
 
American Institute of Aeronautics and Astronautics 

 
 

1 

Modeling and Simulation of Vehicle Dynamics on the 
Surface of Phobos  

Marco B. Quadrelli1, J. (Bob) Balaram2, Abhinandan Jain3, Jonathan Cameron4, Steven Myint5, Avinash Devalla6 
Jet Propulsion Laboratory, California Institute of Technology 

4800 Oak Grove Drive, Pasadena, CA 91109-8099 

In this paper we analyze the dynamics of a spacecraft in proximity of Phobos by 
developing the equations of motion of a test mass in the Phobos rotating frame using a model 
based on circularly-restricted three body problem, and by analyzing the dynamics of a 
ATHLETE hopper vehicle interacting with the soil under different soil-interaction 
conditions. The main conclusion of the numerical studies is that the system response is 
dominated by the stiffness and damping parameters of the leg springs, with the soil 
characteristics having a much smaller effect. The system simulations identify ranges of 
parameters for which the vehicle emerges stably (relying only on the passive viscoelastic 
damper at each leg) or unstably (needing active attitude control) from the hop.The 
implication is that further experimental and possibly computational modeling work, as well 
as site characterization (from precursor missions) will be necessary to obtain validated 
performance models.  

Nomenclature 
aJ2, aJ3, agyro, a3rd = acceleration vectors 
G=shear strength 
Vrel = relative tangential velocity at the point of contact 
R0 = vector of the position of the test mass with respect to the origin of the Phobos-centric frame 
Fn = normal force 
Ft = tangential force 
S = contact area 
c = soil cohesion parameter 
j = tangential penetration 
K, kc and kφ =soil parameters from [Zhou] 
ρ = soil density 
ν  = soil Poisson’s ratio  
µPhobos =  Phobos gravitational parameter  
µMars = Mars gravitational parameter  
ω = angular velocity of the rotating frame 
δ =soil penetration depth 
µ = Coulomb friction coefficient 
σ = normal stress 
τ =tangential stress 
φ = soil angle of friction 
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I. Introduction 
HIS paper describes recent work done in modeling and simulation of vehicle dynamics on the surface of 
Phobos. This effort is part of a larger systems engineering capability developed at JPL to answer key questions, 

validate requirements, conduct key system and mission trades, and evaluate performance and risk related to small 
body operations for any proposed human or robotic missions to a asteroids and small bodies [Balaram et al.]. As a 
precursor to landing a human on Mars, NASA is interested in developing a capability to deliver humans, performing 
experiments, and then returning safely from the surface of Phobos.  The study focused on three aspects of the 
problem: a) Orbital dynamics near the surface; b) Modeling of the interaction between the footpad and regolith 
material, and c) Analysis of system level effects relating to the hopper configuration geometry.  

 

II. Concept of operations near surface 
Certain periods of a mission to Phobos would require the spacecraft to remain stationary relative to Phobos.  

Phobos is characterized by its close proximity to Mars, leading to a strong tidal effect. Its irregular shape leads to a 
complex gravity field on the surface. Its relatively fast rotation leads to a considerable centrifugal effect on the 
surface. Phobos is a dark body that appears to be composed of C-type surface materials. It is similar to the C-type 
(blackish carbonaceous chondrite) asteroids that exist in the outer asteroid belt. The regolith  layer at Phobos is 20 to 
120 m thick in most places, and less than 10 meters in Stickney region.  The soil properties are poorly known but it 
is believed that the upper limit on grain size is ~10-100 microns. There is also evidence for surface particle transport 
with topography and influenced by Mars tidal pattern [Castillo]. Finally, particle friction and electrostatic charging 
are difficult to model, but are believed to play an important role in the regolith properties. More details can be found 
in [Davis et al., Dobrowolskis et al., Duxbury, Thomas et al.] 

The particular hopper model and configuration was based on an ATHLETE-derived mechanical 
configuration with springs and footpads in place of wheels (courtesy of Scott Howe, JPL). The Phobos hopper 
would use actuated springs – the spring could be compressed passively due to impact or actively due to the 
electrically powered actuator. A mechanical ratchet mechanism would keep the spring compressed until the ratchet 
is released. The kinetic energy during descent to Phobos surface would be conserved when the springs are 
compressed on impact, converting to potential energy in the spring. The potential energy stored in the spring could 
either be immediately released in a “hop”, partially or controlled released to “hop” in a specified direction, or 
ratcheted down to be released later. In this scenario, energy losses would occur due to buckling, actuator 
mechanism, and some losses during impact. These losses would be recuperated each time the hopper would impact 
the ground by adding compression to the spring through an actuator electrical current (how much depends on the 
eventual design of the mechanism), thrusting downwards using propellant during landing to help compress the 
spring, or using ATHLETE motors to push down at the right instant and compress the spring. The release of the 
compressed spring would thrust the vehicle upward and would convert to kinetic energy and gravitational potential 
energy. Figure 1 shows the elements considered in this paper for the modeling and simulation of the vehicle surface 
operations, and a block diagram showing the functions that would be involved in this concept. Figure 2 shows the 
functional diagram of the iterative modeling and simulation process used for the analysis of vehicle locomotion on 
Phobos. 
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Figure 1. Modeling and Simulation of Hopping Process.  

