INCLUDING THE EFFECT OF GRAVITY IN WHEEL/TERRAIN
INTERACTION MODELS
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ABSTRACT
Predicting the motion of wheeled robots in
unstructured environments is one of the most
challenging applications of multibody system
dynamics. The study of extraterrestrial exploration
rovers on soft terrain introduces the additional need
to consider the effect of non-terrestrial gravitational
acceleration on the forces and torques developed at
the wheel/terrain interface. Simply reducing the
wheel load under earth gravity overestimates the
travel distance and predicts better performance than
is
actually
observed
in
reduced-gravity
measurements.
In this work, we put forward a research
methodology to determine the effect of reduced
gravity on wheel/terrain interaction. Elastoplasticitybased models are used to determine wheel/terrain
interaction forces and torques; these models rely on
the assumption of a certain velocity profile of the
soil under the wheel. Experiments were conducted to
assess the effect of reduced gravity on this velocity
profile, as well as on the traction force and sinkage
developed by the wheel. The present contribution
reports ongoing developments of this research.

1

INTRODUCTION

The accurate prediction of the outcome of
manoeuvres with wheeled robots on soft terrain
requires a realistic model of the wheel/terrain
interaction. Soil can be modelled either as a
continuous mass or by considering individual grains.
Terramechanics models which are commonly used
in the simulation of off-road vehicles and rovers
operating on soft soil belong to the first approach
[1]. They heavily rely on empirical data to simplify
the soil behaviour and reduce computation time.
Also, as part of the continuum mechanics approach,
theory of plasticity can describe the behaviour of a
large number of engineering materials, such as
metals, concrete, rocks, clays and soils. The FiniteElement Method (FEM) is a widely used numerical
technique to obtain approximate solutions to
problems that are formulated as continuum

mechanics problems, and has been applied to
terramechanics as well, e.g., [2]. The DiscreteElement Method (DEM), on the other hand,
provides solutions to particle-based models and has
gained popularity in recent years, e.g. [3]. The use
of Differential Variational Inequalities (DVI)
represents another possible approach to deal with
particle-based models that describe wheel/terrain
interaction [4].
In their original form, terramechanics relations and
most elastoplasticity-based algorithms do not
provide any way to model the terrain response under
different gravity levels, other than tuning the terrain
parameters. In particle-based models, gravity
directly affects the dynamics of each particle and,
therefore, pressure-sinkage curves under partial
gravity conditions can be obtained using DEM.
However, the computational intensity of particlebased models prevents their use in some applications
such as real-time simulation, for which alternative
representations of the interface forces need to be
obtained. This research aims to incorporate the
effect of gravity in an elastoplastic, velocity-fieldbased model [5] of the wheel/terrain interaction that
can be used in the efficient simulation of planetary
exploration rovers. The newly formulated soil model
must incorporate the effect of reduced gravity and
wheel grousers on the soil velocity profile developed
under the wheel. Experiments were conducted using
a single-wheel testbed, mounted on an aircraft
during a series of parabolic flights, to observe the
behaviour of a rover wheel operating on sand under
reduced gravity conditions. This approach has been
used in previously reported work in the
terramechanics literature to obtain outputs such as
wheel sinkage and forward travel [6]. The
experiments described here also provide information
about the motion of the soil particles under the
wheel. The collected experimental data constitute
the basis for the development of a new velocityfield-based model for wheel/terrain interaction in
reduced gravity environments.
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ELASTOPLASTICITY-BASED
WHEEL/TERRAIN INTERACTION
MODEL

The elastoplasticity-based model of wheel/terrain
interaction introduced in [5] relies on the
assumption that the motion of the terrain under
the wheel can be described by a velocity field
with a known expression. Figure 1 shows a wheel
of radius 𝑅 moving with angular velocity 𝜔 on
soft terrain. The 𝑥 and 𝑧 components of the
velocity of the wheel centre are 𝑣𝑥 and 𝑣𝑧 ,
respectively.

𝑣𝑧

EXPERIMENTS
Reduced gravity experiments were carried out
using an instrumented single-wheel testbed,
adapted for its use onboard a small aircraft.

