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Artemis (Adams-based Rover Terramechanics and Mobility Interaction Simulator) is a software tool developed
to simulate rigid-wheel planetary rover traverses across natural terrain surfaces. It is based on mechanically
realistic rover models and the use of classical terramechanics expressions to model spatially variable wheel-soil
and wheel-bedrock properties. Artemis’s capabilities and limitations for the Mars Exploration Rovers (Spirit
and Opportunity) were explored using single-wheel laboratory-based tests, rover field tests at the Jet Propulsion
Laboratory Mars Yard, and tests on bedrock and dune sand surfaces in the Mojave Desert. Artemis was then
used to provide physical insight into the high soil sinkage and slippage encountered by Opportunity while
crossing an aeolian ripple on the Meridiani plains and high motor currents encountered while driving on a
tilted bedrock surface at Cape York on the rim of Endeavour Crater. Artemis will continue to evolve and is
intended to be used on a continuing basis as a tool to help evaluate mobility issues over candidate Opportunity
and the Mars Science Laboratory Curiosity rover drive paths, in addition to retrieval of terrain properties by
the iterative registration of model and actual drive results. C© 2013 Wiley Periodicals, Inc.

1. INTRODUCTION

Mars robotic rovers have included Sojourner Truth as part
of the Pathfinder Mission in 1997 (Golombek et al., 1997),
the two Mars Exploration Rovers (MER), Spirit and Op-
portunity, which landed in January 2004 (Squyres et al.,
2004a,2004b), and the Mars Science Laboratory’s Curiosity
rover, which landed on August 5, 2012 (Grotzinger et al.,
2012). The ability to traverse laterally and acquire detailed
remote sensing and in situ observations has proven to be of
immense value for exploration and discovery [see the mis-
sion summaries in Arvidson et al. (2006,2008,2010,2011a);
Grotzinger et al. (2013); and Squyres et al. (2006)]. On the
other hand, the Martian terrain has occasionally presented
significant challenges to autonomous roving to scientifi-
cally interesting targets. For example, the Spirit rover, with
its inoperative right front wheel, became embedded in de-
formable sands near the eroded volcano Home Plate (Arvid-
son et al., 2010). In addition, Opportunity has been subjected
to several near-embedding events when it traversed into de-
formable sands associated with wind-blown ripples on the
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plains of Meridiani (Arvidson et al., 2011a). Curiosity will
have to traverse relatively steep slopes (up to 20o) to reach
its targeted outcrops on Mount Sharp, and some traverses
will likely involve significant soil sinkage and slip, com-
bined with slip and skid over bedrock outcrops (Arvidson
et al., 2013).

Realistic simulations of rover-terrain interactions dur-
ing traverses are needed to help engineers define safe and
efficient paths to waypoints for robotic systems such as Op-
portunity and Curiosity. A spin-off of such a capability is
that the rover can also be used as a virtual instrument,
sensing the terrain slope distributions, together with soil
and bedrock properties. Registration of model and flight
data can be used to retrieve surface properties and also
increase the confidence with which future traverse path
options can be simulated. To that end, the authors have
completed initial development of a software package called
Artemis (Adams-based Rover Terramechanics and Mobility
Interaction Simulator) using validated mechanical models
for Spirit, Opportunity, and Curiosity, and realistic topog-
raphy, soil properties, and bedrock characteristics. Classical
wheel-soil interactions are modeled for deformable soils,
along with standard frictional contacts between wheels and
bedrock. The intent in this paper is to build upon the

Journal of Field Robotics 31(1), 141–160 (2014) C© 2013 Wiley Periodicals, Inc.
View this article online at wileyonlinelibrary.com • DOI: 10.1002/rob.21483



142 • Journal of Field Robotics—2014

initial development work on Artemis reported in Trease
et al. (2011) and Iagnemma et al. (2011), including evalu-
ating capabilities and limitations of the current models us-
ing Earth-based laboratory and field tests, and a discussion
of example applications for simulating drives for Oppor-
tunity. The paper ends with a look forward to additional
development and validation efforts and use of Artemis to
systematically simulate drives for Opportunity and Curios-
ity, including retrieval of terrain properties.

2. ARTEMIS DEVELOPMENT AND VALIDATION
APPROACHES

As reported in Trease et al. (2011) and Iagnemma et al.
(2011), initial work on Artemis began with use of a me-
chanically realistic Mars Exploration Rover (MER) that was
developed in MSC Corporation’s MSC-Adams (Automatic
Dynamic Analysis of Mechanical Systems) and validated for
MER drop tests (Lindemann, 2005; Lindemann & Voorhees,
2005; Lindemann, Bickler, Harrington, Ortiz, & Voorhees,
2006). For Artemis the authors added simulations of drive
actuators for the wheels and interactions between the driven
rover and realistic terrains derived from flight data for
both Spirit and Opportunity. This included use of digi-
tal elevation maps (DEMs) generated from the rover-based
Panoramic (Pancam) and Navigational (Navcam) cameras
on the masts, and estimates of soil and bedrock proper-
ties for each cell location within the DEMs. An issue was
how to model soil and bedrock interactions with the MER
wheels, and the choices included finite element models (e.g.,
Fervers, 2004; Yong & Fattah, 1976), discrete element mod-
els (Horner, Peters, & Carrillo, 2001; Knuth, Johnson, Hop-
kins, Sullivan, & Moore, 2012; Tsuji et al., 2012), and use of
classical terramechanics models [based on Bekker’s origi-
nal work for deformable soils (see, e.g., Bekker, 1960,1969)]
for deformable soils and simple Coulomb frictional contact
models for bedrock (Cameron, Jain, Huntsberger, Sohl, &
Mukherjee, 2009; Dupont & Yamajako, 1997; Kraus, Kumar,
& Dupont, 1998; Sohl & Jain, 2005). The authors chose the
latter two approaches to model interactions between the
wheels, soil, and bedrock, as appropriate, largely because
Artemis needed to run quickly for use in tactical path plan-
ning. In addition, the MERs have rigid wheels and travel
very slowly (i.e., the wheel surface interactions are qua-
sistatic), consistent with assumptions used in the classical
models. Finally, a great deal of work had already been done
on use of these relatively simple yet powerful terramechan-
ics modeling approaches for single-wheel systems and even
rovers. Before detailing the approaches used in developing
the Artemis model for the MERs, key previous work is sum-
marized in the next few paragraphs. Note that a Curiosity
model has also been developed and tested in Artemis and
will be the subject of a separate publication.

For deformable soils, the classical methods of terrame-
chanics are based on pressure-sinkage relationships derived

from bevameter flat plate experiments for soil deformation,
combined with shear box experiments that provide informa-
tion on shear displacement as a function of applied shear
stress under a specified normal stress (Bekker, 1960,1969;
Janosi & Hanamoto, 1961; Wong & Reece, 1967a,1967b).
These expressions are then mapped to cylindrical wheel
geometries to determine the normal and shear stresses as a
function of position for a wheel of a specified radius. Nu-
merous references exist for this approach and its modifica-
tions, and the equations have been reproduced in dozens of
papers. The reader is referred to Wong (2001,2010) for con-
cise summaries of the approaches. The effect of grousers has
also been included by a number of workers (Bauer, Leung, &
Barfoot, 2005; Ding, Yoshida, Nagatani, Gao, & Deng, 2009;
Watyotha, Gee-Clough, & Salokhe, 2001; Wong, 2001), as has
the influence of bulldozing of soil along the drive or longi-
tudinal direction (Bekker, 1969; Hegedus, 1960; Ishigami,
2008; Richter et al., 2006), and the effects of wheel sidewall
resistance (Del Rosario, 1980; Schwanghart, 1968). Wheel-
soil laboratory tests have been conducted by numerous
researchers, testing variants of the terramechanics expres-
sions, and results indicate that the classical terramechanics
expressions are valid for a wide range of wheel sinkage
(<1/2 wheel radii) (Bauer et al., 2005) and slippage (<80%)
(Ishigami, 2008; Scharringhausen, Beermann, Krömer, &
Richter, 2009).