 

 
 

Figure 2. Iterative Modeling of Locomotion on Phobos. 
 
Thrusters could prolong or direct the “hop” motion until kinetic energy reaches zero at the highest altitude and 
gravitational potential energy is at its peak, whereupon the hopper would fall to the surface again and the “hop” 
cycle repeats. Since the ATHLETE limbs are articulated, a LIDAR system could constantly monitor the target 
landing area to create high fidelity 3D models and would "aim" each of the six legs to land at exactly the same time 
the instant of impact. The forward momentum could be conserved by releasing the springs sequentially (presumably 
from the back to the front), and continuing the hop in the desired direction. The ATHLETE limbs would not need to 
land or take off with the springs perfectly vertical: any variation or angle would also be allowed that will provide a 
more efficient landing or take-off stance, and could be modified "mid-stride". The hopper could use reaction wheels 
to keep the vehicle parallel to the surface. The propellant would be limited, but electrical power could be recharged 
and used over and over again. The ATHLETE legs are modular, and each ATHLETE leg would have a tool adapter 
at the end. Mars surface mobility wheels, and Phobos hopper springs, are both interchangeable tools that could be 
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used for this purpose. The hopper vehicle would be fitted with springs for Phobos mobility and, after the Phobos 
exploration phase, the same vehicle would be taken down to Mars surface, where the springs would be changed with 
wheels. The ATHLETE legs would be highly articulated, and would be designed to provide active suspension and 
compliance.  
 

 

III. Orbital dynamics near surface 
 

  The simulations have been carried out within the assumption of the circularly-restricted three-body problem. The 
equations of motion of a unit mass close to surface of Phobos, in the Mars-Phobos rotating frame, are: 
  

V0 = R0

V0 = −
µPhobos
R0
3
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 (1) 

 
where µPhobos is the Phobos gravitational parameter, µMars is the Mars gravitational parameter, ω is the angular 
velocity of the rotating frame, R0 is the vector of the position of the test mass with respect to the origin of the 
Phobos-centric frame (with components x, y, z), aJ2, aJ3, agyro, a3rd are the acceleration vector of the test mass due to 
Phobos J2 and J3 gravitational harmonics, the Coriolis and centrifugal acceleration due to the motion of the rotating 
frame, and the Mars third-body acceleration. 
 

 
Table 1. Magnitude of surface gravity (in cm/s2) as a function of latitude and longitude. 

 
Figure 3 shows the Phobos orbital frame, and Figure 4 shows the result of simulations with descent 

trajectories from a distribution of initial conditions, which take into account the complex gravitational model of 
Phobos and the tidal (three-body) effects from Mars. Table 1 shows the magnitude of surface gravity as a function of 
latitude and longitude. Other concepts would require that an astronaut performs extra-vehicular activity and move on 
and around the surface of Phobos to collect samples or emplace assets useful for further exploration. Such situations 
would require effective locomotion mechanisms in a low-gravity environment, where the interaction forces 
(examples of which are shown in Figure 5) would be dominated by interaction with the surface soil layers, due to the 
low gravity levels.  
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Figure 3. Phobos orbital frame. 

 

 
Figure 4. Descent trajectories from a distribution of initial conditions. 
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Figure 5. Balances of forces on astronaut interacting with Phobos’ surface. 

 

IV. Models for the interaction between the footpad and regolith material 
 

As the performance of the hopper would be a function of its own electro-mechanical characteristics (e.g. 
mechanical springs, pad size) and the properties of the regolith, it is important to understand the physics of both 
models. To this end we examined the literature on such interaction models in order to determine hopper-relevant 
performance parameters (e.g. soil compliance) from more fundamental physical properties of the regolith. We also 
conducted simulation studies to better understand the physical models e.g. time constants, energy decay, etc.  

