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This thesis focuses on the hopping motion strategy for planetary exploration. Planetary
exploration robots, called rover, have been developed by many space agencies and private
companies. These robots have to act on rough terrains, such as sandy terrain, steep slope, or
steps. Future missions require to explore such terrains where many scientists expected to get a
lot of scientific evidences. However, these terrains are hard to traverse for conventional wheeled
rovers. Hopping rover, called hopper, is one of the locomotion platforms which are expected to
be able to traverse on rough terrains. Although many studies proposed and developed hopping
systems, few planetary exploration missions using hopper still have been realized. In particular,
there are no examples of hopping exploration missions on Moon and Mars. In order to realize
the exploration by hopper, this thesis proposes a hopping behavior strategy with considering
terrain conditions.

Planetary surfaces, such as the moon or Mars, are largely covered with rocks, stones,
boulders and a fine-grained loose, soft soil called regolith. These natural terrains, unlike the
hard or artificial ground, are mostly composed of rheologically complex soft material and easy
to deform and hence the traversal efficiency of rover become low on flowable ground.
Sometimes, this type of terrain can lead to unexpected hazards that can cause mission failure.
To explore rough terrains, the interaction between the locomotive platforms and soil is one of

the most important subjects. This challenge helps not only the explanation of physical



characteristics of soil, but also the design of mobility robots. The mechanics of wheel-terrain
interactions have been investigated in the field of Terramechanics. The interaction between soil
and non-wheeled locomotion, particularly dynamic locomotion, such as jumping or legged
locomotion, has more challenges than the interaction between soil and wheels. Jumping is an
intermittent locomotion. This characteristic requires the estimation of hopping track for motion
control. This paper proposes a pressure-sinkage model based on the resistive force theory (RFT).
Although the conventional RFT model helped explain the kinematics of slow-moving
locomotors, some studies have also shown the importance of dynamic effects of highspeed
interactions. This paper adds a velocity term into the RFT model as a dynamic effect. To
demonstrate the effectiveness of the proposed approach, simulations and experiments were
conducted. The simulations and experiments measure hopping distance and height. Comparing
the experimental results to the simulated results, only the RFT simulations’ values are estimated
much lower than the experimental values for both height and distance. These results show that
dynamic effects, such as for the velocity term, are also necessary for the estimation or analysis
of hopping distance or height with any hopping direction on granular media. Comparing the
simulation results with the dynamic effects, the error margin decreases with the error being
about 7.5% at most. These results indicate that the proposed model is suit for hopping motion
estimation better than than conventional models.

This paper also proposes novel foot pad designs for efficient traverse of hoppers using the
proposed model. In order to improve locomotion efficiency of rovers on natural terrains, there
are mainly two methods: an adaptive motion control depending on environments, and a
hardware design which improve traversability. This paper focuses on hardware design because
hardware designs greatly affects motion control. The performance of locomotion on granular
media is lower than on hard ground, because it is harder to get friction than on hard ground.
Thus, mobile robots require additional equipment for their locomotion on such terrain. The
hopper used in this paper consists of two main parts: the hopper body and the contact part with
the ground, called foot pad. The foot pad installs grousers to prevent slippage. First, the
effectiveness of grousers is observed on hard ground and soft soil. It is thought that grousers
better grip ground than flat pads on hard ground, and hence dynamic friction increases. Grousers
also prevent slip by inserting into sand. In particular, the energy efficiency by using grousers is
better on soft soil grousers than using flat pad. This paper presents the Soil interaction based
(SIB) grouser shape as the solution of a multi-objective optimization problem (MOP) based on
the proposed soil interaction model. The MOP decides the grouser shapes which are
maximizing hopping distance and height on sandy terrains. The experiments are tested with
only the injection angle 45 [deg], and compared with straight grousers, V-shape grousers and

SIB grousers. The results show that all grouser pads perform much better than the flat pad.



Compared to the straight grouser pad, the V grouser pad and the SIB grouser pad improve the
hopping distance: the V grouser increases about 4 [%], and the SIB grouser increases about 11
[%].

One of the challenges is the path planning problems. The detailed conditions of planetary
surface cannot be known before robot has arrived on such and explore the celestial body. The
environments have uncertainties of locomotion. In addition, planetary surfaces are almost
covered with granular media, called regolith. The sandy terrains might cause the robot to get
stuck. Therefore, hopping path planning algorithms are essential in order to investigate such
terrains, or environments by the hopper. The proposed algorithm can calculate the optimized
action in each state using the markov decision processes (MDPs). This means that when a
hopper fails to follow the planned path, it is able to resume the locomotion immediately without
re-calculating a path. The proposed algorithm is classified as a 2.5D path planning by adding the
constraint of the hopping trajectory for collision check. MDPs define the motion uncertainty as
probability. And calculate the optimal path which maximize the value function. This paper
proposes a payoff function for hopping path planning. The proposed function includes a safety
cost and an information gain. The safety cost is proportioned to the roughness of terrain. The
information gain is proportional to the height of the terrain, because hopper can get the
information about the environment around the hopper to make the map on high place, such as a
rock or a step. The performance of the proposed algorithm is demonstrated by simulations. The
simulation uses an artificial rough terrain which is expressed as digital elevation map. The
simulations are tested for three cases: only prioritizing safety, only prioritizing information gain,
and both. In the case of prioritizing safety, the path from the initial state selects the flat terrains.
In the case of prioritizing information gain, the hopper makes the path what traverse on places
as high as possible to get the information about the environment. The path considering both the
information gain and the safety moves on relatively flat terrain at first. Then, coming near the
goal, the hopper selects the path on the high place. The algorithm can generate a path in
heterogeneous environment which has hard ground and sandy terrain.