As shown in subsequent sections of this paper, Artemis
builds on previous terramechanics results to model wheel-
soil stresses in longitudinal and lateral directions. Some
commercial software packages were found that incorpo-
rated the classical terramechanics models for deformable
soils, such as the Soft Soil Tire Model (AS2TM, 2003) and
the MSC-Adams Soft-Soil Tire Model (Adams online help,
2012). These models integrate the normal and shear stresses
as a function of position within the contact areas between the
wheels and soils, although details of the approaches were
lacking. To ensure a thorough understanding of the inter-
action approaches, Artemis uses standard wheel-soil inter-
action models, including longitudinal and lateral stresses
and wheel-soil geometries on tilted or otherwise irregu-
lar terrains, developed in software by the authors. Specif-
ically, the Artemis single-wheel–soil interaction algorithm
is in part based on work presented in Scharringhausen et
al. (2009), who implemented a numerical approach to inte-
grate stresses over the wheel-soil contact patch area, with
model validation using single-wheel test-bed data for a
spare MER flight wheel. To deal with sloped terrains, the
approach adopted was previously used by Yoshida and his
group (Inotsume, Sutoh, Nagaoka, Nagatani, & Yoshida,
2012; Ishigami, 2008; Ishigami, Miwa, Nagatani, & Yoshida,
2006,2007; Yoshida, Watanabe, Mizuno, & Ishigami, 2003),
who applied classical terramechanics equations on tilted
surfaces using modified wheel-soil contact angles for stress
calculations. Again, their model was validated using rover
test-bed experiments as part of their research.
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Wheel-bedrock interaction models for slowly moving
rovers with rigid wheels proved to be much simpler to im-
plement in Artemis relative to wheel-soil interactions. The
wheel-bedrock contact model is based on elastic interactions
with minimal penetration of the wheel into the bedrock and
stress distributions dominated by static and dynamic co-
efficients of friction (Adams online help, 2012; Dupont &
Yamajako, 1997; Kraus et al., 1998; Song, Kraus, Kumar, &
Dupont, 2000). As shown in subsequent sections of this pa-
per, the MSC Adams standard contact model for mobility
systems replicated key drives at the Jet Propulsion Labora-
tory’s Mars Yard and the Tecopa bedrock outcrops in the
Mojave Desert, and this model was thus incorporated into
Artemis.

The next step in the development of Artemis was to
model the rover mechanical system with its six-wheel drive
capabilities as it drove over realistic terrains that incorpo-
rated DEMs and spatially variable deformable soil proper-
ties. Krenn and Hirzinger (2008,2009) and Schäfer, Gibbesch,
Krenn, and Rebele (2010) developed and tested numeri-
cal methods using classical terramechanics equations for
rover-scale models. The authors closely followed the work
of these authors in developing the Artemis rover model for
deformable soils. For the bedrock or contact model, MSC
Adams already included contact detection and calculation
between rigid bodies, and thus Artemis development efforts
for the contact model were straightforward and limited to
population and ingestion of the relevant DEMs.

A number of approaches were used to validate the
Artemis models for driving across realistic terrains with
deformable soils or bedrock outcrops, as appropriate. First,
at the single-wheel model level a series of experiments were
conducted with a spare MER wheel at the MIT Robotic Mo-
bility Group Laboratory and compared to Artemis results.
Soil mechanical properties were in part fixed using bevame-
ter and shear box tests for the soil simulants used in the
experiments. Second, numerous traverse trials were done
at the Jet Propulsion Laboratory’s Mars Yard in Altadena,
CA, a roughly football field sized area covered with soils
exposed on varying slopes, together with bedrock plates
arranged with varying tilts. Most of these tests were done
without extensive instrumentation to determine wheel sink-
age or slippage and thus the main purpose was to gain
experience in how the MER test rovers responded to vary-
ing slopes and surface properties. These tests proved to be
invaluable for showing how the vehicles negotiated, for ex-
ample, changes in slope values as they moved from horizon-
tal to tilted surfaces. Third, detailed tests were conducted
in the Dumont Dunes areas of the Mojave Desert with the
MER test rovers, including determination of wheel sinkages
and rover-based slippage as a function of dune face slopes.
As part of this deployment, the rover also traversed tilted
and benchlike bedrock outcrops in the Tecopa region of the
Mojave Desert. Fourth, two of the authors (R.E.A. and P.B.)
have been involved in MER and Curiosity drive planning

and analysis of the downlink data on almost a daily ba-
sis and have a great deal of experience in how the three
rovers behaved while traversing flat and irregular surfaces
covered by deformable soils and by bedrock. This experi-
ence base proved to be important in determining whether
Artemis properly models the response of the rovers to spe-
cific terrains.

3. ARTEMIS DESCRIPTION AND ASSUMPTIONS

As noted, Artemis was developed using MSC-Adams as
the multibody dynamics simulation engine (MSC Software,
2012). Artemis consists of a rover mechanical model, a
wheel-terrain interaction model, and terrain, bedrock, and
soil models. Terrain surfaces are modeled using the Sur-
face and Topography Preprocessor (Figure 1). Bedrock and
soil parameters and wheel configurations are defined in the
Terrain and Configuration file. The Wheel-terrain Contact
Module is used to detect wheel-terrain contacts, including
the entry/exit angles and sinkages for deformable soil, and
penetration and contact points for bedrock. It is also used
to define the relationship between the wheel local coordi-
nate frame and the rover global coordinate frame. The con-
version between these two frames is used to define wheel
kinematic information for further wheel-terrain interaction
calculations.

As noted, for bedrock the Artemis model employs the
classical Coulomb friction contact expressions included in
MSC-Adams to calculate wheel-bedrock interactions. For
deformable soils, Artemis uses the Wheel-soil Interaction
Module to calculate forces, stresses, and torques using clas-
sical terramechanics equations. In both cases, calculated val-
ues are fed back to the Adams/Solver to implement the
drive simulations. A Rover Motion Control Module is used
to simulate rover drive commands. Simulation results can
then be examined using the Adams/Postprocessor. The de-
tails of the modeling approaches are presented in the fol-
lowing sections.

3.1. MER Rover Model

The MERs are six-wheel drive, four-wheel steered vehicles
with a rocker-bogie suspension system (Lindemann &
Voorhees, 2005). A 200-element Adams mechanical model
of the rover was developed and validated before launch
using MSC-Adams dynamic modeling software (Linde-
mann & Voorhees, 2005; Lindemann et al., 2006). The
original model, which was developed as a high-fidelity
representation of the rover structure, mass, and stiffness
properties, did not include the active (e.g., actuators) and
passive (e.g., free pivots) mechanisms needed to simulate
mobility. Thus, new efforts were started as part of Artemis
to simulate active wheel driving, steering actuators, and
passive mechanisms such as hard-stops on the joint pivots.
The final rover model used in Artemis includes 85 moving
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Figure 1. Artemis architecture.

individual parts or rigid bodies. The rigid bodies, repre-
senting the distributed and lumped masses of the rover, are
connected to one another in the structure by massless beam
elements. The rigid bodies are connected by revolute or pin
joints. These revolute joints have the mechanism functions
for actuator torques, friction losses, and mechanical stops.
More rover details can be found in (Lindemann, 2005;
Lindemann & Voorhees, 2005; Lindemann et al., 2006).

Artemis uses motion statements to control driving and
steering actuator rotational angles and speeds. The motion
statements are formulated to replicate drive commands sent
to the MER or Curiosity rover on Mars. The motion state-
ments are implemented by customizing the Adams/Solver
motion subroutine and are encapsulated in the Rover Mo-
tion Control Module. The rover model is able to simu-
late straight drives and arc turns, including blind drives
and drives using visual odometry (visodom) to simulate
course corrections to reach waypoints (Cheng, Maimone, &
Matthies, 2006; Maimone, Cheng, & Matthies, 2007). Fur-
ther, the model includes Spirit’s failed drive actuator on
its right front wheel. It also includes Opportunity’s failed
steering actuator on the right front wheel, which became
permanently immobilized while rotated inward by 8o early
in the mission. The Curiosity version of Artemis likewise
uses motion controls to implement its drive simulations,

and this model is also built on a validated mechanical model
in MSC Adams used for drop tests.