Figure 6 shows the phases of soil interaction of an equivalent “pogo-stick” model that was used to conduct 
the analysis. To simplify the analysis we considered very simple prototype models of the vehicle during the hop 
(pogo-stick), and conducted a sensitivity analysis of how the soil parameters influence the hop at the footpad level. 
In the investigation of the soil interaction during the hop, we found that the existing models are used quasi-statically, 
and are not really applicable to the highly dynamic soil interaction event that takes place during a hop. Previous 
models used for anchoring simulations and for wheel-soil interactions were shown to be inadequate.  While it is 
known that carbonaceous chondrites abound on the surface of Phobos, data on the soil properties at the surface of 
Phobos is also very scarce, if it exists at all. Also, we found that all the existing soil models are macroscopic, 
following soil failure criteria such as the Mohr-Coulomb model, and that there exists no existing mapping between 
the parameters in the soil failure model and the microscopic soil properties (Young’s and Shear modulus, Poisson’s 
ratio, cohesion) that can be measured via remote sensing. This lack of data indicates that tests should be done to 
determine these parameters. To verify the soil contact models, comparisons were made with the canonical bouncing 
ball model [Azad et al.].  Three soil-interaction models were exercised. In the first model [Anderson et al., Balaram 
et al., Quadrelli et al.], the penetration model used in previous anchoring work was used. This was a one-
dimensional penetration model suitable for highly dynamic transient events. The second model was a terramechanics 
model used for rover locomotion [Ding et al., Liang et al], typically used in quasi-static penetration conditions. This 
interaction model, shown in Figure 7 (taken from Liang),  is given by the following equations: 

 
Fn =σS
Ft = τS
σ (δ ) = (kc / b + kϕ )δ

n

τ (δ ) = (c +σ tanϕ )(1− e− j/K )

   (2) 

 
where Fn is the normal force, Ft is the tangential force,  S is the contact area, σ is the normal stress, τ is the tangential 
stress, c is the soil cohesion parameter, φ is the soil angle of friction, j is the tangential penetration, and K, kc and kφ 
are soil parameters shown in Table 2, taken from [Zhou]. 

The third model was a Hunt-Crossley model with Lysmer analog [Richart], which turned out to be ideal for 
the hopper simulation as in effect it is an equivalent spring-damper model. Contrary to conventional Kelvin-Voigt 
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!e resulting motion is illustrated in Figure 4 (not to 
scale). !e duration of the astronaut trajectory from push-o" 
to touchdown is 14.5 s. At push-o", the astronaut c.g. is 46.8 
cm above the surface.  At the maximum altitude point in the 
trajectory, the c.g. is 69.0 cm above the surface. !e counter-
clockwise rotation increases  from 21.5 deg to 28.2 deg 
during the trajectory. !e feet touch the surface 14.5 s after 
push-o", and the astronaut then rotates in the clockwise 
direction (assuming a no-slip condition), returning to the 
prone position.  !e total horizontal distance travelled during 
the trajectory is 2.31 m. !e trajectory of the astronaut c.g. is 
provided in Table 4. Assuming that the astronaut performs 
three jumps per minute, the astronaut can traverse 100 m in 
13 minutes.  !is method of traverse is more than three times 
faster than walking.

A drawback to this method of traverse is that the astronaut’s 
#eld of view is limited, relative to upright walking.  Scanning 
the local area for candidate samples and geologic sites 
of interest will be di$cult in the prone position.  A heads-
up display on the astronaut’s visor could allow regional 
information to be presented to the astronaut based upon 
remote sensing imaging acquired from orbit.

5. ISS Utilization for EVA Research

Hardware and operational concept development for a 
low-gravity exploration program would be well served to 
employ a progressive approach, utilizing available resources 
to test the devices and techniques that will be needed to 
both keep astronauts safe and allow them to be productive. 
NASA has a number of existing assets for EVA development 
and testing, including the Neutral Buoyancy Laboratory and 
the Virtual-Reality Laboratory, both of which are housed at 
NASA’s Johnson Space Center. Each facility, however, will 
have bene#ts and de#ciencies with respect to very low-
gravity exploration development.