3.1 Experimental Setup
In order to understand the effect of gravity the
interaction of a wheel with soft soil was
monitored by placing a high-resolution video
camera in front of the single-wheel testbed, as
shown in Fig. (2). The front glass wall of the sand
box made the motion of the sand particles visible
and it could be further analysed using the camera
recordings. Forces and torques acting on a test
wheel, as well as its sinkage, were measured with
onboard sensors. Lunar and Martian gravity were
generated by placing the test bed in an aircraft and
performing 30 parabolic motions. Each parabola
would provide about 20-30 seconds of reduced
gravity condition during which the wheel would be
commanded to drive with certain velocity and slip.
Wheel operation with a range of slip values between
120% to 70% was tested.

Figure 1: A wheel moving on soft terrain
The motion of the terrain under the wheel can be
represented using a velocity field with radial and
tangential components [5]
𝑃

𝑣𝑟 (𝑟, 𝜃) = (𝑣𝑥 sin 𝜃 + 𝑣𝑧 cos 𝜃)𝑒 −𝛼1 (𝑟−𝑅)/(𝜖vol +𝛼2 )
𝑣𝜃 (𝑟, 𝜃) = (𝑣𝑥 cos 𝜃 + 𝑣𝑧 sin 𝜃 − 𝑅𝜔)𝑒 −𝛼3 (𝑟−𝑅)

(1)

where 𝛼1 , 𝛼2 , and 𝛼3 are scalar geometric
𝑃
parameters, and 𝜖vol
is the volumetric part of the
plastic strain tensor. The velocity gradient tensor
that corresponds to velocity field (1), 𝐆𝑟𝜃 , is then
used to evaluate strain increment in the part of
terrain adjacent to the wheel surface during
motion.
In this formulation, the known strain increment is
the key which eliminates the need for resorting to
computationally intensive finite element methods.
According to [5], from this step the problem can
be solved using any elasto-plastic constitutive
relation for soil; the Drucker-Prager with cap
hardening was used in the simulations carried out
in this work. In its original form, this soil model
does not capture the effect of gravity. A way to
overcome this can be modifying the velocity field
expression to introduce gravity-dependent terms,
and also adapting the hardening curve of the
plasticity relation to consider the effect of changes
in gravity. To this end, we experimentally studied
the motion of the soil under the wheel. The
description of the conducted experiments and
their results follows.

Figure 2: Instrumented single-wheel testbed with
front glass wall

3.2 Experimental Results
The high-speed camera recordings were analyzed
using the Soil Optical Flow Technique (SOFT) [7]
which obtains the magnitude and direction of the
soil particles velocity using computer vision. First,
the on-ground experimental data, with Earth
gravity, was studied to improve the soil model
introduced in Section 2. Figure 3 shows the soil
velocity magnitude under the wheel for a sample
time frame, where red indicates high velocity and
dark blue means stationary.

Figure 3:On-ground experiments: Soil velocity
magnitude obtained from high-speed camera
recordings and processed with SOFT [7]
The velocity field obtained from experimental data
was used to improve and validate the relations in
Eq. (1). First, the variation of the normal and
tangential components of the velocity along the
radial direction was analyzed. Angle β is defined
as the angular coordinate on the image which
starts from zero on the right of the image and
increased in counter clockwise direction. Figure 4
is the output image of the processed camera
recordings for a sample time frame. It gives the
velocity of soil particles at β=270° and for radial
distances starting from the wheel surface. It can be
seen that the exponential decay model used in Eq.
(1) is in agreement with this result. Similar plots
for other β values are illustrated in Fig. 5, which
suggest that exponential decay can be used to
approximate their behaviour. However, different
exponential parameters, 𝛼1 , 𝛼2 , and 𝛼3 , must be
used to approximate each plot and therefore, these
parameters should be a function of β.

Figure 4: Normal (red) and tangent (blue) velocity
variation of soil particles along the radial
direction. Solid lines represent experimental
results and dashed lines are exponential fits

Figure 5: Radial and tangent velocity components
at different β locations under the wheel

Figure 6: Horizontal and tangent velocity variation
along the tangential direction
An alternative representation of the velocity of the
soil particles is shown in Fig. 6. Here the presented
velocities are measured relative to the soil surface
along the radial direction. The shape of the
horizontal and tangential curves suggests that the
velocity field is significantly influenced by the
presence of grousers. In Fig. 6, R represents the
wheel surface which is approximated based on the
camera images. Wheel deformation and stiffness
can be calculated using this plot; however, wheel
flexibility was not considered in the work reported
here. Furthermore, the shape of the horizontal and
tangent velocities inspired introducing the effective
radius 𝑅𝑒 to model the wheel grousers. This concept
is further discussed in the next section.
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PROPOSED VELOCITY FIELD OF
SOIL PARTICLE