3.2. Wheel-bedrock Contact Model

Artemis considers the wheel-bedrock contact model as a
solid-to-solid dynamic frictional contact. The contact model
included in Adams/Solver is utilized and, as noted, has
been utilized in previous planetary rover studies (Benamar
& Grand, 2013; Cowan & Sharf, 2007; Lindemann, 2005;
Tao, Deng, Fang, Gao, & Yu, 2006). Adams/Solver models
the contact as a unilateral constraint, that is, contact force
has a positive value when penetration exists between two
contact geometries and otherwise it has zero value (Adams
online help, 2012). As shown in Eq. (1), the contact normal
force between the wheel and bedrock is modeled as a non-
linear spring-damper with stiffness and viscous damping
components:

Fn = kze + cd ż (1)

where k is the stiffness between the rigid wheel and un-
derlying bedrock, z represents the penetration of one con-
tact geometry into another, e specifies the exponent of the
force-deformation characteristic, cd is the damping coeffi-
cient between the two contact materials for penetration z,
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and ż is the time derivative of z. The stiffness component is
proportional to k and is a function of the penetration. The
stiffness component opposes the penetration. The damping
component is a function of the speed of penetration. The
damping opposes the direction of relative motion. Given
the low speed of the rover and its wheels, the effect of the
damping coefficient is not significant. The damping coef-
ficient achieves a maximum, cmax, at a user-defined pene-
tration zmax. For a given penetration, z, the corresponding
damping coefficient, cd, is determined by the Heaviside step
function of cmax, zmax, and z.

The Adams/Solver uses a relatively simple velocity-
based friction expression to model dynamic friction based
on Coulomb friction (Adams online help, 2012). The co-
efficient of friction, μ, is determined by the Heaviside step
function with a cubic polynomial based on specified param-
eters (Adams online help, 2012). These parameters include
the stiction transition velocity vst , the friction transition ve-
locity vf t , the static friction coefficient μs , and the dynamic
friction coefficient μd . The coefficient of friction μ is calcu-
lated using

μ(v) =

⎧⎪⎨
⎪⎩

step(|v|,−vst , μs, vst ,−μs ) (if v ≤ vst )

−sign(v) · step(|v|, vf t , μd, vst , μs ) (if vst ≤ |v| ≤ vf t )

−sign(v) · μd (if vf t ≤ |v|)
(2)

The friction force is then calculated using the calculated
coefficient of friction μ and normal force Fn from Eq. (1).
If the Adams/Solver detects an angular velocity about the
contact normal axis, it will apply a torque proportional to
the friction force. The contact friction torque is calculated
using

Tf = 2
3
rcF (3)

where rc is the radius of the contact area (for rigid body con-
tact, rc is the wheel radius), F is the friction force, and 2/3 is
the coefficient used in Adams/Solver from Marks’ Standard
Handbook for Mechanical Engineers (Adams online help,
2012).

The wheel-bedrock contact is treated as a contact be-
tween solid to solid. The penetration between them is quite
limited since both the wheel and the bedrock are rigid bod-
ies. Details about the contact detection algorithm are in-
cluded in Section 3.4.2.

3.3. Wheel-soil Interaction Model

The Artemis wheel-soil interaction model follows the dis-
cretization approach developed by Scharringhausen et al.
(2009). Figure 2 illustrates the possible stresses along all
directions. Using the methods developed by Krenn and
Hirzinger (2008,2009) and Schäfer et al. (2010), the wheel
is treated as a three-dimensional (3D) mesh and is divided
into many small cells along both longitudinal and lateral

Figure 2. Illustration of stresses along the wheel-soil contact
interface. Normal stress (σ ) and longitudinal shear stress (τ x)
distributions are shown. τ y is the lateral shear stress and σ s is
the passive soil pressure acting on the wheel sidewall.

Figure 3. Illustration of the three-dimensional wheel mesh
and terrain digital elevation model.

directions to provide fine resolution for numerical integra-
tions between the wheel and soil needed to define stress
distributions (Figure 3). The terrain surface is modeled as
a digital elevation model in which each cell is assigned de-
formable soil parameters. The calculation of stresses be-
tween the wheel and deformable soil is described in later
sections.

3.3.1. Calculation of Slip and Slip-sinkage

Longitudinal wheel slip is a kinematic measure of the rel-
ative motion between a wheel and the underlying terrain.
The slip value determines the amount of traction that a
wheel is able to develop. In Artemis, the following equation
is used to calculate wheel slip (positive/driving) and skid
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(negative/braking), i, for bedrock and soil:

i =

⎧⎪⎨
⎪⎩

1 − v

rω
(if v < rω driving)

r ω

v
− 1 (if v > rω braking)

(4)

where v is the wheel’s forward velocity, ω is the wheel’s
angular velocity, and r is the wheel’s radius. Slip values
range from −1 to 1 with a limiting case of zero longitudinal
velocity and therefore slip = 1, whereas for negative slip the
limiting case is zero angular velocity and therefore slip =
−1. For Opportunity, rover-based slip values are calculated
by comparing the rover’s actual traveled distance against
the theoretical distance (as if there was no slip) using visual
odometry techniques (Maimone et al., 2007).

Wheel slip often results in excavation of soil around the
wheel, leading to downward wheel displacement, which is
termed slip-sinkage. An expression that linearly relates the
sinkage exponent to the slip ratio is adopted to calculate
the slip-sinkage in Artemis for deformable soil (Ding, Gao,
Deng, & Tao, 2010a; Ding et al., 2009,2010b):

n = n0 + n1 |i| (5)

where n0 is the nominal sinkage exponent and n1 is the slip-
sinkage exponent, which is determined empirically. Other
models to calculate slip-sinkage have been proposed by sev-
eral researchers (e.g., Lyasko, 2010; Muro & O’Brien, 2004).
For example, Muro and O’Brien (2004) modeled the slip-
sinkage as an additional sinkage caused by contact pressure
and slippage. This model requires knowledge of three coef-
ficients, which have to be determined experimentally for a
given wheel-soil characteristics. Since the contact pressure
and slippage are different at each contact point, the calcu-
lated slip-sinkage is the sum of each element slip-sinkage
amount. Comparing these two methods, Eq. (5) is more di-
rect and convenient and thus was adopted in Artemis.

3.3.2. Normal Stress Calculations

Normal stresses at the wheel-soil contact patch are assumed
to be purely radial and are approximated using the pressure-
sinkage relationship based on Bekker’s equation (Wong &
Reece, 1967a,1967b):

σ (θ ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
kc

b
+ kφ

)
(r)n(cos θ − cos θf )n θm < θ < θf

(
kc

b
+ kφ

)
(r)n

(
cos

(
θf − θ − θr

θm − θr

(θf − θm)
)

− cos θf

)n

θr < θ < θm

(6)

or Reece’s equation (Reece, 1965; Wong, 2001,2012):

σ (θ ) =

⎧⎪⎨
⎪⎩

(ck′
c + ρgbk′

φ)
( r

b

)n

(cos θ − cos θf )n θm < θ < θf

(ck′
c + ρgbk′

φ)
( r

b

)n
(

cos
(

θf − θ − θr

θm − θr

(θf − θm)
)

− cos θf

)n

θr < θ < θm

(7)

where θ f is the soil entry angle, θ r is the exit angle, and θm

is the angle at which the maximum normal stress occurs.
Parameters kc, kφ , n, k′

c, k′
φ , c, and ρ depend on soil proper-

ties, r and b correspond to the wheel radius and the smaller
dimension of the contact patch, respectively, and g is grav-
itational acceleration. Wheel width is used as the smaller
dimension of the contact patch in Artemis. The pressure-
sinkage parameters in Reece’s equation, k′

c and k′
φ , can

be derived from pressure-sinkage parameters in Bekker’s
equation, kc and kφ , for a given n and b. Reece’s equation,
although similar to Bekker’s equation (the two produce
exactly matching results for the same b value), is dimen-
sionally correct in the sense that k′

c and k′
φ are truly nondi-

mensional parameters. Also, Reece’s equation explicitly ac-
counts for gravitational acceleration, terrain cohesion, c, and
soil mass density, ρ. Both sets of equations are available in
Artemis.