!e zero-gravity aircraft that NASA utilizes to test and 
validate concepts and hardware, for example, are capable 
of parabolic %ight paths that can imitate roughly any 
gravitational force, from microgravity to lunar gravitation 
and beyond.  !e parabolas, however, only yield continuous 
test-time on the order of 30 seconds. Additionally, since 
the inside of an aircraft is a con#ned environment, it is not 
an ideal setting to test large scale, long-duration motion 
response hardware. NASA understood these limitations 
when it addressed the design and validation of the SAFER.  
Built as a self-rescue device for an astronaut that becomes 

Fig. 4. Astronaut traverse resulting from leg push-o! along body axis

Table 4.  Trajectory pro"le during traverse

Time from 
Push-O" (s)

Horizontal CG 
Position (m)

Vertical CG 
Position (m)

r
(deg)

Comment

0 0 0.47 21.5 Push-O"

8.8 1.36 0.69 25.5 Max CG Height

14.5 2.25 0.59 28.2 Touchdown

15.9 2.31 0.47 21.5 Prone Position
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models (of the form F = kx + cx ), which suffer from the fact that start and end with discontinuity, and also that 
the force can take negative values even if it is not a sticky or tensile terrain, the Hunt-Crossley model is of the form 

F = kxn + cxxn , is usually used with n = 3/2 to resemble a Hertzian contact, and has been experimentally proven 
as a robust model for viscoelastic impacts. Therefore, given the soil constants (G=shear strength, density ρ, and 

Poisson’s ratio ν), the equivalent stiffness K and damping C coefficients are: K = 4Gr0
1−ν

 and C = 3.4r0
2

1−ν
ρG , 

where r0 is the radius of the footpad. The normal and tangential force models are then: 
 

Fn = K +C δ( )δ 3/2

Ft = −µ ⋅ sign(Vrel ) Fn
   (2) 

 
where δ is the penetration depth, µ is the Coulomb friction coefficient, and Vrel is the relative tangential velocity at 
the point of contact. These models were tested with a single rigid body falling on ground and with a pogo-stick 
model, with two rigid bodies connected by a spring and a damper with translation joint + control. The conclusions of 
the first model (shown in Figure 5) are that, for the trajectory during the hop, the system restitution was dominated 
by spring at leg, was independent of soil density, while soil cohesion and friction angle displayed a delay effect 
(hysteresis) on the hop.  
Figure 8 shows the results of the footpad-soil interaction simulation varying density, angle of friction, and cohesion. 
Figure 9 shows the results of footpad-soil interaction simulation for a jump from static rest, showing the hysteretic 
force-displacement curve, and the velocity (deltaV) reached by the top mass. Figure 10 shows the results of footpad-
soil interaction simulation for the following conditions: Vz=0 m/s; Vx=0.025 m.s; mu=0. Figure 11 shows the 
results of footpad-soil interaction simulation for the following conditions: Vz=-0.5 m/s; Vx=0.025 m.s; mu=0.6. 
Figures 12 and 13 show the results of footpad-soil interaction simulation varying leg spring stiffness and dissipation 
coefficients. Figures 14, 15, and 16 show the results of the simulation of the hop from rest, also varying spring 
stiffness and dissipation parameters. The conclusions of model led to the observation that control forces and torques 
are needed to cancel the effect of the tangential force induced by friction. The third model was more promising than 
the other two models, as it was able to capture impact and restitution for a wide range of soil properties.  Simulation 
results are shown in Figures 8 through 16, for the case in which the vehicle jumps from rest conditions, showing 
that, with attitude control, the deltaV that can be achieved at the end of the jump is approximately 0.5 m/s. It was 
also observed that it remains unclear yet how to go from soil ab-initio parameters (G, ν) to parameters of soil 
bearing strength model (cohesion, friction angle).  The main conclusion of the simulations is that the magnitude of 
the delta-V during the bounce (the equivalent coefficient of restitution of the system) would be dominated by the 
spring and damper parameters at the leg, and much less by the equivalent spring and damper parameters modeling 
the soil. For the simple pogo-stick model, the friction forces at the foot would be destabilizing (vault pole problem), 
and would require a combination of attitude and translation control to redirect the vehicle to the next jump.   
 

 

 
 

Figure 6. Footpad-soil interaction model. 
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Figure 7. Soil pad stress interaction model used in this paper, taken from [Liang]. 

 
 
 

 
Table 2. Soil parameters (31, 32, 3) used in this paper, taken from [Zhou]. 
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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 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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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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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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Table 6. Mechanical parameters for typical terrains (Wong, 2008).