The velocity field introduced in Eq. (1) assumes

that the wheel is a perfect cylinder and does not
consider the effect of grousers. However, the
experimental results in Section 3.2 show that
grousers can introduce significant local changes
in the velocity of the soil under the wheel. These
changes can be modelled by replacing the
constant wheel radius 𝑅 in Eq. (1) with an
effective one, 𝑅𝑒 , which results in the soil moving
with the same velocity as the wheel at the grouser
tips. For a wheel with 𝑛𝐺 grousers of length ℎ𝐺 ,
such effective radius can be given as
𝑅𝑒 (𝜃) = {

𝑅 + ℎ𝐺 𝑔(𝜃)
𝑅

if 𝑔(𝜃) ≥ 0
otherwise

(2)

where 𝑔 is a scalar function such that
𝑔(𝜃) = cos((𝜃 − 𝜃1 + 𝜔𝑡)𝑛𝐺 )

(3)

where 𝜃1 is the entry angle of the wheel and term
𝜔𝑡 corresponds to the wheel rotation over time. At
𝑡 = 0, one of the grousers is located exactly at the
entry angle. The effective radius described by Eqs.
(2) and (3) results in the wheel profile shown in
Fig. 7 when ℎ𝐺 = 1 cm and 𝑛𝐺 = 10. Figure 8
shows the 𝑥 component of the soil velocity for a
wheel of nominal radius 𝑅 = 15 cm moving in
steady state conditions with 𝜔 = 0.25 rad/s and
𝑣𝑥 = 3 cm/s.

The velocity field defined by Eqs. (2) and (3)
presents the disadvantage of causing the soil
velocity field to have discontinuous derivatives at
some points, which in turn results in an undefined
velocity gradient 𝐆𝑟𝜃 at these locations. To
overcome this issue, continuous functions for the
effective radius can be defined, such as the
following cosine expression
𝑅𝑒 (𝜃) = 𝑅 +

ℎ𝐺
(1 + cos ((𝜃 − 𝜃1 + 𝜔𝑡)𝑛𝐺 ))
2

(4)

The use of Eq. (4) results in the effective radius
profile shown in Figure 9. While delivering a
smooth velocity field with continuous derivatives,
the effect of the grousers on the soil velocity is
not confined to their immediate environment.
Alternative expressions can be used to make the
velocity magnitude decay faster when moving
away from the grouser location, such as the cosine
series in Eq. (5)
𝑅𝑒 (𝜃) = 𝑅 +

ℎ𝐺
3
(1 + cos((𝜃 − 𝜃1 + 𝜔𝑡)𝑛𝐺 )
2
2
(5)
1
− cos 3 ((𝜃 − 𝜃1 + 𝜔𝑡)𝑛𝐺 ))
2

Figure 7: Effective wheel radius 𝑅𝑒 obtained with
Eqs. (2) and (3)

Figure 9: Effective wheel radius 𝑅𝑒 obtained with
the cosine expression in Eq. (4)

Figure 8: 𝑣𝑥 component of soil velocity obtained
with Eqs. (2) and (3)

Figure 10: 𝑣𝑥 component of soil velocity obtained
with Eq. (4)

the gear curve in Eq. (6) and 𝛾 = 10

Figure 11: Effective wheel radius 𝑅𝑒 obtained with
the cosine series in Eq. (5)

Figure 14: 𝑣𝑥 component of soil velocity obtained
with Eq. (6) and 𝛾 = 10
Figures 8, 10, 12, and 14 show the effect of the
chosen grouser model on the horizontal
component of the velocity field developed under
the wheel. The experimentally observed soil
motion, together with the drawbar pull
measurements, will make it possible to select the
most realistic grouser model among the proposed
ones.

