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Wheel for rover direction control

ABSTRACT
This paper describes verification of the dynamics
of the small exploration rover on a small gravitational body by a simulation that based on the result of the parabolic flight experiment. The simulation includes the parameters which had been
obtained by a small gravity experiment by using
a parabolic flight. The parameters of the regolith
simulant under the small gravity which obtained
by the parabolic flight experiment are feedbacked
to the simulation.
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Figure 1: Artist image and picture of engineering
model of the hopping rover.

INTRODUCTION

Hopping locomotion has the advantage of overcoming obstacles on the surface of the celestial bodies. In the space exploration field, several kinds of hopping rovers are proposed and
realized[1, 2, 3]. In case of the launched robot,
MINERVA1[4], 2[5] and MASCOT[6, 7] are
small hopping rovers designed to explore the asteroid surface. However, unlike a wheeled explanation rover, the there are no popular method of
design the hopping mechanics. Especially, the relationship between the reaction force acting on the
load plate and the regolith at the small gravity and
the vacuum ambient is unclear. Without the details of this relationship, it is difficult to design an
efficient hopping mechanism. The target of the
hopping rover described in this paper is Phobos
and an asteroid as large gravity as it. It is a little
difficult to hop by using inertial torquer on these
celestial body.

In this paper, it is described that the experimental measurement of the soil parameter of the regolith simulant in vacuum and small-gravity environment. The parameters of the terrain model for
the hopping rover are estimated by the result of
experiment. Dynamic simulation of the hopping
rover by using this soil parameters are performed
to confirm the performance of the hopping rover
on the asteroid and the small celestial body.

On the small gravity environment, the behaviour
of the sand on the surface may different from its
behaviour on the earth. If the gravity is small,
the force acting between each of particle of sand
becomes small. This indicates that the reaction
force from the soil of the asteroid surface becomes
small. To operate a hopping rover on the asteroid
surface, it is important to know the order of the
force acting on the lord plate of the hopping rover
from the asteroid soil.

Figure 2 shows the overview of the parabolic
flight experiment. There is martian regolith simulant JSC-Mars-1 in the vacuum chamber. The
pressure inside of the chamber is approximately
200 Pa. The projectile is penetrated in to the simulant by the launcher. This projectile corresponds
to the load plate of the hopping rover. The reaction acceleration and penetration of the projectile
are measured by an accelerometer and a laser position sensor.
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OVERVIEW OF THE SMALL
GRAVITY EXPERIMENT

To find the parameters that represent the characteristics of the regolith, a vacuum and smallgravity experiment was performed by using the
MU-300 aircraft, Diamond Air Service Inc. A
projectile was shot into regolith simulant, JSCMars-1 [8], and the acceleration was measured.
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Figure 2: Overview of the parabolic flight experiment.
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3.1

APPLICATION OF
EXPERIMENT RESULT TO THE
SIMULATOR
Modelling of Regolith Reaction
Force

The reaction force from the regolith simulant
to the load plate is described by the Bekker’s
stress–sinkage model [9], and resistive force theory model [10].
The vertical component of the equation of motion
of the projectile that penetrate the regolith is
mz̈ = fz

(1)

where m is weight of the projectile, z is vertical
position, and fz is the force acting on the load plate
of the projectile from the regolith. fz is obtained
by the followings.

3.2

RFT Modelling

By using RFT model, fz is obtained by the following formula,
fz = ζαz (β, γ)|z|S

(2)

where alpha is the force function of RFT model,
ζ is a scaling factor of soil, β is angle of the load
plate, γ is angle of penetration of the load plate,
z is depth of load plate, and S is area of leading
surface of the loading area. Here, the experimental data was obtained by the vertical penetration
by using a flat load plate. Therefore, β = 0 rad
and γ = π/2 rad are used as arguments of Eq. (2).
In case of RFT, ζ is a only parameter that can be
tuned. So, ζ will be selected to satisfy the experiment result.