Terrain Moisture content (%) n kc( kPa/mn−1) kϕ( kPa/mn) c(kPa) ϕ (◦)

Dry sand (Land Locomotion Lab. LLL) 0 1.10 0.99 1,528.43 1.04 28.0
Sandy loam (LLL) 15 0.70 5.27 1,515.04 1.72 29.0
Sandy loam Michigan (Strong, Buchele) 23 0.40 11.42 808.96 9.65 35.0
Clayed soil (Thailand) 38 0.50 13.19 692.15 4.14 13.0
Heavy clay (Waterways Experiment Station, WES) 40 0.11 1.84 103.27 20.69 6.0
Upland sandy loam (Wong) 51 1.10 74.60 2,080.00 3.30 33.7
LETE sand (Wong) – 0.79 102.00 5,301.00 1.30 31.1
Snow in the U.S. (Harrison) – 1.60 4.37 196.72 1.03 19.7
Snow (Sweden) – 1.44 10.55 66.08 6.00 20.7

Fig. 8. Relationships of soil stresses and deformation: (a) σ

versus δ; (b) τ versus j.

Fig. 9. Stress distribution under a flat foot.

Suppose that the normal stress is constant as is the shear-
ing stress. According to Figure 9, the normal force and the
tangential force are the integration of the normal stress and
the shearing stress, respectively, and the results are

{
FTN = σS
FT = τS

, (16)

where S is the area of the foot that comes in contact with
the terrain.

(1) Flat circular foot. For a flat circular foot with a radius
of r, S in Equation (14) is πr2; thus, the forces FN and FT

are as follows:

FTN = πr2( kc/r + kϕ) δn

=( kcπr + kϕπr2) δn , (17)

Fig. 10. Stress distribution under a cylindrical foot.

FT = −πr2[c + σ tan ϕ]( 1 − e−j/K)
= FTN( πr2c/FTN + tan ϕ) ( 1 − e−j/K)

. (18)

(2) Flat rectangular foot. Substitute S = ab into Equation
(16); the mechanics for a flat rectangular foot with a width
of b and a length of a is as follows:

{
FTN( t) =( kca + kϕab) δn

FT = FTN( abc/FTN + tan ϕ) ( 1 − e−j/K)
. (19)

(3) Cylindrical foot. If the foot is cylindrical, such as the
foot of BigDog or ATHLETE, neither the normal stress nor
the shearing stress is constant. Figure 10 shows the stress
distribution under a cylindrical foot, where θ1 and θ2 are
the entrance and leaving angles of the foot, respectively, θm

is the angle at which the maximum normal stress and shear-
ing stress occur, σ1 and τ1 represent the normal stress and
shearing stress respectively (σ1 and τ1 represent the stresses
from the angle θ1 to θm, while σ2 and τ2 represent those
from angle θm to θ2).

The entry and exit angles are the functions of the soil
deformation on both sides:

θi = arccos[( r − δi) /r] ( i = 1, 2) . (20)

The normal stress can be calculated by the Wong–Reece
model (Wong and Reece, 1967):
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Fig. 7. Foot of a four-legged robot.

on the terrain, the force is equals to µsFTNsgn( v). In Equa-
tion (10), the static frictional coefficient µs is larger than the
frictional coefficient µ and there is an abrupt change when
the foot begins to move from the static state. What makes it
more difficult is that the coefficient µs is hard to determine.

If the velocity is zero but there is an external force, the
force FT is equal to the external force. From the micro-
cosmic viewpoint, this force is actually generated by the
deformation at the contact surface, so this could also be
calculated using the Hunt–Crossley model if the defor-
mation of the foot in the tangential direction is obvious
as compared with the slip between the foot and the ter-
rain. However, the Hunt–Crossley model does not contain
the normal force. Therefore, the Hunt–Crossley model and
the Coulomb model are combined to predict the tangential
force:

FT =
{

kFTjnFT + bFTjpFT j̇qFT (FT ≤ µFN)
µFTNsgn( v) ( Otherwise)

, (11)

where j is the horizontal deformation of the foot and the
friction coefficient µ is determined by the friction property
of the foot’s surface and the terrain. The Hunt–Crossley
model parameters in Equation (11) are determined by the
elastic property of the deformable foot in the tangential
direction. The parameters related to the normal and tan-
gential forces are usually not equal. For example, in Figure
7, the normal force is primarily determined by the spring
above the foot, while the tangential force is determined by
the rubber pad mounted at the bottom of the foot.

3.2. Hard foot versus deformable terrain

If the foot is much harder than the terrain, the foot–terrain
interaction mechanics is mainly determined by the prop-
erties and deformation of the soil. In the community of
terramechanics, the mechanical properties of the terrain
are usually divided into the bearing property in the normal
direction and the shearing property in the tangential direc-
tion. The bearing property is characterized by a pressure–
sinkage relationship, whereas the latter is characterized by
a shear stress-displacement relationship.