Equations (6) and (7) were developed for horizontal
soil surfaces. For sloped surfaces, the approach used by
Yoshida et al. (2003) and others (Ding et al., 2010b; Inot-
sume et al., 2012; Ishigami et al., 2006,2008) is adopted for
Artemis. Normal and shear stresses at the wheel-soil con-
tact are computed by resolving the gravity vector relative to
the slope. Stresses are then calculated using Eqs. (6) and (7)
with modified contact angles. Figure 4 illustrates the normal
stress distribution along the wheel-soil contact interface on
a tilted surface. The entry angle is based on the original ter-
rain elevation and the exit angle is based on the deformed
terrain elevation. All contact angles are based on the wheel
local frame to handle tilted surfaces. Soil strength may be
affected by slope angle. However, given the moderate soil-
covered slopes (≤15o) traversed by Opportunity, the effect
is not significant.

The location of θm is important to estimate the nor-
mal stress distribution. According to Oida’s experiments,
θm changes with slip and can be expressed as a polynomial
function of slip (Oida, Satoh, Itoh, & Triratanasirichai, 1991).
If the higher-order items are ignored, Oida’s equation is the
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Figure 4. Illustration of normal stress along the wheel-soil
contact interface. Entry angle (θ f) and exit angle (θ r) are both in
the wheel local frame, as is θm, the central angle of maximum
normal stress (σ max).

same as Wong’s equation (Wong & Reece, 1967a):

θm = (a1 + a2i)θf (8)

where i is the wheel slip, and a1 and a2 are two model pa-
rameters. Wong and Reece (1967b) suggested a different
formula of θm for skid. Use of that formula creates disconti-
nuity issues around zero slip because of the sudden change
of the calculated θm during the transition from slip to skid
or reverse. Thus only Eq. (8) is used in Artemis. Parameters
a1 and a2 are treated as tuning parameters.

3.3.3. Shear Stress Calculations

Shear stresses in the longitudinal direction (direction of
travel) are the primary source of driving traction. The shear
stress estimation used in Artemis is based on a widely used
empirical formula first proposed by Janosi and Hanamoto
(1961):

τx(θ ) = τmax

(
1 − e

− jx
kx

)
(9)

where τmax is the maximum shear stress, jx is the shear dis-
placement, and kx is the shear deformation modulus. Ac-
cording to the Mohr-Coulomb failure criterion, τmax can be
related to normal stress as

τmax = c + σ (θ )tanφ (10)

where c is cohesion and φ is the internal friction angle.
Shear displacement jx of an arbitrary point can be cal-
culated by integrating tangential slip velocity from time

0 to the arbitrary time t as shown in Eq. (11) (Wong &
Reece, 1967a):

jx =
∫ t

0
vxdt =

∫ θf

θ

vx

dθ

ω
=

∫ θf

θ

{rω − vcosθ}dθ

ω
(11)

where vt is the tangential slip velocity, v is the wheel’s for-
ward velocity, ω is the wheel’s angular velocity, and r is
the wheel’s radius. Considering the slip definition given in
Eq. (4), Eq. (11) yields (Wong & Reece, 1967a):

jx =

⎧⎪⎪⎨
⎪⎪⎩

r
(
θf − θ − (1 − i)

(
sin θf − sin θ

))
i ≥ 0

r

(
θf − θ −

(
sin θf − sin θ

)
i + 1

)
i < 0

(12)

During turning maneuvers (or any motion that induces
lateral wheel slip), lateral shear stresses arise and can be cal-
culated in a similar fashion as the longitudinal shear stresses
(Schwanghart, 1968; Ishigami et al., 2007):

τy(θ ) = (c + σ (θ )tanφ)
(

1 − e
− jy

ky

)
(13)

jy =
∫ t

0
vydt =

∫ θf

θ

vy

dθ

ω
(14)

where ky is the lateral shear deformation modulus, which is
assigned as the same value of kx in Artemis, and vy is the
lateral velocity of the wheel and is related to the forward
velocity:

vy = v tanβ (15)

where β is the lateral slip angle and v is the wheel’s forward
velocity. Figure 5 shows the relationship between longitu-
dinal and lateral velocity from the wheel’s top view. The
lateral slip angle is the angle between the wheel’s true mov-
ing direction and the longitudinal axis of the wheel. Inte-
grating Eq. (14), a similar form to Eq. (12) yields (Ishigami,
2008)

jy =

⎧⎪⎨
⎪⎩

r(1 − i)(θf − θ ) tanβ i ≥ 0

r(θf − θ ) tanβ

(1 + i)
i < 0

(16)

3.3.4. Bulldozing, Sidewall Resistance, and Grouser Forces

The authors chose to ignore bulldozing forces because soil
is not seen bulldozed in front (i.e., in the drive direction)
of Spirit, Opportunity, or Curiosity wheels according to the
Hazcam, NavCam, and PanCam images covering the rover
wheel tracks (See Section 4).

When lateral slip occurs, resistance occurs at the wheel
sidewall as shown in Figure 5. The sidewall resistance is
based on the Terzaghi bearing capacity (Terzaghi, Peck,
& Mesri, 1996) and the Hettiaratchi-Reece equations (Het-
tiaratchi & Reece, 1967) for a wall moving into a mass of
soil. It was adopted for the first time by Schwanghart (1968)
to model the ground resistance on the sidewall of a tire em-
bedded in soil. We are using Schwanghart’s approach to
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Figure 5. Illustration of lateral forces. β is the slip angle, vx

is the longitude velocity and vy is lateral velocity, Fu is the
lateral shear force underneath the wheel, and Fs is the sidewall
resistance.

model this lateral force:

σs = γ zNγ + cNc + qNq (17)

Nγ = 2(Nq + 1) tan φ

1 + 0.4 sin(4φ)
, Nc = Nq − 1

tan φ
,

Nq = e(1.5π−φ) tan φ

2 cos2(π/4 + φ/2)
(18)

where σ s is the passive soil pressure caused by compacting
side soil, γ is the soil weight density, z is the sinkage of a
given point, φ is the internal friction angle, q is the surcharge
(additional pressure on the soil, for example, caused by the
accumulated bulldozed soil), and c is the cohesion. Nγ , Nc,
Nq are modified Terzaghi parameters from Coduto (2001).
Integrating the lateral component of σ s along the wheel
sidewall leads to the calculation of sidewall resistance:

Fs = sinβ

∫ r sin θf

−r sin θf

{
γNγ f (x) + cNc + qNq

}
f (x) dx (19)

where f (x) =
(√

r2 − x2 − r0

)
, r0 = r cosθf , θf is the entry

angle, β is the slip angle, and r is wheel radius. Equation (19)
has not been experimentally validated and may not be ap-
propriate for high sinkages and slip angles. For results pre-
sented in this paper, these limitations are not relevant since
lateral dynamics were minimal for the drives that were
simulated.

Both the MER and MSL rover wheels include grousers
to increase traction. At the MIT Robotic Mobility Group
Laboratory, the MER wheel produced larger drawbar pull
(net tractive force) than a smooth wheel with the same outer
diameter under the same test condition. (For example, the
MER wheel has 30% more drawbar pull than the smooth
wheel under 20% imposed slip and 135 N vertical load.)
Therefore, it was decided to explicitly include grouser
influences in Artemis.

