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In recent years, a number of plaﬁetary landing missions have been actively conducted. In
Japan, ISAS/JAXA is developing, a small lunar lander named “Smart Lander for Investigating
Moon (SLIM)”, aiming for frequent touchdown missions in planetary exploration. Development of
small landers is expected to be one of the key points to increase the number of landing missions in
the future. However, a small lander such as SLIM has difficulties to maintain exploration ability
after the landing. Nairow weight restrictions tend to limit-the equipment capacities, such as rovers
or optical cameras, on board the lander. To solve this problem, a mobility system using skid-sliding
to improve exploration ability for a small lander is proposed. The system enables a small lander to
move on planetary surface by skid-sliding using skids and thrusters of the propulsion subsystem
of the lander. In some cases, including SLIM, this mobility system is advantageous because the
lander does not need an additional propulsion subsystem other than the original one. Furthermore,
SLIM has planned a special landing approach named “two-step landing method”. In the landing
method, the lander is turned over, and lands on planetary surface using legs attached to the side of
the lander’s body. This turning motion changes the direction of the main-thruster horizontal to the
ground. Therefore, the lander can slide on planetary surface using skids attached on legs and
thruster force. In this research, the usability of the mobility system by numerical simulations and
experiments is shown.

The steering methods of this mobility system are inspired from conventional skiing
theories. In snow ski, a skier slides on the surface in each direction using interaction force by
changing ski board attitude and shifting body weight. This research also uses ski techniques such
as skid attitude change and weight shifting of the lander for skid-sliding the lander. The skid-
sliding methods proposed in the research are “weight loading change turn” and “thruster force
turn”. These skid-sliding methods are evaluated by numerical simulations.

In numerical simulations for skid-sliding, a reaction force model between skid and soil is
important, because the reaction force directly affects the skid-sliding motion. There are some
reaction force models in the research field of exploration rover and snow ski turn. However, since
these models are limited to two-dimensional motion and the reaction force model between ski and
snow, the applicability is not validated for skid-sliding on soil ground. Therefore, a reaction force
model between a skid and soil ground has been developed by an experiment. The guideline for
geherating the reaction force model is to build a model that has the skid atfitude and skid load,
which are important parameters in ski turn, as parameters. To meet this requirement, an
experimental system with skid attitude and skid load as experiment parameters was built. This

experimental system moves a weight loaded aluminum plate on a soil surface and measures reaction
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force between the aluminum plate and the soil ground by a load cell attached to the aluminum plate.
The aluminum plate is a substitute for the skid and the attitude can be adjusted. From this
experiment results, it can be found that the reaction force in the direction of the soil surface is
proportional to the load and has the same graph tendency regardless of the load when the plate
attitude is the parameter. Furthermore, the reaction force in the direction perpendicular to the soil
surface is about the same as the load applied to the plate regardless of the plate attitude. For these
reasons, the reaction force model in the direction of the soil surface is expressed as the product of
a reaction force function and the reaction force in the direction perpendicular to the soil surface.
The reaction force function was obtained by normalizing the reaction force in the direction of the
soil surface by plate load and fitting it by polynomial approximation.

A skid-sliding experiment was conducted in order to verify the reactilon force model,

In the skid-sliding experiment, a small skid-sliding model was slid on a soil surface at a constant
speed by pulling the model by an clectric cable winch, and a reaction force was measured by a load .
cell attached to the model’s skid. As a result of the experiment, it was confirmed that the reaction’
force acting on the skid when sliding on the soil surface at a constant speed was in good correlation
with the value of the reaction force model. From this experiment, the validity of the reaction force
model was shown.

‘In a skid-sliding simulation by numerical analysis, the simulation and the skid-sliding
performance for a small lander was validated. The lander model for the simulation was constructed
based on SLIM. In this simulation, we evaluated the turn method proposed in this study and -
identified the factors for improving the skid-sliding performahce. As a result, it was confirmed
that the proposed turn methods can turn in the targeted direction, and the effectiveness of the
proposed turn methods was shown. Furthermore, the effects of the skid attitude and skid position
on the turn were clarified.

In order to wverify the skid-sliding simulation program, we performed skid-sliding
experiments using the “weight loading change turn” proposed in this study, and then conducted
skid-sliding simulations under the experimental conditions. The experimental setup is that a skid-
sliding model slides on a sand slope by thrust force of ducted fans. In the experiment, the skid-
sliding experiment model was turned by the proposed turn method, and the motion of the skid-
sliding was measured by a motion capture system, and the reaction force of the skid was measured
by a load cell attached to the skid. In order to compare the experiment with the simulation, we
performed skid-sliding simulations under the skid-sliding experiment conditions. By comparing
the results of the experiments and the simulations, it was found that the tendency of the skid-
sliding motion and the reaction force acting on the skid of the experimental results and the skid-
sliding simulations agree well. As a result, the validity of the skid-sliding simulation was shown.

In this study, the mobility system using skids and skid-sliding methods was proposed and
its validity was shown by numerical analysis and experiments. Furthermore, the usability of the
skid-sliding mobility system as a proposal to improve the exploration ability of a small lander was

demonstrated.
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