The soil deforms under the vertical load, and the sink-
age is composed of an elastic part and a plastic part with
a complex transition area. As the theoretical prediction of
the soil sinkage is difficult, plate-sinkage experiments are
usually performed to characterize the bearing performance
of the soil with semi-empirical equations. The most well-
known pressure–sinkage models include those developed
by Bernstein–Goriatchkin

σ ( δ) = kδn, (12)

Bekker
σ ( δ) =( kc/b + kϕ) δn, (13)

and Reece (Wong 2008, 2009)

σ ( δ) =( ck′
c + γsbk′

ϕ) ( δ/b)n , (14)

The shearing stress can be predicted with the Janosi For-
mula (Janosi and Hanamoto, 1961):

τ ( j) = [c + σ tan ϕ]( 1 − e−j/K) , (15)

where σ (Pa) is the normal stress, τ (Pa) is the shearing
stress, k( Pa/mn) is the sinkage modulus of soil, δ is the
soil deformation in the normal direction, kc( Pa/mn+1) is
the cohesive modulus of soil, b is the radius of the exper-
imental plate, kϕ( Pa/mn) is the frictional modulus of soil, c
(Pa) is the cohesion of soil, ϕ(◦) is the internal friction angle
of soil, j (m) is the deformation of the soil in the tangential
direction, and K(m)is the shearing deformation modulus of
soil. Equations (13) and (14) have similar effects while pre-
dicting the normal force. Parameters k′

c and k′
ϕ are related

to kc and kϕ , respectively, and γs is the density of the soil.
Equation (13) is adopted in this paper, as its parameters
are more popular. Parameters for typical terrains are shown
in Table 6 (Wong, 2008). Figures 8 shows the relationship
of the normal stress versus soil deformation δ and that of
the tangential stress versus soil deformation j. Suppose that
j > 0 as a default while deducing the tangential force.

In order to deduce the foot–soil interaction models for
different kinds of feet with the deformable terrain, the con-
cept usually used in the community of terramechanics that
decomposes the interaction stresses into the normal direc-
tion and tangential direction is adopted. Figure 9 shows the
normal stress and the shearing stress that act on a flat foot
by the deformable soil.
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by the deformable soil.
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Table 6. Mechanical parameters for typical terrains (Wong, 2008).

Terrain Moisture content (%) n kc( kPa/mn−1) kϕ( kPa/mn) c(kPa) ϕ (◦)

Dry sand (Land Locomotion Lab. LLL) 0 1.10 0.99 1,528.43 1.04 28.0
Sandy loam (LLL) 15 0.70 5.27 1,515.04 1.72 29.0
Sandy loam Michigan (Strong, Buchele) 23 0.40 11.42 808.96 9.65 35.0
Clayed soil (Thailand) 38 0.50 13.19 692.15 4.14 13.0
Heavy clay (Waterways Experiment Station, WES) 40 0.11 1.84 103.27 20.69 6.0
Upland sandy loam (Wong) 51 1.10 74.60 2,080.00 3.30 33.7
LETE sand (Wong) – 0.79 102.00 5,301.00 1.30 31.1
Snow in the U.S. (Harrison) – 1.60 4.37 196.72 1.03 19.7
Snow (Sweden) – 1.44 10.55 66.08 6.00 20.7

Fig. 8. Relationships of soil stresses and deformation: (a) σ

versus δ; (b) τ versus j.

Fig. 9. Stress distribution under a flat foot.

Suppose that the normal stress is constant as is the shear-
ing stress. According to Figure 9, the normal force and the
tangential force are the integration of the normal stress and
the shearing stress, respectively, and the results are

{
FTN = σS
FT = τS

, (16)

where S is the area of the foot that comes in contact with
the terrain.

(1) Flat circular foot. For a flat circular foot with a radius
of r, S in Equation (14) is πr2; thus, the forces FN and FT

are as follows:

FTN = πr2( kc/r + kϕ) δn

=( kcπr + kϕπr2) δn , (17)

Fig. 10. Stress distribution under a cylindrical foot.

FT = −πr2[c + σ tan ϕ]( 1 − e−j/K)
= FTN( πr2c/FTN + tan ϕ) ( 1 − e−j/K)

. (18)

(2) Flat rectangular foot. Substitute S = ab into Equation
(16); the mechanics for a flat rectangular foot with a width
of b and a length of a is as follows:

{
FTN( t) =( kca + kϕab) δn

FT = FTN( abc/FTN + tan ϕ) ( 1 − e−j/K)
. (19)

(3) Cylindrical foot. If the foot is cylindrical, such as the
foot of BigDog or ATHLETE, neither the normal stress nor
the shearing stress is constant. Figure 10 shows the stress
distribution under a cylindrical foot, where θ1 and θ2 are
the entrance and leaving angles of the foot, respectively, θm

is the angle at which the maximum normal stress and shear-
ing stress occur, σ1 and τ1 represent the normal stress and
shearing stress respectively (σ1 and τ1 represent the stresses
from the angle θ1 to θm, while σ2 and τ2 represent those
from angle θm to θ2).