The force acting on each grouser (Fg) for deformable
soils is shown in Figure 6. By assuming that the grouser
surface is smooth and thus there is no friction between the
grouser and the soil (therefore the soil-grouser friction angle
is zero), the grouser force with zero vertical inclination angle
can be modeled in Eq. (20) based on the equations in Wong
(2001):

Fg = b

(
1
2
ρgh2

bNφ + qhbNφ + 2chb

√
Nφ

)
(20)

where ρ is the soil mass density, g is gravitational accelera-
tion, hb is the height of the grouser, q is surcharge, c is cohe-
sion, Nφ = tan2 (π/4 + φ/2) is a constant about the internal
friction angle φ, and b is the grouser width. For a grouser
with a vertical inclination angle βb as shown in Figure 6, a
similar equation is used (Wong, 2001):

Fg = b

(
1
2
ρgh2

bKpγ + qhbKpq + chbKpc

)
(21)

Figure 6. Tractive forces due to wheel grousers (cleats), where
θ is the central angle of a given grouser, Fg is the soil reaction
on a given grouser, and βb is the vertical inclination angle of a
given grouser.
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Figure 7. Illustration of forces and torques calculation (where
FX , FY , FZ , TX , TY , TZ are forces and torques along each axis in
a global frame).

where

Kpγ = Nφ cos βb, Kpq = Nφ, Kpc = 2
√

Nφ

As shown in Figure 6, the force acting on each grouser in
Artemis is decomposed into two directions according to the
central angle θ . The sum of the two components contributes
to the tractive and normal forces. Each grouser force acts at
∼2/3 length of grouser height for torque calculation. The
total grouser forces are the sum of the individual grouser
forces for the grousers in contact with soil. The in-contact
grousers are determined during simulation by the Contact
Detection Module, including the location and central angle
of each in-contact grouser. The summation of total grouser
forces is then based on Eqs. (20) and (21) for the grousers in
contact with soil. The total grouser force increases with the
number of in-contact grousers as long as they are separate
enough to engage soil independently. This is true for MER
wheels, which have 31 grousers per wheel. The height of
the grousers is 6 mm and the width is 16 cm. Usually there
are only two to four grousers in contact with soil, given a
sinkage of 2–3 cm. Note that the surcharge used in Eqs. (19)–
(21) was set to zero in the simulations since bulldozing was
not observed in MER drives.

3.3.5. Force and Torque Calculations

Based on methods presented in Schäfer et al. (2010), the
stresses for each mesh cell are integrated to provide a sin-
gle set of forces at the wheel center (Figure 7). First, fx , fy ,
fz, the element forces in one contact patch along the wheel
local frame directions, are calculated based on stresses in
this patch. Then the element forces are summed together.
For torques, the element forces in the local frame are mul-
tiplied by the moment arm length and then are summed
together. All calculations are performed in the wheel lo-

cal frame and then transformed to the rover global frame.
Forces and torques are decomposed along each axis of the
wheel local frame and then combined together to calculate
six values (along three axes). These local forces and torques
are then decomposed and combined again along the rover
global frame. The decomposition follows the 3D transfor-
mation between the two frames. The conversion between
two frames depends on the wheel location and orientation.
Finally, the summed 3D forces and torques are input into
Adams for dynamic calculations. The sidewall resistance
and grouser forces, calculated separately, are also added to
the summation of forces and torques.

3.4. Terrain Modeling

In this section, modeling of the terrain topography and
properties is discussed, along with wheel-surface contacts,
positionally dependent soil properties, and modeling mul-
tiple wheel passes through soil.

3.4.1. Surface Model and Terrain Properties

In Artemis, digital elevation models consisting of discrete
cells are used to represent the terrain (including spatially
dependent soil properties), whereas wheels are modeled as
3D meshes. The surface cell size is typically ∼1 cm, whereas
wheel mesh size is usually ∼0.05 cm. The size of the mesh
and terrain cell size can be adjusted externally in the Ter-
rain and Configuration file generated in the Artemis Surface
and Topography Preprocessor (Figure 1). The Terrain and
Configuration file contains the needed terrain information
including elevation values and soil or bedrock properties as
well as the wheel information. Digital terrain models used
in Artemis range from simple tilted planes to actual ele-
vation models derived from orbital or rover-based stereo
images.

3.4.2. Contact Detections

Wheel-terrain contacts are estimated using the Wheel-
terrain Contact Module, which, as noted, was adopted from
work done by Krenn and Hirzinger (2008,2009) and Schäfer
et al. (2010). This procedure finds the portions of the wheel
mesh that are below the undeformed soil surface and com-
putes contact angles from the center of the wheel to the
wheel-soil contact locations. Wheel sinkage is computed
based on the deepest penetration of the wheel into the soil.
The exit angle is calculated based on the assumption pre-
sented in Ishigami et al. (2007) that the soil rebounds by
some model-dependent amount after being compressed.
For tilted surfaces, the reference zero central angle axis is
perpendicular to the tilted surface and pointing downward
(Figure 3). The entry and exit angles are then referenced to
this axis (Ishigami, 2008). The number of grousers in contact
with the soil is determined in a similar way by comparing
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the elevation of the grouser end point and the correspond-
ing soil cell.

New elevation values are used to update the in-contact
cells based on the sinkage and soil rebound ratio after
wheels have passed over the cell. These new values are
also used to create the imprint information for display of
tracks and to generate a deformed soil shell.

Contacts between wheel and bedrock are based on the
detection algorithm implemented in the Adams/Solver for
solid-to-solid contacts. After contact occurs between two
solids, the Adams/Solver computes the volumes of intersec-
tion and assumes that the intersection between two solids
will be much less than the volume of either solid. This is
accurate for rigid bodies. Adams then finds the center of
mass of the intersection volume (assuming the intersection
volume has uniform density) and the closest point on each
solid to the centroid. The distance between these two points
is the penetration depth.

3.4.3. Multiple Soils and Multipass Modeling

Multiple soils are modeled by allowing the soil terrame-
chanics properties to vary as a function of location within
the terrain model. For the contact model, the scene is as-
sumed to be homogeneous in terms of bedrock properties.

The multipass effect occurs when a leading wheel de-
forms the soil and a subsequent wheel enters the soil and
further deforms it. Previous research has shown that the
impact of the first pass is greater than subsequent passes
(Abebe, Tanaka, & Yamazaki, 1989; Holm, 1969). Observa-
tions of Spirit, Opportunity, and Curiosity’s wheel tracks
also show the vast majority of deformable soil deformation
is due to the first wheel pass (see Section 4). The relationship
between sinkage after the nth pass and the one after the first
pass can be modeled by Eq. (22) according to (Scholander,
1974)

Znp = Z1 · n
1
a
p (22)

where np is the number of passes, Znp is the total sinkage
after np pass, Z1 is the sinkage after the first pass, and a is
the multipass coefficient. According to Abebe et al. (1989), a
is 2 to 3 for loose soils and low loads; it is set as 3 in Artemis.
The soil density after np pass is modeled as a function of the
number of passes and the slip of the first pass, following the
work of Senatore and Sandu (2011):

γn = γ0
(
k1 + k2np

)
(23)

where γ 0 is the weight density of undisturbed soil, np is the
number of passes, γ n is the density of soil after np passes,
k1 is a slip-related coefficient, and k2 is a constant. Cohesion
after np passes follows the same trend as in Eq. (23) (Senatore
& Sandu, 2011). The values of k1 and k2 are determined as
a function of slip and the number of passes based on the
pressure-sinkage relationship in Eq. (22).

To implement the multipass effect, a set of record-
booking approaches is used in Artemis to record relation-
ships between the wheels and cells and the status of soil
regions actively involved in a wheel pass. These records are
used to update the deformed soil properties after each pass.

3.5. Artemis Drive Simulator

On Mars, rover traverses are performed through blind
drives and autonomous navigation (autonav) drives (Biesi-
adecki et al., 2006; Biesiadecki, Leger, & Maimone, 2007).
Blind drives are the Ackermann arc drives from a start-
ing position to a waypoint target in which the rover tracks
its orientation but calculates its distance traveled based on
wheel odometry, assuming zero wheel slip. It corrects its
course to the waypoint periodically during its traverse with
the aforementioned assumption of zero slip. Autonav drives
use stereo-based tracking (visual odometry, or visodom) of
terrain targets to correct course deviations based on both ori-
entation and actual distance traversed (Cheng et al., 2006).
Figure 8 illustrates how Ackermann arcs are implemented
by varying wheel angular velocities to implement an arc
with a given radius of curvature.