3.3

Bekker Modelling

By using Bekker’s pressure–sinkage model, the
reaction force fz is
!
kc
fz = k φ +
|z|n S
(3)
`
where, z is sinkage, kφ is the frictional coefficient,
kc is the cohesive coefficient, ` is the diameter of
loading area, n is exponent of sinkage, and S is
area of leading surface of the loading area. In case
of Bekker model, kφ , kc , and n should be decided
to represent the experiment result.

3.4

Parameter Matching

Each parameter of the RFT model and Bekker
model is obtained by comparison with experimental data. Figure 3 is indicates the relationship between the contact velocity and the maximum acceleration in the period of time during hitting. Blue-triangle markers show the result of the
vacuum-and-small-gravity experiment and bluedashed line shows an linear regression line.
If the maximum acceleration of the simulation is
plotted on this line, the estimated parameters are
appropriate to represent the characteristics of the
regolith in the vacuum-an-small-gravity environment.
The diameter of the leading surface of the projectile, `, is 50 mm, so, the area, S , is π(50/2×10−3 )2
m2 . The weight of the projectile, m, is 0.77 kg.
RFT Modelling Red-circle in Fig. 3 is a maximum acceleration of the simulation using RFT.
The parameter, ζ, 0.04 is used for Eq. (2) to represent the result of the experiment.
ζ = 0.04 is very small. The value, ζ, of general
silica sand is 1.0 – 2.0. This indicates that the
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Figure 3: Relationship between contact velocity
and acceleration.
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Figure 4: Simulation model of the hopping rover.
stiffness of the regolith in the small gravity environment is very small. Therefore, a hopping rover
that jumps on the asteroid and a small body should
have large load plate to gain the sufficient force to
jump.
Bekker Modelling Green-circle in Fig. 3 is
a maximum acceleration of the simulation using Bekker pressure-sinkage model. Here, kφ =
0.055 × 106 , kc = 1.0 × 102 , and n = 1.4 are used
to represent the experiment result.
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HOPPING SIMULATION

Hopping simulation, which includes the regolith
parameters obtained by the experiment, is shown
in this section.
The three-rigidbody two-dimensional model
shown in Fig. 4[11] is used for this simulation.
The force acting on the load plate is obtained by
RFT model and Bekker model.
Figure 5 shows the simulation result using RFT
terrain model. Figure 5 a) is the result using narrow load plate, and b) is the result using wide load
plate.
The scaling factor, ζ is small, so the load plate
penetrate 50 mm. This is larger than the pen-

etration of hopping on the earth gravity. However, even though the energy conversion ratio
from spring to kinetic energy is 0.5%, the rover
got enough hopping velocity , because the gravity
is small (0.005 m/s2 ). In case using the wider load
plate, the hopping velocity increase. This case,
the efficiency of energy conversion from spring
to kinetic energy is 2.6%. These ratio is smaller
than the conversion ratio of the hopping mechanism on the moon and earth gravity environment.
This indicates that a hopping rover on the vacuum
and small gravity environment should have a large
loading plate in order to keep more energy on the
rover at the moment of jump.
In the original Bekker pressure-sinkage model,
only the relationship between the depth of loading
area and the pressure is represented. Therefore, in
this simulation, we assume that the force acts on
the normal direction of the load plate. The force
acting on the horizontal direction is calculated by
dividing the normal force on the load plate. The
result shown in Fig. 6 is similar to the result using
RFT model. However, the hopping velocity and
the energy conversion ratio are smaller than those
from the result using RFT model. The Bekker
model has a exponent coefficient n as shown in
Eq. (3), and n > 1. Therefore, the reaction force
around shallow area becomes small. Thus, the result of this simulation also indicates that the loading plate should be large, or the rover cannot jump
enough distance.
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Figure 6:
Simulation result using Bekker
pressure-sinkage model.
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CONCLUSION
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This paper described an experimental verification
of the ability of the hopping rover for a small
celestial body. The reaction force acting on the
load plate form the soil (regolith) in the vacuum
and small-gravity environment was measured by
a parabolic-flight experiment. The parameters for
the dynamic simulation of the hopping rover were
estimated by the result of experiment. Finally, the
hopping simulation was performed by using estimated parameters and the behaviour of the hopping rover in vacuum and small-gravity environment was confirmed.
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