5.1

Figure 12: 𝑣𝑥 component of soil velocity obtained
with Eq. (5)
Finally, an effective radius profile based on a gear
curve expression was defined as well,
𝑅𝑒 (𝜃) = 𝑅 +
ℎ𝐺
(1 + tanh(𝛾cos ((𝜃 − 𝜃1 + 𝜔𝑡)𝑛𝐺 )))
2

(6)

where 𝛾 is a scalar parameter that determines the
slope of the gear teeth.

Figure 13: Effective wheel radius 𝑅𝑒 obtained with

Elastoplastic Model Simulation

The velocity fields discussed in Section 4 are used
in the elastoplasticity model to represent
wheel/soil interaction. In the simulation, the
wheel radius R was set to 0.15 m and wheel width
to 0.1 m. The wheel was placed on soft soil with
0.005 m initial sinkage, free to further sink or
rebound along the vertical direction. The angular
velocity of the wheel, as well as its translational
velocity along the horizontal direction, were
imposed via kinematic constraints, which is an
appropriate representation of the wheel motion in
the testbed described in Section 3. The wheel was
constrained to move forward with a fixed velocity
of 0.1 m/s, while the angular velocity was
calculated as a function of the driving speed and
the desired slip ratio. The objective is to compare
the drawbar pull (DBP)-vs.-slip curves generated
by different grouser models with that of no
grouser. Simulation results are shown in Fig. 15.

The next phase of this work will address the
modifications required to account for dependency
of the soil reaction on gravity. In order to capture
the effect of gravity, the analyses in Section 3 will
be repeated for the data obtained in the Lunar and
Martian gravity. Figure 17 shows a sample of the
data generated in Martian gravity, namely the
magnitude of the soil velocity. Also, the measured
forces and torques as well as sinkage data can be
used to validate the simulation results obtained with
the improved soil model.
Figure 15: Drawbar pull vs. slip ratio with
different grouser models
Including the model of grousers in the simulation
increased the available DBP. The three grouser
models generated approximately similar results.
However, based on these preliminary results it
cannot be concluded which grouser model is more
realistic. To this end, the simulation of various
wheel speeds and different soil types has to be
conducted and compared with experimental results.
The grousers configuration on the wheel is an
important design question in rover development.
Ding et al. [8] explored the effect of grouser height,
number, and inclination angle on the soil reaction
forces via experiments. Simulation analysis can
provide useful information and expedite such
studies at early stages of the wheel design.

Figure 16: Effect of number of grousers obtained
with the gear curve in Eq. (4)
Figure (16) shows the drawbar pull values obtained
with the gear curve in Eq. (4). In order to generate
this plot, single-wheel simulation was repeated for a
range of grouser number, introduced by parameter
𝑛𝐺 in Eq. (4). For each gear quantity three DBP
values are shown which correspond to the minimum,
maximum, and the average DBP during the wheel
motion. The drawbar pull value changes
significantly from the entry to exit of each grouser
in the soil. Results show that the effect of grousers
becomes more noticeable for wheels with more than
15 grousers. Effect of grouser height and inclination
angle are interesting studies which will be carried
out in future work once the more realistic grouser
model among Eq. (4-6) is identified.
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EFFECT OF GRAVITY

Figure 17: Martian-gravity experiments: Soil
velocity magnitude obtained from high-speed
camera recordings and processed with SOFT [7]
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CONCLUSION
WORK

AND

FUTURE

In this work, a research methodology to include the
effect of reduced gravity in the simulation of
planetary exploration rovers has been introduced.
The proposed wheel/terrain interaction model is
based on the assumption of a velocity profile of the
soil under the wheel, which aims to take into
consideration the effect of wheel grousers and
extraterrestrial gravity levels. Such a model is
intended to be used in computationally inexpensive,
efficient
simulations
of
planetary rovers.
Experiments with a single wheel testbed were
conducted in reduced gravity conditions to obtain
empirical evidence of the soil behaviour under a
rover wheel. Recorded measurements of these
experiments included drawbar pull, sinkage, and the
trajectories and magnitudes of the soil particle
velocities under the wheel. The processing of the
experimental results and the formulation of a
comprehensive soil model is still underway.
Currently
available
results
suggest
that
elastoplasticity-based models can be used to capture
relevant phenomena of the soil behaviour. Future
work will focus on determining the most
appropriate soil velocity profiles, and the
determination of the accuracy and computational
efficiency properties of the proposed method for the
representation of the wheel/terrain interaction in the
simulation of planetary exploration rovers.
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