Artemis simulates both blind and autonav drives. To
simulate autonav drives, Artemis uses internal rover pose
data for positions in which commanded visual odometry
stations were obtained to update traverses to waypoints.
In addition, Artemis simulates a turn-in-place drive, which
is an arc-turn that rotates the vehicle without lateral mo-
tion. Artemis models these drives using the Rover Motion
Control Module (Figure 1).

3.6 Artemis Single-wheel Model

Artemis also includes a single-wheel option to compare
to laboratory experiments focused on wheel-soil interac-
tions. The single-wheel model uses the same wheel-terrain

Figure 8. Ackermann drive illustration.
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interaction model as the full version of Artemis. Self-
propelled (i.e., free slip) wheel and propelled wheel (i.e.,
imposed slip) simulations are both supported.

4. ARTEMIS VALIDATION RESULTS

In this section, validation of the Artemis models is pre-
sented, including single-wheel model comparisons to labo-
ratory data, comparisons of full rover models and field data,
and comparisons of model and Opportunity flight data.

4.1. Single-wheel Experiments in Deformable Soil

As noted in Section 2, single-wheel deformable soil experi-
ments were conducted at the MIT Robotic Mobility Group
Laboratory using a MER spare flight wheel (13.1 cm radius
and 16 cm width) within a confined soil bin of dimensions
1.5 m long, 0.7 m wide, and 0.4 m deep (Figure 9; Senatore,
Wulfmeier, MacLennan, Jayakumar, & Iagnemma, 2012).
A six-axis force torque transducer was mounted between
the wheel mount and the carriage to measure the vertical
load and traction generated by the driven wheel. Finally,
a flange-to-flange reaction torque sensor was used to mea-
sure driving torque applied to the wheel. Runs were made
with constant slippage under applied vertical loads of 100
and 135 N, values that cover the range of expected loads
for the MER wheels on Mars. Drawbar pull (the net trac-
tive force), rolling torque (the torque applied to the wheel
to move at constant angular velocity), and wheel sinkage
were measured as a function of load and imposed slips
ranging up to 0.6. The upper slip bound was chosen based
on maximum slip reported for Opportunity’s drives (Arvid-
son et al., 2011b).

The test-bed soil consisted of Mojave Martian Simu-
lant, which is composed of loose, poorly sorted basaltic
sands (Peters et al., 2008). The simulant bulk density
was determined using standard laboratory procedures.
The parameters kc, kφ , n, needed to establish the pressure
sinkage relationship [see Eq. (6)] were determined based
on bevameter tests using 160-mm-long and 25-, 50-, and
75-mm-wide plates. Soil cohesion, c, internal friction angle,

Figure 9. MIT single-wheel test bed.

φ, and shear deformation modulus, kx [see Eq. (9)], were
determined from shear box tests with applied normal stress
values ranging from 2 to 50 kPa (Senatore & Iagnemma,
2011). Inferred values for soil parameters from the density,
shear box, and bevameter measurements are listed in Ta-
ble I, along with a1 and a2 from Eq. (8) needed to determine
contact angles, n1, the second pressure-sinkage exponent
for modeling slip-sinkage dynamics [Eq. (5)], and, finally,
the soil rebound ratio. These latter four variables were not
independently measured in the laboratory and were used
as parameters to adjust or tune to have Artemis model
results conform to test results.

Initial results showed that the nominal model values in
Table I poorly replicated the data trends, and varying the
tuning parameters did not allow the model to conform to
the data. Model sensitivity tests showed that the value of kx

(0.60 mm) inferred from shear box data was far too small
to produce reasonable model results. The final value for kx

is well within values for soils quoted in the literature (e.g.,
Wong, 2001) but certainly not the small value obtained from
the shear box tests. A number of Artemis models were run
with the addition of kx as a tuning parameter, and a chi-
square approach was used to determine the best combined
fits for drawbar pull, torque, and sinkage as a function of
load and imposed slip. These values are reported in Table I
and correspond to a chi-square P value with less than a 5%
chance of rejection for the entire range of data and model
results. Figure 10 shows the test data and best-fit Artemis
models using the final parameters shown in Table I. The er-
ror bars displayed in these plots are test standard deviations
based on the ten runs per imposed slip values.

As shown in Figure 10, the sinkage estimates have large
standard deviations, and this is a consequence of the inabil-
ity to prepare the surface back to its original topographic
state after each run. Even so, the model and data conform as
a function of normal load for varying imposed slip values,
including the trend of increasing sinkage with increasing
imposed slip. Torque and drawbar pull values with increas-
ing imposed slip show concave downward trends in both
data and model fits. The importance of slip-sinkage is also
evident, as is the decrease in drawbar pull with high slip
values. The models do overestimate torque at high and un-
derestimate drawbar pull at low imposed slip values. No
combination of parameter values was found that would
better fit the data throughout the entire range of imposed
slips. Similar results have been found by other researchers
(Ishigami, 2008; Richter et al., 2006; Scharringhausen et al.,
2009), indicating a limitation in the classical terramechan-
ics equations. Exploration of model parameter space indi-
cates that the expressions for the angular location of max-
imum normal stress [Eq. (8)] and the second sinkage ex-
ponent [Eq. (5)] are the primary causes of the lack of fit to
the entire range of imposed slip data. The implication for
use of Artemis is that care must be taken when registering
model and flight data, and the model in its current form will
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Table I. Measured and estimated Mars Mojave Simulant soil parameters.

ρ c φ k′
c k′

φ n(n0) n1 kx a1 a2 Rebound

units kg/m3 kPa deg - - - - mm - - -
Starting values 1550 0.6 35 677.5 212.2 1.4 0.54 0.6 0.33 0.11 3%
Final values 1550 0.6 35 677.5 212.2 1.4 0.354 14.6 0.365 0.503 7%

Note: n1 initial value from Ding et al. (2009); a1, a2 from Oida et al. (1991); and sinkage parameter k′
c and k′

φ are converted from measured
bevameter test-bed soil parameters based on n = 1.4, b = 0.16 m, and ρ = 1550 kg/m3.

provide physical insight into drive results with retrieval of
terrain properties that are rough approximations and that
may have systematic biases. Investigation into a revised ex-
pression for the angular location of maximum normal stress
is currently underway at MIT.

4.2. Deformable Soil Rover Experiments at the Jet
Propulsion Laboratory Mars Yard and the
Dumont Dunes, Mojave Desert

The Surface System Test Bed (SSTB-Lite) rover is a 3/8 mass
(65.5 kg vs 176.5 kg) version of the two MERs used for var-
ious field tests focused on mobility. This mass ratio was
chosen so that the terrestrial wheel load for SSTB-Lite is
approximately the same as the load on Mars. Numerous
SSTB-lite tests were conducted at the JPL Mars Yard on soil-
covered surfaces with varying slopes. A main conclusion
was that the rover could climb slopes as high as ∼20◦ before
the wheels attained 90% slip values (Lindemann et al., 2006).
The soil simulant for these tests was poorly sorted angular
river sand. Unfortunately, wheel sinkage was not measured,
so it is impossible to model compaction resistance and thus
other parameters using Artemis. To increase understanding
of SSTB-Lite’s slope climbing abilities and to provide data to
compare to Artemis simulations, the rover was deployed to
the Dumont Dunes in the Mojave Desert, CA, in May 2012.
The tests were conducted on an interdune area, climbing
onto a dune face as shown in Figure 11. The dunes are com-
posed of well-sorted and extremely well-rounded sands,
and the expectation was that key parameters related to slip
should be quite different as opposed to the poorly sorted
and angular river sands. Slip was determined by manually
measuring the wheel’s tie-down cleat imprint separations,
as shown in Figure 12. Tie down cleats were included in
the wheels as a way to connect the rover to the spacecraft
that carried the MERs to Mars. Slip measurement errors es-
timated to be ∼0.6% were derived from the estimated 0.5 cm
accuracy of cleat mark measurements. The average wheel
slip was calculated by the following equation:

itest = 1 − d

2πr
(24)

where d is the distance between two tie-down cleat imprints
and r is the wheel radius.

