreement with test data for wheel drawbar pull and sinkage for wheel slips from 0.0 to 0.7. Here, results from the previous model
are compared with wheel mobility data for non-MER wheels that cover the range of wheel slip from 0.0 to 1.0. Wheel slips near 1.0 are of
interest for assessing rover mobility hazards. DEM MER wheel model predictions show close agreement with weight-normalized wheel
drawbar pull data from 0.0 to 0.99 wheel slip and show a similar trend for wheel sinkage. The nonlinear increase in MER wheel drawbar
pull and sinkage for wheel slips greater that 0.7 is caused by development of a tailings pile behind the wheel as it digs into the regolith.

Classical terramechanics wheel mobility equations used in the ARTEMIS MER mobility model are inaccurate above wheel slips of
0.6 as they do not account for the regolith tailings pile behind the wheel. To improve ARTEMIS accuracy at wheel slips greater that 0.6 a
lookup table of drawbar pull, wheel torque, and sinkage derived from DEM mobility simulations can be substituted for terramechanics
equation calculations.
� 2017 ISTVS. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In 2004 the Mars Exploration Rovers (MERs) began an
extensive exploration of Martian terrain enabled by their
mobility. The rovers experienced few mobility problems
during their traverses with some notable exceptions where
they became embedded in the Martian regolith when their
wheel slippage approached 100% (Squyres et al., 2004a,

2004b; Arvidson et al., 2011). The Curiosity rover has
experienced similar high wheel slip mobility problems on
Mars. Experience gained during efforts to extract Spirit
rover and interest in overcoming mobility challenges
caused by high wheel slip motivated development of the
ARTEMIS rover-terrain interaction model using classical
terramechanics equations (Zhou et al., 2014).

ARTEMIS is able to represent rover mobility for wheel
slip up to about 0.6, but has difficulty when wheel slips
increase further (Arvidson et al., 2017). The ARTEMIS
model has difficulty simulating high wheel slip mobility
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due to assumptions about wheel-regolith interactions that
break down for high slip conditions, as we discuss later
in this paper. To improve the ARTEMIS model’s ability
to simulate MER mobility under conditions of high wheel
slip Johnson et al. (2015) examined MER rover wheel
mobility performance using the Coupi three dimensional
(3-D) discrete element method (DEM) model. The
Johnson et al. (2015) model results are used as the basis
of the analysis described in this paper and the reader is
referred to that paper for details.

An advantage of DEM models is that once initial condi-
tions, control functions, particle parameters and contact
physics between regolith particles and the wheel are deter-
mined they remain valid over the full range of wheel slip
conditions. Johnson et al. (2015) demonstrated that the
DEM wheel mobility model well represented available
measured steady-state sinkage and drawbar pull (DP) from
the Massachusetts Institute of Technology (MIT) tests with
wheel slips up to 0.7. Wheel driving slip is defined as

i ¼ 1� v
rx

when v < rx ð1Þ

where v is the wheel forward speed (m/s), the product
rxðm=sÞ is the rotational speed of the wheel, r (m) is the
radius of the wheel, and x is the angular speed of the wheel
(rad/s). When wheel slip equals 0.0 the vehicle is moving
forward at the same speed as the wheel rotation speed
and when wheel slip equals 1.0 the wheel is spinning in
place. Steady-state refers to the condition where wheel
sinkage and DP remain constant as the wheel continues
moving forward with a constant wheel slip.

Above wheel slips of 0.7 to around 0.9 the DEM model
predicts that wheel sinkage and DP continue to increase
under steady-state conditions. At some wheel slip greater
than 0.9 wheel sinkage and DP become time dependent,
increasing with time as well as wheel slip. Under these condi-
tions, the wheel continues sinking until the rover either high
centers, producing a wheel slip of 1.0, or the amount of
energy required to drive the wheel to maintain forward pro-
gress becomes more than the rover can supply and it
becomes bogged.

Wheel sinkage and DP data to assess how well the DEM
model represented MER high wheel mobility performance
were not available at the time of the Johnson et al. (2015)
study for wheel slips greater than 0.7. Of particular interest
is understanding the DEM model prediction that wheel
sinkage and DP are a function of time at wheel slips greater
than 0.9; this had not been previously been observed or
investigated. Recently, wheel mobility performance data
for wheel slips from 0.0 to 1.0 obtained during mobility
testing on two different wheel designs at the NASA Glenn
Research Center (GRC) became available (Creager, 2009).
While GRC’s wheel mobility data is not for a MER wheel
the data indicate that different wheel types can have similar
mobility performance as predicted by the DEM MER
wheel mobility model.

In this paper we use the GRC wheel mobility data to
assess the DEM MER wheel mobility model predictions
of wheel sinkage and DP at wheel slips greater than 0.7.
The Johnson et al. (2015) DEM model results are then used
to examine MER wheel mobility processes over the full
range of wheel slip from 0.0 to 1.0 and to describe how
DEM model predictions of wheel DP, torque and sinkage
can be used by ARTEMIS to improve mobility predictions
for high wheel slip conditions. We also discuss the reasons
why traditional terramechanics equations breakdown
under high wheel slip conditions.

2. Comparison of measured and DEM simulation wheel

sinkage and DP for wheel slips from 0.0 to 0.99

Creager (2009) conducted a series of mobility tests at
GRC to examine wheel DP for two different rigid wheels
for wheel slips from 0.0 to 1.0 (Table 1 and Figs. 1 and
2). Wheel test 1 was done in the GRC SLOPE laboratory
using 405 mm radius and 180 mm width rigid wheels
(Fig. 1a), with grip tape added to the wheel circumference
to increase friction with regolith particles (NASA GRC,
2009). For test 1, the wheels were mounted on a four-
wheel drive vehicle (Fig. 1b) with a cable attached to apply
a DP force that was increased in steps after each 0.5 m of
vehicle travel. The wheel slip and DP force were averaged
over each step once steady-state conditions were reached.
When a steady-state region was not apparent from the data
(at high wheel slip) the last 15 s of data, or the best judg-
ment of test personnel, was used to estimate DP. The
SLOPE regolith bin was filled to a depth of about
0.76 m, resulting in little or no boundary effects during test-
ing; a test was usually stopped when the wheel hub touched
the regolith surface.

Wheel test 2 was done using a 255 mm radius and 180
mm width rigid wheel with added grip tape (Fig. 2a) in
the GRC single-wheel TREC test bed (Fig. 2b) (NASA
GRC, 2014). Wheel motion was slip controlled with the
translation speed of the wheel varied to achieve different
wheel slips. The wheel was driven one full revolution per
slip condition with DP, wheel sinkage, and wheel slip aver-
aged over each test run once steady-state was achieved.
Steady-state was not likely achieved at very high slip
(0.99) (Creager, personal communication, February 17,
2016).

The DP to wheel weight ratio (DPWR) as a function of
wheel slip for the MIT and GRC wheel mobility tests com-
pared with DEM simulations of the MER wheel over the
range of wheel slips from 0 to 0.99 in Fig. 3. The DPWR
is a reasonable way to represent the pulling power of
wheels of different geometry and weight operating in simi-
lar regolith conditions since traction is limited by regolith
strength, which is affected by vehicle weight. As is shown
in Fig. 3, DPWR measurements for the MER, GRC wheel
1, and GRC wheel 2 have the same form as each other and
the DEM MER wheel simulation results. Of particular
interest is the rapid increase in DPWR above wheel slips
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