The entry and exit angles are the functions of the soil
deformation on both sides:

θi = arccos[( r − δi) /r] ( i = 1, 2) . (20)

The normal stress can be calculated by the Wong–Reece
model (Wong and Reece, 1967):
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Figure 8. Results of footpad-soil interaction simulation varying density, angle of friction, and cohesion. 

 
 

 
 

Figure 9. Results of footpad-soil interaction simulation for a jump from static rest, showing the hysteretic force-
displacement curve, and the velocity (deltaV) reached by the top mass. 
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Figure 10. Results of footpad-soil interaction simulation: Vz=0 m/s; Vx=0.025 m.s; mu=0 
 
 

 
Figure 11. Results of footpad-soil interaction simulation: Vz=-0.5 m/s; Vx=0.025 m.s; mu=0.6 
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Figure 12. Results of footpad-soil interaction simulation: varying spring stiffness 

 

 
Figure 13. Results of footpad-soil interaction simulation: varying spring dissipation 
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Figure 14. Results of footpad-soil interaction simulation: Hop from rest 

 

 
Figure 15. Results of footpad-soil interaction simulation: Hop from rest, varying spring stiffness 
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Figure 16. Results of footpad-soil interaction simulation: Hop from rest, varying spring dissipation 

 

V. System level effects relating to Hopper configuration geometry 
 

The hop dynamics of the full-size articulated Athlete vehicle with the soil interaction modeled as an 
equivalent coefficient of restitution was also analyzed. The ability of the hopper to achieve a delta-V as it departs 
from the surface would be a function of the electro-mechanical system at each of the pads (springs, linear motors, 
etc.), the regolith properties, and the geometrical configuration of the contacting pads with the terrain.  A hopper 
with vertical orientation on all legs operating on hard regolith would achieve the best performance. On the other 
hand, a hopper departing at an angle, with legs also at angles to the surface, operating on softer/looser regolith 
would not be able to achieve the same performance. In order to understand these geometric effects, we developed a 
dynamics simulation of an Athlete configuration vehicle, with simpler physics-based models (coefficients of 
restitution and friction) for the foot-terrain interaction.  We have conducted some initial parametric analysis of this 
system to analyze both (i) departure delta-V performance as a function of geometry, and (ii) energy dissipation and 
settling times for passive hops at different approach angles. Since the original Athlete vehicle models would have 
wheels and would have no springs on the legs, the vehicle model needed to be updated to be representative of the 
new vehicle for Phobos. Simulations runs have been carried out varying the equivalent coefficient of restitution at 
the ground contact point, the horizontal and vertical components of the approach velocity, and the vehicle body 
rates. The simulations identify ranges of parameters for which the vehicle emerges stably (relying only on the 
passive viscoelastic damper at each leg) or unstably (needing active attitude control) from the hop.  

 
We simulated a wide range of landing conditions for a 1 meter high drop, varying initial conditions and parameters, 
on flat, featureless, non- compliant ground, and used a canonical short distance hop to study the effects of footpad-
ground interaction (results can be extrapolated larger hops. The simulation runs were done for 50 seconds of motion 
for various cases: a) varied vertical velocity from 0.1 - 0.5 m/s in steps of  0.1 m/s ; b) Varied horizontal velocity 
from 0.01 - 0.05 m/s in steps  of 0.01 m/s; c) coefficient of restitution varied: 0.1, 0.25, 0.5, and 0.9. d) Coefficient 
of friction = 0.1 to 0.9. In all cases, the Leg spring constant was 8883 N/m, the Damping constant was 396 N*s/m, 
and the assumed value of Gravitational acceleration = 0.05 m/s2 (Phobos-normal).  Figure 17 shows the summary of 
the results of this hopping simulation. Circle size corresponds to coefficient of restitution (larger diameter = larger 
coefficient). Circle color corresponds to hopper energy after 50s (measured as kinetic energy of chassis plus the 
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potential energy in each of the six springs). The buckets are: < 1.0 kJ = black; 1.0kJ - 1.5kJ = red;1.5kJ - 2.0kJ = 
blue; 2.0kJ – 2.5kJ = green; > 2.5kJ = magenta. Figure 18 shows the results of the validation of hopping simulation 
for three cases with all joints locked (infinitely rigid vehicle): elesic bounce for vertical drop, pure horizontal sliding, 
pure plastic sticking at maximum ground friction coefficient. Figure 19, 20, and 21 show the horizontal position, 
vertical position, and angle from vertical of the leg tips as function of ground friction coefficient (mu) and restitution 
coefficient (e). Further assessments on the vehicle stability and attitude control would require the development of 
control logic to stop the vehicle from bouncing once in contact with the ground, or to keep the vehicle stable in 
flight when it jumps off the surface. 
 