Wheel sinkage was measured indirectly by counting
the number of sand-covered wheel cleats using images cap-
tured at each slip test location, with resultant relatively large
depth measurement errors, particularly at high slope and
slip values. Terrain slope values were measured using a dig-
ital electronic level which was placed on the SSTB-Lite deck.
Because of the small difference in sinkage between the front
and back wheels, the measured SSTB-Lite pitch angle also
corresponds to the local slope angle. The tests included for-
ward driving uphill and backward driving downhill. The
drives exhibited slopes varying from 2o to 12o. Both slip
and sinkage measurements were measured for the rear left
wheel for the uphill drive and the front left wheel for the
downhill drive (Figures 13 and 14).

Artemis simulations of the drives used soil bulk density
values measured on-site by collecting an undisturbed vol-
ume of sand of known quantity and weighing it. This value
is reported in Table II, along with other estimates of the
required terramechanics parameter values. Cohesion and
the angle of internal friction were derived from the litera-
ture for loose dune sands with a slight amount of moisture.
Values for the pressure-sinkage relationship were initially
derived from MIT test-bed pressure-sinkage parameters for
the Mojave Mars Simulant and then tuned to fit the sinkage
range. The soil rebound ratio, as well as values of a1 and
a2, which are from Oida et al. (1991) for cohesiveless dry
sand, were also fixed in these Artemis runs. The remain-
ing parameters (kx and n1) were tuned to match the data,
in this case measured slip values as a function of slope.
Unfortunately, SSTB-Lite was not instrumented to deter-
mine wheel torques or drawbar pull values, so these values
could not be compared to model results. Finally, visual mon-
itoring of the tracks produced by the leading and middle
wheels during the uphill drive showed that the rear wheels
produced the only measurable sinkage, whereas only the
front wheels left a discernible track during the downhill
drive. Thus multipass effects were not incorporated into
the Artemis models for the drives.

Model results with and without slip-sinkage are plotted
in Figures 13 and 14 and are based on final soil parameters
listed in Table II. The chi square analysis only used slip
as a function of slope because of the large uncertainties
in determining sinkage values. The tuned value for kx is
much larger as compared to its initial value but still within
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Figure 10. MER single-wheel comparison between tests and
simulations.

Figure 11. SSTB-Lite test site, Dumont Dunes, Mojave Desert,
CA.

Figure 12. SSTB-Lite wheel slip measurement.

Figure 13. Observed and simulated SSTB-Lite rear left wheel
slip and sinkage along slopes for the forward uphill drive.

reported ranges in the literature (Ishigami, 2008), and this
value is not surprising considering the well-rounded and
well-sorted sands (i.e., high kx) that dominate the Dumont
Dunes. This result is also consistent with the much higher
slip values for the dune sands as opposed to the tests in
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Figure 14. Observed and simulated SSTB-Lite front left wheel
slip and sinkage along slopes for the backward downhill drive.

river sands (poorly sorted and angular and more likely to
engender more grip for drive wheels) conducted at the JPL
Mars Yard and reported in Lindemann et al. (2006).

Slip-sinkage effects are predicted to have a significant
impact on wheel sinkage for the uphill drive, as shown
in Figure 13. The reason is that the load and thus com-
paction resistance increased on the downhill wheel as slope
increased. The increased thrust needed to achieve com-
manded angular velocities caused increased slip and slip-
sinkage. Counterintuitively, simulated slip values that do
not include slip-sinkage effects are higher than the values
that include slip-sinkage (Figure 13). Exploration of model
results shows that this is because of less sinkage without
slip-sinkage effects, thereby less contact area between the
wheel and soil, and increased wheel slip as the wheels
tried to reach commanded angular velocities. The down-
hill drive simulation predicts the range of skid measured
for the wheel, the shift to slip at low slope angles, and the
relatively low sinkage associated with the uphill wheel, in-
creasing as the slope decreased and that wheel started to
carry more of the rover load (Figure 14). The model also pre-
dicts a minimum value of sinkage between 5o and 6o slope
associated with the transition from skid to slip, although
the sinkage data are not of high enough fidelity to confirm
this minimum. In summary, comparisons between the data
and Artemis simulations again provide physical insight into
the behavior of the rover in the dune sands, although mea-

surement inaccuracies preclude rigorous evaluation of the
extent to which Artemis simulates all aspects of the drives
and allows retrieval of accurate sand properties.

4.3. Simulation of Opportunity’s Ripple Crossing
on Sol 2143

On Sol 2143 (i.e., 2,143 Mars days after landing), Opportu-
nity was commanded to traverse a 5-m-wide and 0.4-m-high
wind-blown sand ripple (Arvidson et al., 2011b). The flanks
of the ripple included thin soil over bedrock. To prepare for
the crossing, the rover was first commanded to perform a
2 m rear drive, followed by an arc-turn drive to orient the
rover to drive backward directly across the ripple, and then
a backward drive across the ripple. The backward drive was
commanded because the steering actuator of Opportunity’s
right front wheel failed early in the mission and the wheel
was permanently left turned inward by ∼8o. Driving back-
ward produced less turning about this wheel as compared
to forward driving. Generally, for the straight drive on a
flat surface, commanded wheel angular velocity is 17 deg/s
and rover velocity is around 3.89 cm/s. The actual rover
velocity and wheel angular rate may vary from time to
time, depending on the actual command and drive types.
Figure 15 shows Navcam views of the ripple and wheel
tracks after the drive, and the terrain surface as a perspec-
tive diagram is shown in Figure 16.

Total wheel sinkage (i.e., after the third wheel pair pass)
as a function of location for the ripple traverse was deter-
mined from differential comparisons of Navcam-based dig-
ital elevation models acquired before and after crossing the
ripple. The data are shown in Figure 17. Examination of the
scatter in the retrieved track depths suggests a vertical sink-
age error of ∼1 cm. Wheel slippage was determined using
visual odometry for 13 stops along the traverse, and data
are shown in Figure 17, with locations retrieved from rover
clock times using the slip values for corrections. Finally, Fig-
ure 18 shows the rover pitch values along the traverse de-
termined from onboard accelerometers, again adjusted from
rover clock to distance values using slip determined from
visual odometry. The ensemble of data shows that Opportu-
nity began and ended its ripple crossing on bedrock thinly
covered by soil, producing low sinkage and slip values at
the beginning of the traverse while the vehicle pitch (along

Table II. Soil parameters for modeling SSTB-Lite Dumont Dunes tests.

ρ c φ k′
c k′

φ n(n0) n1 kx a1 a2 Rebound

unit kg/m3 kPa deg - - - - mm - - -
initial 1650 0.2 30 677.5 212.2 1.4 0.32 12 0.33* 0.11* 5%
final 1650 0.2 30 9.1 500.8 1.4 0.45 29 0.33* 0.11* 5%

Note: a1, a2 from Oida et al. (1991) for cohesiveless dry sand; c, kx, and φ from Ding et al. (2009) and Scharringhausen et al. (2009); sinkage
parameters from MIT test-bed soil parameters (Table I). Soil rebound ratio is set as a constant.
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Figure 15. Navcam images acquired after the ripple cross-
ing on Sol 2143. Boxes 1 and 2 denote the beginning
and ending part of the ripple crossing drive, respectively,
where thin soil overlies bedrock. The top Navcam image is
1N318788123EFFABCRP1905L0M1 acquired after Opportunity
drove along the interripple area, and the bottom Navcam im-
age is 1N318433348EFFABAPP1764L0M1 acquired just after the
crossing and looking back along the drive direction.

its drive direction) was low (Figure 19). Increasing pitch as
the rover climbed the ripple corresponds to increased sink-
age and slip, whereas the downhill component produced
less sinkage and slip as pitch decreased, with the slip con-
verting to skid as the rover became tilted in a downhill direc-
tion. The last portion of the drive led to an increasing pitch
value as the rover crossed the interripple region. Clearly
the drive encountered two types of surfaces. The first cor-
responded to the thin soil over bedrock on the ripple flanks
and interripple terrain, and the second to the deformable
soil associated with the aeolian ripple. Detailed examina-
tion of similar ripple soils by Opportunity showed that this
material is composed of poorly sorted basaltic sands mixed
with wind-blown dust (Arvidson et al., 2011b).