One of the contributions of this paper is to validate the hopper performance in planetary-like
environments using a 3D simulator. In order to develop the hopper, the validation of the
performance using 3D simulator is important, because it is difficult to test in actual planetary
environments. This work employs a two-wheeled robot equipped with a hopping mechanism.
This design allows different modes of locomotion and improves the traversability of the robot
on rough terrains. The robot uses the wheels on relatively flat terrain and gentle slopes, and to
change directions. Hopping locomotion is used to clear an obstacle, step, cliff, or to escape from
a stuck position. The results indicate that the larger hopping distance is, the smaller the

gravitational level is. The robot needs three times hopping on the moon, and four times on the



earth. However, the robot cannot reach the goal. The robot stuck on the sunken place and could
not escape form the place. This is why the robot have to choose a hopping pattern depends on
the terrain condition. In order to improve hopping performance, we use the reinforcement
learning. Reinforcement learning is one of the most active fiecld of machine learning. Robotics is
one of the applications of reinforcement learning. The advantages of the reinforcement learning
for robotics are that it does not depend on the environment, and it can be applied in case of
changing the environment where a robot act. After finished learning, the weight of neural
network is applied to the hopping simulation. Although the robot can reach the goal by
reinforcement learning, the robot performs the unrealistic locomotion, such as driving on single
wheel on slope. The result indicate that the locomotion by reinforcement learning needs

constraints to generate the real motion.



A Sample

i L DN R OEE

i S H oo ooduooodyuoodgdg
(ODOOO0DO0DO0oDoDoooooogoo)

1
(*%iﬁﬁ®%ﬁkﬂb’bf<ﬁéw )
(i SO B 2 EREO S AT, AR Z2RIE & TR TSV, )

(* The tltle typed here must be identical to that shown in the Thesis Table of Contents.)
(* Add a Japanese translation in parentheses if the thesis title is written in a non-Japanese
language.)

K 4 OO0 0O
T
CREALEICRERM SN DO RA LR CIZL TS SV, )
CREEFREI LIS OAENIT, I Z D FRRLERD ET, )

(* Type your name in the same manner as you want to have shown on your degree certificate.)
(* Type your name in katakana if you are a non-Japanese without a kanji name.)

FRR D T3> HHIT, Printed from just middle of the paper.

d

OoooOoooooddoooodooddoooodoooooooadoogd
OOoooodoodooooodoooodoooooooodoooadoood
JOooooodoodooooodoooodoooooooodoooado oo
OOoooddoodooooodoooodoooooooodoooadoood
JOooooddoodooooodoooodoooooooodoooado oo
JOooooddoodooooodoooodoooooooodoooadoood
JOooooddoodooooodoooodoooooooodoooadoood
JOooooddoodooooodoooodoooooooodoooadoood
JOooooddoodooooodoooodoooooooodoooadoood
JOooooddoodooooodoooodoooooooodoooadoood
1. TERXORAFOEE] 1T, MEARZ 3HRE L T2 &0,

Flz. [PDF 77 A ] RO IXFET 7 A0 (Word FTIER LIz H D) (A

W&rl, ) | OFBFT—F O TIRH LTI Z3 0,

1. Three copies of your thesis summary must be submitted in paper form.
Electronic data of the thesis summary must also be submitted: a PDF file is
mandatory, while submission of the original document file (MS Word or other) is



optional.

2. WXELIIHALTRALTSEZS Y, EREELIZRTTH X, )
BEEE . Ammlv & LTS 7ZE0y,

2. If you are obtaining your Doctorate degree by submitting a thesis (as a Ronpaku),
your thesis summary must be written in Japanese. (If you are obtaining your degree by
completing the course requirements of a Doctorate program, a thesis summary in English is

acceptable.)
The thesis summary is formatted with horizontal writing and single-sided print.

3. RESIFAL4HELAN=VUAN, 1 0RA > MEEOTEFTHIBI L2 b
DELTLTESNY,
(HAFEDSEIE 4,000 FLW (BEFEOHEI 2,000 FELIN) &35, )
3. The thesis summary is to be printed on A4-size paper and digested into four pages or less
using approximately a 10 point type.

(The restriction is 4,000 characters for a Japanese summary and 2,000 words for an
English summary.)

4. H1~—VEMIS, A bvE EXONEOEE] & Lz BT, st
HAMORAZTRAL, TOTFTNORNEDOHEFZFLMH L T 7ZE W,
4. In the upper part of the first page, the text “Thesis Summary” is typed and the title of

the thesis and the name of the applicant are typed on subsequent lines. The main text
of the thesis summary begins below the above heading section on the same page.