 
Figure 17. Results of hopping simulation. Circle size corresponds to coefficient of restitution (larger diameter 

= larger coefficient). Circle color corresponds to hopper energy after 50s (measured as kinetic energy of chassis plus 
the potential energy in each of the six springs). The buckets are: < 1.0 kJ = black; 1.0kJ - 1.5kJ = red;1.5kJ - 2.0kJ = 

blue; 2.0kJ – 2.5kJ = green; > 2.5kJ = magenta. 
  

 
Figure 18. Results of validation of hopping simulation for three cases with all joints locked (infinitely rigid vehicle): 
elesic bounce for vertical drop, pure horizontal sliding, pure plastic sticking at maximum ground friction coefficient. DRAFT – for discussion purposes only!

 DARTS Lab 

19!

Limiting cases: infinitely rigid vehicle 

System sticks plastically as expected!

System slides as expected!

Infinitely rigid leg spring !
(rigid vehicle)!

System bounces off elastically as expected!
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Figure 19. Horizontal position of leg tips as function of ground friction coefficient (mu) and restitution coefficient 

(e). 
 

 
Figure 20. Vertical position of leg tips as function of ground friction coefficient (mu) and restitution coefficient (e). 
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Figure 21. Angle from vertical of leg tips as function of ground friction coefficient (mu) and restitution coefficient 

(e). 
 

VI. Conclusions 
In conclusion, we have analyzed the dynamics of a spacecraft in proximity of Phobos by developing the 

equations of motion of a test mass in the Phobos rotating frame using a model based on circularly-restricted three 
body problem, and by analyzing the dynamics of a hopper vehicle interacting with the soil. The simulated 
trajectories showed different deviations toward Mars depending on the initial lat-long and height.  The results of the 
footpad-soil interaction study indicate that there are currently no satisfactory models that capture the interaction 
physics and which are traceable to particular properties of various regions on Phobos.  Also , the results of the 
hopping performance study indicate that: a) the system restitution is largely dominated by the spring at each leg; b) 
the soil properties effect on hopping deltaV is very small; c) the effect of friction coefficient is large for large lateral 
 velocities, requiring active control for stabilization. In the case of a jump from rest, the soil properties change the 
initial conditions, but the effect on the jump deltaV is small compared to the effect of the leg spring. It is unclear yet 
how to go from soil ab-initio parameters to parameters of soil bearing strength model (cohesion, friction angle) and 
to coefficient of restitution.  A vehicle system-level study was also conducted. Since the original Athlete vehicle 
models had wheels and had no springs on the legs, the vehicle model needed to be updated to be representative of 
the new vehicle for Phobos.  Simulations runs have been carried out varying the equivalent coefficient of restitution 
and coefficient of friction at the ground contact points, the horizontal and vertical components of the approach 
velocity, and the vehicle angular body rates. The simulations identify ranges of parameters for which the vehicle 
emerges stably (relying only on the passive viscoelastic damper at each leg) or unstably (needing active attitude 
control) from the hop. The main conclusion of the numerical studies is that the system response is dominated by the 
stiffness and damping parameters of the leg springs, with the soil characteristics having a much smaller effect. The 
implication is that further experimental and possibly computational modeling work, as well as site characterization 
(from precursor missions) will be necessary to obtain validated performance models. The system simulations 
identify ranges of parameters for which the vehicle emerges stably (relying only on the passive viscoelastic damper 
at each leg) or unstably (needing active attitude control) from the hop. Future work would be done to improve the 
Phobos-detic/Phobos-centric mapping to assist in more precise surface dynamics simulations, and carry out 
sensitivity studies of astronaut performance by means of simulations of astronaut locomotion on surface. Additional 
parametric studies would need to be conducted on achievable hopper delta-V with non-flat terrain and conforming 
feet. Parametric trades related to unwanted moments and required control authority from thrusters and/or control-
moment gyros (CMGs) would also be needed in future studies.  
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