The first step in simulating the ripple traverse was
to replicate the sinkage as a function of pitch using the
pressure-sinkage relationship. This provided the needed

Figure 16. Sol 2143 ripple crossing simulation with Artemis.
The modeled surface is 10 m long and the ripple is approx-
imately 0.40 m high and was derived from a Navcam-based
digital elevation model.

Figure 17. Simulated and observed Opportunity wheel sink-
age after the three wheels passed through the traverse. Model
bump at ∼2.1 m is associated with passage over a pair of rocks.

Figure 18. Telemetry 3D slip comparing to simulated slip on
Sol 2143 with multiple soil regions.
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Figure 19. Simulated and observed pitch angle of Opportu-
nity.

information on relevant constants (Table III) and thus com-
paction resistances. Values for soil bulk density, cohesion,
and angle of internal friction were adopted from the liter-
ature for Martian wind-blown (for the ripple) and crusted
soils (to mimic thin soil over bedrock) (Herkenhoff et al.,
2008; Moore, Clow, Hutton, & Spitzer, 1987; Sullivan, An-
derson, Biesiadecki, Bond, & Stewart, 2011) (Table III). The
multipass effect was modeled in this simulation with coef-
ficients k1 and k2 derived from Senatore and Sandu (2011)
given initial slip at 0.3 (Table III). Initial pressure-sinkage
constants were derived from the Dumont Dunes, adjusted
for soil weight density, and then tuned to match the ob-
served sinkages shown in Figure 17. Other parameters were
then tuned to match observed slip values as a function of
rover pitch using chi square minimization, and it was found
that kx controlled most of the variance between model and
data. Final values for all parameters are shown in Table III.

The model results best fit slip as a function of rover
pitch, which is not surprising given that the model was
tuned to best match these data sets. Both the sign and mag-
nitude of slip are reasonably well-simulated. Total sinkage
due to passage of the three wheels shows minimal values
for the hard terrain on either side of the ripple and higher
sinkage values on the ripple. The outcome is similar to what
was found for both the MIT and Dumont data and model
results in that Artemis provides physical insight into the
observed behavior of the rover and how it interacts with
terrain elements.

4.4. Drives at Greeley Winter Haven

Opportunity is solar-powered, and because of the contin-
ued accumulation of wind-blown dust on the solar panels,
the vehicle was placed on a northerly tilted (15o) bedrock

Figure 20. Opportunity is shown tilted approximately 15 de-
grees on a digital elevation model extracted from Navcam
stereo images. The bumpy terrain mesh reflects the irregular
bedrock surface.

surface to survive the southern hemisphere winter season
(Figure 20). This site, named Greeley Winter Haven, on the
northern side of Cape York, is an impact breccia outcrop
with a highly irregular surface. On Sol 2808, Opportunity
was commanded to drive forward and then turn-in-place
to orient the rover for further deployment of its robotic
arm for in situ measurements. Visual odometry was used
to perform these short drives to ensure motions to the exact
location for in situ work. Limits were set on wheel drive
actuator currents to ensure a safe set of motions on this ir-
regular surface. In fact, the drive stopped when currents on
the right front wheel exceeded set threshold values during
the turn-in-place phase of the motions. Before the turn-in-
place, currents for all wheel drive actuators averaged ap-
proximately 0.25 A, whereas during the turn the right front
wheel drive actuator current increased to 0.6 A, and then
to 1.1 A, whereas the other wheels stayed at relatively low
values. The increase in current caused the drive to auto-
matically stop because a current threshold was reached. A
possible reason discussed by the rover engineers for the
current increase was because the wheel became stuck on
an underlying rocky fragment. To better understand the ac-
tual underlying cause of this anomaly, an Artemis bedrock
model was used to simulate the drive segments to provide
a simpler explanation for the increased current supplied to
the right front wheel drive actuator. Note that conversion
from current to torque is problematical for the MER because
of limited calibration information and actuator temperature
measurements.

Parameters used in the wheel-bedrock contact model
are listed in Table IV and are typical values used in standard
Adams contact models. The use of standard values was
deemed acceptable because, again, the model was being
used to provide physical insight into the drive and was
not expected to yield highly precise numerical simulation
results. The model run showed that the high currents on the
right front wheel can simply be explained as a consequence
of more weight on that wheel, and a stickslip wheel-rock
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Table III. Estimated parameters for multiple soil simulation on Sol 2143.

soil ρ c φ k′
c k′

φ n0 n1 kx a1 a2 k1 k2

unit kg/m3 kPa deg - - - - mm - - - -
1 1600 1.5 35 100 1000 1.1 0.1 15 0.33 0.11 1.154 0.0348
2 1300 0.25 30 10 500 1.4 0.18 25 0.32 0.20 1.154 0.0348
3 1600 2.5 35 100 1000 1.1 0.1 12 0.33 0.11 1.154 0.0348

Note: a1, a2 from Oida et al. (1991) for cohesiveless dry sand; multipass coefficients k1, k2 are based on Senatore and Sandu (2011) derived
from 0.3 slip value; soil rebound ratio is set as a constant (5%) using Dumont Dunes data.

Table IV. Bedrock friction parameters and nominal values.

Frictional parameters Description Unit Nominal Value

k material stiffness between wheel and bedrock N/me 7.53E+007
e exponent of the force deformation characteristic - 2.0
cmax maximum damping coefficient between wheel and bedrock kg/s 8140.0
zmax maximum penetration m 0.002
μs static friction coefficient between wheel and bedrock - 0.757
μd dynamic friction coefficient between wheel and bedrock - 0.597
vst stiction transition velocity m/s 0.03
vf t friction transition velocity m/s 0.05

Figure 21. Simulated torque for each wheel on the Sol 2808
drive simulation.

interaction on the irregular outcrop. The other wheels could
not provide sufficient thrust to move the vehicle. Because
of its higher load, the right front wheel attempted to draw a
higher current to achieve its commanded angular velocity,
but reached the current limit (represented as an increased
torque in Artemis, Figure 21). Based on the results of the
simulation, the rover planners were able to confidently plan
a maneuver for Opportunity to move it back to a higher tilt
to survive the winter season.

5. CONCLUSIONS AND FUTURE WORK

The development and implementation of Artemis, a rover-
based simulator for driving across realistic terrains with
deformable soils or bedrock surfaces, were described in this
paper. Artemis developments have focused on models for
the Mars Exploration Rovers (MERs), Spirit and Opportu-
nity, and the Mars Science Laboratory, Curiosity, although
only the MER development was covered in this paper. An
evaluation of the capabilities and limitations for the use of
Artemis was presented, including single wheel tests in de-
formable soils using an MER wheel, MER rover-scale tests at
the JPL Mars Yard, and at the Dumont Dunes in the Mojave
Desert. Applications to Opportunity flight data were sum-
marized, including a traverse across an aeolian ripple on the
Meridiani plains and a drive on a tilted bedrock surface in
Cape York. Results indicate that Artemis is capable of pro-
viding significant insight into the behavior of the rovers as
they cross realistic terrains and the physics underlying the
responses. Limitations are also evident, largely because of
limitations in the use of the classical terramechanics equa-
tions for how wheels interact with deformable soils. Artemis
will continue to evolve, including replacement of the wheel-
soil contact model with more modern approaches (e.g., use
of discrete element models). Further validation of Artemis
is also planned using laboratory and field-based tests, and
the model will be compared to archival flight data for Spirit,
Opportunity, and Curiosity drives. The intent is to develop
and implement a validated model that can be used in a
predictive manner for safe path planning and, eventually,
retrieval of terrain properties.
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